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Preface

Optoelectronics, the marriage of optics and electronics, has proliferated around the world through a
myriad of useful modern conveniences. Their continued growth and utility, however, require the con-
stant global development of new materials and devices that meet next-generation demands.

As with the first book in this series, Optoelectronics — Materials and Techniques, edited by Professor P.
Predeep in 2011 and the second book, Optoelectronics — Advanced Materials and Devices, edited by us in
2013, this newest offering, Optoelectronics — Materials and Devices, covers recent global achievements in
optoelectronic materials, devices, and applications. With pleasure we note the growing number of coun-
tries participating in this endeavor, now including Brazil, Canada, China, Egypt, France, Germany, In-
dia, Italy, Japan, Malaysia, Mexico, Moldova, Morocco, Netherlands, Portugal, Romania, Saudi Arabia,
South Korea, Switzerland, Ukraine, the United States, and Vietnam.

Comparing the 2013 and 2015 editions with the first one (2011), one quickly notes the growing attention
to new device structures as well as new prospects for optoelectronics based on new materials.

An example is our semi-centennial investigation of long-term ordering of impurities in GaP. Novel and
useful properties of perfect long-term ordered GaP include its efficient stimulated emission, very bright
and broadband luminescence at room temperature, and the creation of excitonic crystal, which provide
a unique opportunity to propose a new approach to selection and preparation of perfect materials for
optoelectronics and new applications for this novel solid-state host — the excitonic crystal as high inten-
sity light source with expected low threshold for the generation of nonlinear optical phenomena. Our
results are proposed for further collaboration with the representatives of electronic science and industry
in R&D as an inexpensive, resource-saving, and impactful way to develop optoelectronics through a
special transformation of an ordinary semiconductor into the base material for various device struc-
tures.

We are grateful to all the authors and hope that the contribution of authors and number of participating
countries will continue to grow, while optoelectronics itself will enhance human quality of life.

Sergei L. Pyshkin

Professor, Principal Investigator
Institute of Applied Physics
Academy of Sciences of Moldova
Kishinev, Moldova

Adjunct-Professor, Senior Fellow
Clemson University, South Carolina, USA

John Ballato, FOSA, FSPIE, FACerS

Professor

Center for Optical Materials Science and Engineering Technologies
Department of Materials Science and Engineering

Clemson University, South Carolina, USA






Chapter 1

Excitonic Crystal and Perfect Semiconductors for
Optoelectronics

Sergei L. Pyshkin

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/60431

Abstract

This chapter demonstrates the growth of perfect and contamination-free gallium
phosphide (GaP) crystals and discusses the influence of crystallization conditions on
their quality and properties. The long-term ordered and therefore close to ideal
crystals replicates the behavior of the best nanoparticles exhibiting pronounced
quantum confinement effect. These perfect crystals are useful for application in top-
quality optoelectronic devices as well as they are a new object for the development of
fundamentals of solid state physics.

Since samples of gallium phosphide doped by nitrogen (GaP:N) were originally
prepared by the author in the 1960s, followed by the introduction of the excitonic
crystal concept in the 1970s, the best methods of bulk, film and nanoparticle crystal
growth have been elaborated. The results of semi centennial evolution of GaP:N
properties are compiled here. Novel and useful properties of perfect GaP including
its stimulated emission, very bright and broadband luminescence at room tempera-
ture were observed. These results provide a new approach to selection and prepara-
tion of perfect materials for optoelectronics and a unique opportunity to realize a new
form of solid-state host — the excitonic crystal as high intensity light source with
expected low threshold for the generation of non-linear optical phenomena.

Using the example of GaP here is proposed as a cheap, resource-saving and impactful
way to develop optoelectronics through a special transformation of an ordinary

semiconductor into the base material for various device structures.

Keywords: GaP, long-term ordering, excitonic crystal, perfect semiconductors for
optoelectronics

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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1. Introduction

Single crystals of semiconductors grown under laboratory conditions naturally contain a
varied assortment of defects such as displaced host and impurity atoms, vacancies, disloca-
tions, and impurity clusters. These defects result from the relatively rapid growth conditions
and inevitably lead to the deterioration of mechanical, electric, and optical properties of the
material, and therefore to degradation in the performance of the associated devices. Note, the
deterioration of optical properties of any luminescent material for application in optoelec-
tronics may appear in the complete absence of light emission in the spectral region, where the
perfect material gives an excellent luminescence, in too narrow emissive band, in a very weak
light emission, in impossibility to control its shape and brightness, as well as in fast degradation
of a device prepared on the base of this material. In order to partly overcome the noted
preceding difficulties, industry uses expensive but only palliative decisions such as limitless
extension of the list of materials for the device making or small improvement of technologies
for growth and preparation of electronic materials. Huge material, time and mental resources
already have spent and will be spent further in our efforts to support or improve achieved
parameters and reliability of electronic devices. Therefore, finding of alternative drastic
methods for device making is one of the main priorities of electronic industry development.
This paper describes the experience of the author in this field.

The pure and doped GaP crystals discussed herein were prepared about 50 years ago [1].
Throughout the intervening decades they have been periodically re-evaluated in order to
investigate the marked changes over time in their electro- and photoluminescence,
photoconductivity, behavior of bound excitons characteristic for doped GaP, nonlinear
optics, and other phenomena. Accordingly, it was of interest also to monitor the change in
crystal quality over the course of several decades while the investigated crystals are held
under ambient conditions.

Over time, as it is confirmed by the author during 50 years of the relevant experiments, that
driving forces such as diffusion along concentration gradients, strain relaxation associated
with clustering, and minimization of the free energy associated with properly directed
chemical bonds between host atoms result in an ordered redistribution of impurities and host
atoms in a crystal. In the particular case of GaP and some other chemical compounds, having
in their compositions highly volatile components, any attempt to accelerate these processes
through annealing at increased temperatures cannot be successful because high-temperature
processing results in thermal decomposition (in GaP — due to P desorption) instead of
improved crystal quality. Therefore, successful thermal processing of these compounds can
only take place at temperatures below the sublimation temperatures of their volatile constit-
uents, requiring a longer annealing time. For instance, evaluated in the framework of the Ising
model, the characteristic time of the substitution reaction during N diffusion along P sites in
GaP:N crystals at room temperature constitutes 15-20 years [2]. Hence, the observations of
luminescence and some other phenomena in the crystals made in the 1960s-1970s and in the
1980s-1990s were then compared with the results obtained in 2005-2014 under similar
experimental conditions.
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The long-term ordering of doped GaP and other semiconductors has been observed as an
important accompanying process, which can only be studied using the same unique set of
samples and the interest to observe them over decade time scales. More specifically, the optical
and mechanical properties of single crystalline GaP, and some other semiconductors also
grown in the 1960s, have been analyzed. Comparison of the properties of the same crystals has
been performed in the 1960s, 1970s, 1980s, and 1990s [1, 3-17] along with those of newly made
GaP nanocrystals [18-20] and freshly prepared bulk single crystals [21-24]. Jointly with the
references [25-27], this review provides a generalization of the results on long-term observation
of luminescence, absorption, Raman light scattering, and microhardness of the bulk single
crystals in comparison with the same properties of the top quality GaP nanocrystals. Itis shown
that the combination of these characterization techniques elucidates the evolution of these
crystals over the course of many years, the ordered state brought about by prolonged room-
temperature thermal annealing, and the interesting optical properties that accompany such
ordering. It is demonstrated that long-term natural stimuli that improve the perfection of
crystals prevail over other processes and can lead to novel heterogeneous device systems and
new semiconductor devices with high temporal stability.

Additionally, it is worth noting, that semiconductor nanoparticles for optoelectronic applica-
tions also were synthesized mainly to avoid limitations inherent to freshly grown bulk
semiconductors with a wide range of different defects. For instance, different defects of high
concentration in freshly prepared GaP single crystals completely suppress any luminescence
at room temperature due to the negligible free path for non-equilibrium electron-hole pairs
between the defects and their non-radiative recombination, while the quantum theory predicts
their free movement in the field of an ideal crystal lattice. However, the long-term ordered and
therefore close to ideal crystals even at 300K demonstrate bright luminescence and stimulated
emission equivalent to the best nanoparticles. These perfect crystals, due to their unique
mechanical and optical properties, are useful for application in high-quality optoelectronic
devices as well as they are a new object for the development of fundamentals of solid state
physics, nanotechnology, and crystal growth.

Also noted is the application of GaP/polymers nanocomposites in device structures for
accumulation, conversion and transport of light energy that has only recently received
attention while bulk and thin GaP films have been successfully commercialized for many years.
Therefore, for completeness, during the recent years, since 2005, the author and colleagues
continued their efforts on the preparation of GaP nanoparticles in order to improve their
quality and to apply their composites with appropriate polymers for advanced light emissive
structures [18-20, 28-32].

In preparing this review, the author did not intent to evaluate the works on GaP of the other
authors, but their works are cited and used here when it is necessary for explanation and
interpretation of new phenomena observed during long-term ordering of impurities and host
atoms in the crystal lattice. Elaborating optimal methods of preparation of GaP bulk crystals,
nanoparticles and their light emissive composites with compatible polymers, we use our own
experience and literature data [33-42]. The main goal of these 50 year efforts and this review
are the observation and description of very interesting results of the long-term evolution of
GaP properties and the relevant idea to propose for many years ahead an alternative and
resource-saving way for the development of electronics, as well as to propose and justify the

3
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excitonic crystal [26, 27] as a new optical media for the future optoelectronic devices used in
optical data processing, storage, and transmission as well as for the generation of non-linear
optical effects at rather modest thresholds for nonlinearities. Interesting and very useful for
application results of long-term evolution of GaP properties as well as the unique collection
of tested and stored for years pure and doped perfect GaP crystals are demonstrated and
proposed to academic researchers, engineers, and managers of electronic industry for inten-
sification of collaboration in patent activity, reorganization of the material and device making
processes, reduction in price, improvement of parameters, and reliability of devices.

Perfect GaP single crystals, excitonic crystal on the base of the GaP crystal doped by nitrogen
(GaP:N), as well as understanding of properties and available application of these new objects
coming these days into science and industry are the result of intense many years work of
headed by the author groups of top specialists on crystal growth, investigation of their
properties, and application in optoelectronics in Russia, Moldova, the USA, and Italy. This
activity was stimulated and followed by the natural processes and phenomena elapsed with
time in the crystals.

According to the chosen plan of presentation, this review is divided into the next sections:
1. Introduction

Properties of GaP

Growth Technology for Perfect GaP Bulk and Nano-Crystals

Optical Properties of Perfect, Long-term Ordered GaP:N Crystals

Comparison of Properties of GaP Nanocrystals and GaP Perfect Bulk Single Crystals
Excitonic Crystal and Its Importance in Optoelectronics

Already Discovered and Possible Nonlinear Optical Phenomena in GaP

Conclusions

® ® 3 9 ok W DN

Acknowledgments

10. References

2. Properties of GaP

GaP crystallizes in zinc blende structure, where Ga and P atoms create two interpenetrating
face-centered lattices spaced %4 of the (111) cube diagonal apart.

Brillouin zone of GaP and other III-V compounds represent the truncated octahedron (Figure
1) having the next high symmetry points:

I - K=(000) — center of Brillouin zone

A — along the (100) axis inside the zone
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X — (100) Brillouin zone edge
Y. — along the (110) axes inside the zone
K — (110) Brillouin zone edge
A — along the (111) axes inside the zone

L — (111) Brillouin zone edge

Figure 1. Brillouin zone of gallium phosphide.

A concrete band structure for each III-V representative in the limits of common for them
Brillouin zone depends on the type of symmetry of the wave functions of valence electrons of
the atoms, creating the compound. The most reliable data on GaP band structure were obtained
from the experiments on light absorption and reflection as well as using the spectral distribu-
tion of photoconductivity in the region of intrinsic absorption.

According to W. Paul’s empirical rule [36], the energy gaps equally depend on the pressure
for the relevant electron states. Using this rule and experiments on dependence of electron
transitions on pressure, the authors of Ref. [37] have proposed the band structure of GaP
presented in Figure 2.

Experimental data confirm the details of the GaP band structure. So, the absolute minimum
of the conductance band (the X-point) presented in Figure 1 lays at the edge of the Brillouin
zone in the (100) direction, while the valence band maximum (the I'-point) position is the center
of the zone. The absolute minimum value of the forbidden gap (Figure 2) corresponds to the
indirect optical transition I';;*— X< this value depends on the temperature changing between
2.354 eV at 4.2K (liquid helium) and 2.328 at 77K (liquid nitrogen) until 2.248 eV at 300K (room
temperature) [37]. Minimum gap for direct optical transition I';;*—I'; at 300K is equal to 2.78eV
[37]. The valence band, taking into account its spin-orbit splitting, consists of two confluent
bands and another one shifted downward. The other details of GaP band structure are shown
in Figure 2.

According to the quantum selection rules for optical transitions, the lattice phonons do not
participate in the direct transitions, while in the indirect transition lattice phonons participate,

5
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the type and energy of which are determined in Ref. [38] together with the low- and high-
frequency dielectric constants, 10.182 and 8.457, respectively. The data on GaP phonon
spectrum are widely used at interpretation of its light emissive and absorption spectra. In
indirect optical transitions [38, 40] participate transversal and longitudinal acoustic and optic
phonons with energies 12.8 (TA), 31.3 (LA), 46.5 (LO), and 50.0 meV (TO). Note, at low
temperatures, when the thermal energy, kT, is less than the respective energies of the free and
bound exciton creation (10 and 21 meV, respectively, for free and N bound excitons [4, 7]), the
indirect optical transitions occur mainly through the excitonic states.

Figure 2. Band structure of gallium phosphide.

3. Growth Technology for Perfect GaP Bulk and Nano-Crystals

Single crystals of gallium phosphide, in principle, can be obtained in several ways [1, 3, 7]. The
method for obtaining gallium phosphide from solution-melt, chosen by us, has several
significant advantages:

1. A significant temperature reduction of the process and the presence of large amounts of
solvent dramatically reduce crystal pollution by material of the container.

2. The light sources creating on their basis have high efficiency.

3. Due to specifics of the method, gallium phosphide at the appropriate level of the experi-
ment can be obtained in the form of the relatively large lamellar crystals of a definite
crystallographic orientation. Note, lamellar crystals are the most convenient and econom-
ical material in the manufacture of many semiconductor devices.
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Consider the peculiarities of growth of lamellar crystals of gallium phosphide with the set-up
properties, formed under uniform cooling of the P solution in Ga. The influence of the follow-
ing factors has been investigated: 1) quantity and chemical nature of impurities; 2) geometric
shape of the container and conditions of heat rejection; 3) accuracy of the temperature con-
trol; 4) cooling rate and the law of temperature change in time.

The aim of this work was to elucidate the mechanism of crystallization of lamellar GaP crystals
and experimental confirmation stated earlier assumptions about the nature of this process.

L. The solution-melt method of GaP growth is described in detail in Refs.[1, 3, 7]. So we focus
here only on the characteristics for this study associated of the crystal growth.

Synthesis, alloying, and crystallization were combined in a single cycle. Experiments on the
establishment of the influence of impurities on the growth of GaP crystals was performed using
Ga000 and phosphorus B5, industrially prepared in former USSR, the highest purity pro-
duced at that time (1960). When the growth process was thoroughly investigated, the growth
of perfect crystals has been conducted in a sealed and drained simple container from optical
quartz that was flushed with spectral pure argon (Figure 3a). Container 1 was introduced into
the programmable furnace with rod 2 fixed on the vibrator to agitate the mixture of Ga, P, and
any chosen dopant, to facilitate chemical reaction between components, and to avoid a possible
explosion of the container in dangerous temperature points of the process of mass crystalliza-
tion (Figure 3a). However, for investigation of the growth process some other containers were
used. For instance, the container having a good thermal isolation of the walls and a Cu metal
rod on its bottom was used to create the center of crystallization for needle-like crystals (Figure
3b). The container, comprising the set of necessary growth components 4, thermoisolating layer
of AL,O; 6, Ga etalon 7, and thermocouples in the critical places 5, 8, has been used for the
investigation of thermal processes during the crystal growth (Figure 3c). At last, the upside-
down rotatory container with the thin quartz net 9 was used to see and investigate the crystal
forms at different growth regimes (Figure 3d).

) b
(i
|

Figure 3. The containers for growth of perfect GaP crystals and investigation of the growth process. a, b, ¢, d. Types of
containers. 1. Silica ampule. 2. Silica inlet rod, fixing the ampule to the vibrator. 3. Cu metal rod. 4. Container for inves-
tigation of thermal processes. Points 5, 8, 10 — locations of thermocouples. 6. Thermoisolating Al,O; layer. 7. Ga etalon.
9. Silica net.
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The impact of the temperature control accuracy was investigated at the facility, which allows
to reproduce with controlled accuracy the necessary law of the temperature change in the
growth container [1, 3]. Permissible fluctuation of temperature can be set within + 0.5 +10° C
interval. In order to study the form and quality of growing crystals, the crystallization process
could be interrupted at any temperature below the point of liquidus. This interruption was
achieved with the help of a special designed growth container (Figure 3d) and its program-
mable heating furnace, which allow to stop the change of temperature of the solution-melt, to
identify and examine the crystals grown to this time (see details in [1, 3]).

Let us now describe and explain the peculiarities of temperature regime during the growth of
lamellar perfect GaP single crystals from approximately 10 cm® of 5 at.% P — Ga melt solution
(Figure 4). The smoothly heated slightly over 400°C solution must be kept for around 2 hours
at this temperature for safe, non-dangerous explosion transformation of red phosphorus into
its white modification. Then the heating process may be smoothly prolonged until a temper-
ature of approximately 1200°C that increases the liquidus point for 5% P solution in Ga (1123°C)
and creates good conditions for Ga-P reactions. After 1-3 hrs. soaking interval start to gradually
cool the solution with a velocity of around 30°C/hrs. until 600-700°C and shutoff of the furnace.
For perfect quality of the growing crystals during this 12-15 hrs. cooling of the solution, it is
extremely important to support very fine, +0.5°C temperature control possible with the
specially elaborated heating and temperature control installation [3].

AT *C
1200 =

L0
B00 L

GO0 -
400
200

3 6 9512151821 24 27 30

Timee, lus

Figure 4. Programmable temperature changes in growth container.

With the introduction into the Ga solvent of various impurities, the choice of which was
determined by practically important properties of the obtained crystals, at the same time the
effects of contaminants on the nature of solidification have been investigated. The following
impurities were introduced one by one in the solvent: Cu, Zn, Cd, In, Si, Ge, Sn, S, Se, Te, Ni,
Cr, Fe, Co, Sm, La, Gd, and Sm,0,.

Typical features of the doped GaP crystals (size, color, polarity, lamellar structure, twinning,
the dislocation structure, and others) were compared with similarly grown but undoped
crystals.

It was found that the properties of the crystals depend on the chemical nature as well as on
the quantity of the selected impurities. Their small admixtures did not significantly change the
form of the crystals, while significant change of the crystallization environment composition
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created changes in forms of growth. For instance, the introduction into the solution of large
quantities of Sn, the element of another valence compared with Ga, led to the emergence of
the crystals having octahedral isometric forms. Isometric forms with simultaneous reduction
of the sizes of crystals occurred with the introduction of solvent refractory impurities —
samarium oxide (Sm,0;), solid units of which, apparently, were the centers of crystallization.
Introduction into the solution of significant quantities of In, the chemical analogue of Ga, only
slightly influenced on the morphology of the crystals, changing the lattice parameter, indicat-
ing the formation of 0.01 at. % In-GaP solid solution.

It was established that an increase in concentration of Zn and Gd in the Ga-P solution leads to
the increase in the concentration of carriers (holes), reducing the size of crystals and their
chemical resistance with a simultaneous increase in microhardness on the plane (111). At the
introduction of S (1 at. % and more) the forms of the crystals varied from lamellar to volumetric.
By increasing the concentration of tellurium in solution from 0,007 to 0.02 at. % the lattice
constant varied from 5.4511 to 5.4524A. At small quantities of impurities Zn and Te in GaP,
until about 10" cm?, a direct proportional relationship between the amount of impurities
added to the solution and the concentration of charge carriers in the crystals is observed.
Doping of the Ga-P solution by small quantities of rare earths and elements of the Fe group
did not impact significantly on the forms of crystals, however, led to a significant change in
the electrical and luminescent properties of GaP crystals. Itis interesting to note that the density
of etching pits on the plane (111) of doped crystals sharply increased in comparison with
undoped ones.

III. The following factors influenced on the morphology of GaP crystals grown from the Ga-P
solution of a certain concentration in conditions of the mass crystallization: the degree of
supersaturation, which depends on the temperature of the solution and its first time derivative,
the conditions of the heat crystallization removal and the accuracy of the temperature control
in the solution.

Changing conditions of crystallization, mainly the rate of cooling of the melt, significantly
affects the morphology of crystals. So, increasing the cooling rate reduced the size of the
crystals, but the dislocation density was not changed and was primarily the determined
concentration and chemical nature of impurities. The number of crystals having isometric
forms increased with the decreasing cooling rate at simultaneous improvement of quality of
the crystal surface. Uneven removal of heat from walls of the container has led to the formation
of up to 30 mm crystal needles, elongated in the direction of the heat removal.

Significant impact on the crystal quality provides more accurate temperature control. The
crystals obtained with the accuracy of temperature control +0.5°C had a perfect plane (111),
low dislocation density, and dimensions in 2-3 larger than the crystals obtained at the same
conditions, but with the accuracy +5°C or according to the regimes described in the literature.
Crystals reached 25 mm in length and had the dislocation density ~ 10°%m™?, which is signifi-
cantly less than that of the crystals obtained with low accuracy of the temperature control.

IV. In order to clarify the mechanism of crystallization of lamellar GaP crystals, differential
record of temperature change between the standard of pure Ga and 5 at.% Ga-P solution near
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the point of liquidus as well as interruption of the crystallization process at different temper-
atures below the point of liquidus were conducted in special containers presented in Figure
3cand 3d (please see details described in Refs.[1, 3]). The record of temperature was conducted
in the locations of the Ga standard and the Ga-P solution, interruption of the process was
carried out by turning the container with quartz net from the top down. The pattern of
temperature change in the solution-melt is presented in Figure 5.

Let us now present an overview of the growth of lamellar GaP crystals basing on the findings
of these experiments. Total quantity of the solution-melt in the experiments was 10-12 cm?, 1
cm?® of this solution (5 at.% of P) at a temperature above the line of the liquidus contained
3x10* and 6x10% of P and Ga atoms, respectively. The first crystals, having the form of dendritic
needles with the length of the order of 5 mm and thickness of 0.15 mm, were registered at a
temperature of 1107°C at approximately 16°C supercooling. The crystals, found on the net
inside the growth container [1] at lower temperatures of the process interrupting, represent
thin plates in the form of rhombs, triangles, or hexagons. The twinning on the transverse cross-
sections was observed at the study of microsections and cleaved facets. It turned out that the
lamellar GaP crystals contain the plane of twinning, parallel to the planes (111).
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Figure 5. Change of temperature in the container when cooling with 30 deg/hour the 5 at.% solution of P in Ga.

The growth process of lamellar crystals can be formally divided into two components: the
tangential growth in the plane (111) and layer-by-layer growth in the direction normal to the
plane (111). Because the ratio of Ga and P atoms differed significantly from the stoichiometric,
it is natural to assume that the process determining the rate of growth is diffusion. According
to our estimates, the coefficient of diffusion of phosphorus atoms in Ga at T~1400K is equal
D, ~3x10° cm’sec’.

Upon cooling the system to 1107°C degrees, the supercooling of the solution was approxi-
mately 1.6x10% cm?®. Accepting the growth of needle-shaped crystals ends during recalescence
time about 2 min (Figure 3), we get the diffusion length L = (D, 1)"2=0.6 cm, and, further, the
dimensions of the crystal in diffusion approximation: needle length 6 mm and thickness 0.56
mm; this value is in a good agreement with the experimental data. With further lowering of
the temperature, the crystals acquire lamellar form with mainly developed planes (111) having
the greatest reticular density and composed of the same atoms. Note that the removal of heat
of crystallization is facilitated by the lamellar form of the crystals.



Excitonic Crystal and Perfect Semiconductors for Optoelectronics
http://dx.doi.org/10.5772/60431

Thus, accepting the above presented two-stage model of lamellar crystal growth, let us
consider the ratio of the contributions of the tangential growth in the plane (111) and layer-by-
layer growth in the direction normal to the plane (111). The growth in the tangential direction
is limited by diffusion and by the size of the previous layer, that is, it is determined by the
initial conditions and the shape and size of the plates, formed during the cooling of the solution-
melt 10-20 degrees below the point of liquidus. Since the formation of the initial crystals occurs
in a very short time, the growth in the tangential direction is difficult to control, as it is in the
case of the dendritic crystal growth. The growth in the direction normal to the plane (111) is
sensitive to the fluctuations of the degree of supersaturation, resulting from the thermal motion
of atoms and temperature fluctuations. In general, uniformity and perfection of the surface of
lamellar GaP crystals the better, the less the time ratio needed for formation a new layer on a
flat nucleation center to the time for which will be created the next nucleation center. The latter,
obviously, in an extreme extent depends on fluctuations of the degree of supersaturation in
different points of the growing plane and at different points in time. With the deterioration of
precision temperature control, the number of fluctuations increases and bad crystals grow in
the conditions of “entanglement” of the above mentioned characteristic times. Small fluctua-
tions of supersaturation also are probably the cause of twinning planes. Indeed, assuming that
the probability of fixation of the twins on the plane (111) is W = exp(-ne/kT), where n is the
number of atoms in a flat nucleus and ¢ is the energy of packing defect per atom, and knowing
the ratio of the number twin planes to normal equals 10, we obtain W = exp (-ne /kt) =10,
k =1.4x10¢ erg/degree, T = 1400K, and ne = 1.6 eV or n = 10, € = 0.16 eV/atom that under the
order of the values is reasonable.

Increase of the accuracy of temperature regulation promotes some reduction in the number of
twins and this fact also confirms the notable influence of fluctuations on the twinning,.

Thus, deteriorations of quality or shape defects of GaP plates during their growth from Ga -
P melt solution are observed in the next cases: 1) at a considerable increase of concentration of
impurities in the GaP solution and dependently on the chemical nature of the chosen impurity;
2) at the change of the crystallization conditions, namely, at the sufficient deterioration of the
cooling velocity control or in the case of nonuniform heat removal from the container for the
crystal growth.

Processes of creation of the dendritic needles and their transformation to platelet crystals take
place in a small temperature interval and for a short time, therefore they are hardly controlled,
while crystal growth is easily controlled in the direction normal to the plate (111), because it
is very sensitive to the external factors such as velocity of the solution cooling and accuracy of
the temperature control.

All the above-stated means that only very perfect growth equipment and top quality growth
experience will give an opportunity to grow good and high service ability GaP crystals.
However, in spite of all precautions and high experience of the specialists, growing the crystals,
freshly prepared GaP crystals cannot be successfully applied in electronics due to their low
operational data, such as absence of high photosensitivity, bright and broadband lumines-
cence, satisfactory transparency, and mechanical characteristics. Further, it will be shown how
to considerably increase the quality and service ability of the freshly prepared GaP crystals.
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4. Optical Properties of Perfect, Long-term Ordered GaP:N Crystals

It is necessary to note that the very important for optoelectronics long-term ordering and
considerable improvement of the semiconductor crystal lattice and accompanying phenomena
have been discovered and observed over decade time scales only with the help of the same
unique collection of samples. This collection of long-term ordered perfect GaP single crystals
gives opportunities to find deep fundamental analogies in properties of the perfect single
crystals and nanoparticles as well as to predict and to realize in nanoparticles and perfect bulk
crystals new interesting properties and applications.

Investigating the samples grown by the author in the 1960s, it was noted [1, 7], gallium
phosphide (GaP) crystals for the first time clear improved their optical and mechanical
properties only after 10-12 years since their preparation. It was unusual and interesting in the
situation when all non-living matter around us usually deteriorates in time; therefore the
author decided to investigate, to understand, and to use in the future this phenomenon.
Shortly, the investigation process can be described as following.

Grown about 50 years ago pure and doped GaP crystals throughout the intervening decades
have been periodically re-evaluated in order to see and investigate the change over time in
their electro- and photoluminescence, photoconductivity, behavior of bound excitons, giving
interesting and bright luminescence, nonlinear optical, and other phenomena. Accordingly, it
is of interest also to monitor the change in crystal quality over the course of several decades
while the crystal is held under ambient conditions.

Figure 6 demonstrates Raman spectra in GaP and GaP:N in 1989-1993 (a) and in 2006 (b, c).
Concerning the general differences in the Raman spectra produced by the ordered and
disordered forms of the crystals, note in accordance with Refs. [10, 17, 21-24] that the spectrum
of the most ordered heavily N doped crystal (spectra 2 in Figure 6b) shows a considerably
more intense narrow LO line than the less ordered pure or doped crystals (spectra 3, 4 in Figure
6b). Whereas the distribution and the environment of the P or N anions at a particular site in
the unit cell in the ordered crystal are uniform, the great variability in this environment from
site to site exists in a disordered or less ordered crystal.

Note that the theory of Raman light scattering in GaP predicts the LO phonon decay into two
longitudinal acoustic phonons LA. LA phonons with a frequency LO/2 [41], and 2-phonon
processes of 2TO and TO+LO emission also can be observed in perfect crystals [42]. This
observation of a multi-phonon process and a decay of LO phonon, having a low intensity,
confirm the high quality of the host lattice, uniform impurity distribution, and as a conse-
quence, low noise background in the Raman scattering.

Figure 7 provides the Raman spectra obtained in 2005-2006 from pure and heavily doped GaP
at 300K (a) and 80K (b). It can be seen only in the GaP:Bi crystal at 300K that a very narrow LO
phonon is slightly shifted (approximately 2 cm™), while the TO and LO peaks maintain their
spectral positions at 80K for the pure and doped GaP crystals independently of the type of
impurity and its concentration. The LO phonon line is narrower in the doped crystal than in
the undoped (pure) one and also is more intense than the TO phonon line. Note that these
results are obtained despite the fact that the maximum concentrations of N, Sm, and Bi in these



Excitonic Crystal and Perfect Semiconductors for Optoelectronics
http://dx.doi.org/10.5772/60431

Intensity, arb. units —=

350 380 40D o
R shift, cm

Figure 6. Raman spectra in GaP and GaP:N in 1989-1993 (a) and in 2006 (b, c). 1, 4—pure GaP, 2, 3—GaP heavy doped
by N. Spectra 3, 4 are taken from Ref. [11] and obtained by one of the authors (SLP) in 1991. A new phenomenon ob-
served in the Raman spectra that has developed in the crystals over 40 years are the peaks denoted by us here as LA,
2TO, and TO+LO (Figure 6c).
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Figure 7. Spectra of Raman light scattering of pure and doped GaP at 300K (a) and 80K (b). 1. Pure. 2-4: GaP doped by
N, Sm, and Bi, respectively

crystals are close to their limit of solubility (~ 10'°cm?), the masses of impurity atom are very
different, (the atomic weight 14, 150, and 208 for N, Sm, and Bi, respectively), and the N and
Bi impurities substitute lattice points whereas Sm occupies interstitials.

The position and the line-width of the TO line in the ordered crystals do not depend on type
and concentration of impurity nor on temperature. The temperature-independent TO line-
width in the aged crystals implies that the impurities do not perturb the order of the lattice,
which is possible only for a very uniform environment.

It is known that the broadening and frequency shift of the phonon lines are due to anharmo-
nicity of the lattice vibrations and disorder in the crystal. Note that the TO line-shapes in the
crystals again measured after 17-19 years are more close to Lorentzian than in [41] and LO

13
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lines are narrower in the crystals with big impurity concentrations. This most likely means
that the anharmonicity of the lattice vibrations in the presence of ordered impurities is less
than that in the pure unordered crystals. An increase in temperature only slightly distorts the
TO line-shape in these crystals implying that the anharmonicity also is weak. Considering
these results, it is assumed that the anharmonicity is larger in perfect undoped crystals than
in doped crystals with periodically disposed impurities. Thus, it has been observed that in
long-term ordered GaP crystals different impurities presented there at high concentrations do
not distort crystal lattice, lead to narrowing and increase of longitudinal optical mode LO, and
do not change the symmetrical form and positions of the TO line.

After 40 years since their fabrication the impurities in these doped GaP crystals create a
superlattice with a period that depends on their concentration. Absence of luminescence from
bound pair excitons (which need for their creation considerably less NN spacing than it is
possible at the N concentration in our GaP:N crystals) as well as the spectral position of the
narrow zero phonon line A shifting along the luminescent spectrum dependently on the N
impurity concentration in exact correlation with the relevant theoretical ratio (see [40] and
Figure 8a) only clearly show that in the 2540 years aged GaP:N crystals the impurity atoms
are located with the equal ryy spacing. Thus, we get as a minimum the evidence of anti-
clustering of nitrogen atoms as the crystals age. However, taking into account that the N
impurity atoms substitute the host P atoms in very perfect diamond-like cubic crystal lattice
(it is really perfect according to our data on the position of extremely narrow phonon replica
in heavily doped aged GaP:N crystals), we may assert from very simple geometrical consid-
eration that in the case of the equal spacing measured with high accuracy, the N impurity
system also forms a cubic crystal superlattice that means not simply anti-clustering, but the
ordering of impurities as well as the perfection of the host lattice modified by impurities.
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Figure 8. Evolution of the GaP:N luminescence with time and nitrogen concentration at a temperature of 15K. a. Zero-
phonon line of the bound exciton A and its transversal acoustic (TA) and longitudinal optic (LO) phonon replica in as-
prepared (4) and 25-year long-term ordered (1) crystals. b. Zero-phonon line A as a function of nitrogen (N)
concentration. 1-3: 25-year-old crystals. 4: as-prepared. Curves 1 through 4 represent samples with nitrogen concentra-
tions of 10", 10%, 10", and 10" cm, respectively.
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Figure 8 provides a comparison of the evolution in luminescence spectra at low temperatures
(80K and below) from GaP:N over a period of 25 years (original measurement in about 1963).
Over this period, zero-phonon line A of single N impurity-bound excitons and their phonon
replica are narrower in their line-widths when compared to the freshly prepared single crystals
(Figure 8a). Further, as expected, zero phonon line and phonon replica in samples aged at room
temperature for 25 years shift spectral position depending upon concentration of N impurities
(Figure 8b, spectra 1-3) according to Ref. [40], while the same freshly prepared crystals
exhibited broader luminescence line-widths with increasing nitrogen content (Figure 8b,
spectrum 4). These, along with other half-centennial findings, including modifications of
luminescence kinetics, spontaneous Raman scattering, X-ray diffraction, absorption spectra,
micro-hardness, and density of dislocations, which are reported elsewhere [1, 3-24], strongly
suggest that close-to-ideal GaP:N crystals are formed over time due to the equally spaced
disposition of N impurities from their chaotic distribution in the same freshly prepared
crystals.

As first noted in Ref. [23], these results suggest a new type of crystal lattice in which the host
atoms occupy their proper (equilibrium) positions in the crystal, while the N impurities,
periodically substituted into the lattice, portion it into short chains of equal length. According
to the data obtained from Raman light scattering [10, 14], host atoms of this new lattice develop
harmonic vibrations, and a high degree of lattice perfection leads to an abrupt decrease in the
non-radiative recombination and an increase of efficiency and spectral range of luminescence.
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Figure 9. Luminescent spectra and schematic representation of the forbidden gaps (AE,, AE,) in the nitrogen-doped
GaP aged for (a) 25 years and (b) 40 years. The dotted lines correspond to highly optically excited crystals. C and V
represent the positions of the bottom of the conductance and the top of valence bands, respectively.

Additionally, stimulated emission of light in these temporally ordered crystals (Figure 9b) is
observed. As also shown in Ref. [23], the GaP:N crystals aged for at least 40 years possess no
discrete impurity level for N-bound excitons in the forbidden gap. They also demonstrated a
uniform luminescence from a broad excitonic band instead of the narrow zero-phonon line
and its phonon replica as observed from the less-aged 25-year-old crystals.

Thus, long-term ordered GaP:N crystals demonstrate uniform bright luminescence from a
broad excitonic band instead of the narrow zero-phonon line and its phonon replica in
disordered and partly ordered (25-year-old) crystals. This is due to the fact that ordered crystals
have no discrete impurity level in the forbidden gap. To the best of our knowledge, such
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transformation of a discrete level within the forbidden gap into an excitonic band (Figure 9 a,
b) is observed for the first time. In this case, the impurity atoms regularly occupy the host lattice
sites and affect the band structure of the crystals, which is now a dilute solid solution of GaP-
GaN with regular disposition of N atoms rather than GaP doped by occasionally located N
atoms. Note that the increase of luminescence excitation in case of partly ordered GaP:N
(Figure 9a, dotted line) leads to a broad luminescence band as a result of bound exciton
interaction [9], while in the case of perfectly ordered crystals (Figure 9b) one can see an abrupt
narrowing of the luminescence band, probably due to stimulated emission in defect-free
crystals. Earlier, in freshly prepared crystals, we observed a clear stimulated emission from a
GaP:N resonator at 80K [5], as well as the so-called superluminescence from GaP single crystals
having natural faceting. Presently, our ordered crystals have a bright luminescence at room
temperature that implies their perfection and very low light losses. In our studies [14, 23], we
demonstrate that the stimulated emission in GaP also developed even at room temperature by
direct electron-hole recombination of an electron at the bottom of the conduction band with a
hole at the top of the valence band and the LO phonon absorption.
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Figure 11. Luminescence of long-term ordered GaP:N:Sm. 1, 2—low; 3, 4—room temperatures. 1, 3—low; 2, 4—high
excitation.
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Investigating earlier luminescence of GaP doped by Sm and Ge, we have demonstrated bright
luminescence in infrared region and opportunities to change in the wide wavelength diapason
the position of luminescent maximum. For the first time, the GaP:N:Sm crystals were investi-
gated in the year 1974 when their luminescence could be observed only at 80K and below [6].
The relevant spectrum, obtained in the year 1974, is shown in Fig. 10. Then it consisted of two
parts: 1) the green part reflecting recombination of N bound excitons through the emission of
the narrow zero-phonon A line and its phonon replica, arising in the emission of LO and other
lattice phonons, and 2) the red and yellow parts reflecting the absorption of the bound exciton
irradiation by Sm centers and its characteristic radiative recombination. In the year 2007 (Fig.
10, [13]), the spectrum of luminescence also consisted of these two parts, but instead of narrow
excitonic lines we see a broad green excitonic band and also the broad red and yellow band
without any fine structure.

Efficiency of Sm excitation at the N bound exciton recombination highly depends on a degree
of uniformity of the N-Sm mixture. The long-term ordering gives a uniform mixture of Sm and
N impurities and according to R. L. Bell [43], it provides up to 100% quantum efficiency of
radiation from GaP:N:Sm system and bright luminescence at 300K. The bright emission bands
at 300K, shown in Figure 11, curves 3, 4, arise as a result of formation during the period 1963-
2010 of the uniform mixture of N recombination and Sm activation centers. The luminescence
spectra of GaP:N:Sm at low temperatures (35K and below, Figure 11, spectra 1, 2) have the
same maxima in green and red and yellow regions where the ratio of their intensities depends
on the concentrations of N and Sm impurities as well as on the level of excitation. For instance,
at a chosen level of excitation and an N/Sm ratio of concentration one can realize pure red or
green emission of high efficiency or any combination of these colors that is an important
property of a tunable light source.

Thus, doping GaP simultaneously with Sm and N, choosing necessary temperature and
intensity of excitation we can get light emission from green to red. However, further expansion
of the emissive spectrum in GaP can be achieved using some of the following other dopants
or specific methods of crystal preparation.

Let us now discuss a possibility to converse visible emission into infrared region. Obviously,
itis possible, creating in GaP an additional to the basic green another channel for light emissive
electron-hole recombination in infrared region. For instance, it is known that the donor-
acceptor pair Ge*-OP on the base of oxygen (OP) and germanium (Ge*) emits the band with
the maximum at 1.38 eV [44]. It was shown in Ref. [7] and in some other works fulfilled under
the author’s supervision, the existence of this band and its intensity, compared with the basic
green emission, depends on the concentration of Ge-O pairs and intensity of excitation,
obtained with the help of a Q-switched Nd glass laser supplied with the frequency doubler
generating 2.34 eV photons.

Increasing the intensity of excitation, one can decrease the contribution into luminescence of
light emissive recombination through the Ge-O pairs when the concentration of these pairs
will be equal and less than the concentration of electron-hole pairs generated by the laser
excitation source. In these conditions will be also clear detected the growing with excitation
contribution into the whole light emission from the other recombination channels depressed
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Figure 12. Luminescent spectra of GaP doped by Ge with a concentration of approximately 10"cm- at 77.3K and differ-
ent excitation intensity L, x 102 cm?sec: 16(1); 10(2); 4,5(3); 2,3(4); 1,2(5); and 0,46(6).

by the recombination through Ge-O pairs. Thus, the switching of light emissive recombination
channels, important for application in optoelectronic devices, will be observed and demon-
strated in the luminescence of GaP doped by Ge. Figure 12 demonstrates depending on
excitation intensity the switching of luminescence at 77.3K from infrared with maximum at
1.38 eV to green-yellow region with maximum at 2.06 eV [7].

Moving to infrared region with the help of GaP doped by Ge, we have reached 1.2 eV in the
emissive spectrum that 1 eV less than the forbidden gap of GaP crystals. Taking into account
that our goal is to propose a cheap, resource-saving, and impactful way for the development
of optoelectronics with the help of the special transformation of an ordinary semiconductor
into the base material for various light emissive devices structures with broad and bright light
emissive spectra, let us consider opportunities to expand light emission as much as possible
to the ultraviolet (UV) region, using only GaP bulk and nanocrystals instead of a lot of the
other semiconductors with their complicated, labor-consuming, and expensive technologies
of preparation of materials with necessary reliable radiative properties.

Aswehave shown previously [8-17], different defects of high concentration in freshly prepared
GaP single crystals completely suppress any luminescence at room temperature due to
negligible small free path for non-equilibrium electrons and holes between the defects with
their non-radiative recombination, while the quantum theory predicts free movement of
electrons and holes in the field of an ideal crystal lattice. It was also shown that the long-term
ordered and therefore close-to-ideal crystals demonstrate bright luminescence and stimulated
emission repeating behavior of the best nanoparticles with pronounced quantum confinement
effects. Therefore, there are only two ways of preparing a material with bright luminescence
from IR to UV regions: to prepare very perfect, defectless single crystals or nanocrystals with
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the dimensions less than electron-hole free path in this material of standard quality. Correct-
ness of the chosen way can be confirmed by the following comparison of optical properties of
the best GaP nanocrystals and GaP perfect bulk single crystals.

5. Comparison of Optical Properties of GaP Nanocrystals and GaP Perfect
Bulk Single Crystals

Jointly with the references [3, 7, 9-17, 21-27, 32] here we present a generalization of the results
on long-term observation of luminescence, absorption, and Raman light scattering in bulk
semiconductors in comparison with some properties of the best to the moment GaP nanocrys-
tals. The combination of these characterization techniques elucidates the evolution of these
crystals over the course of many years, the ordered state brought about by prolonged room-
temperature thermal annealing, and the interesting optical properties that accompany such
ordering. We demonstrate that long-term natural stimuli improve the perfection of our
crystals, which can lead to novel heterogeneous systems and new semiconductor devices with
high temporal stability. Raman light scattering confirms high quality of the long-term ordered
crystals.
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Figure 13. Luminescence of perfect bulk GaP single crystals (1) in comparison with the luminescence of GaP nanoparti-
cles and GaP/polymers nanocomposites (2, 3). Nanoparticles were prepared from white P by mild aqueous or colloidal
synthesis at decreased temperature, stored as the dry powder (spectrum 2) or suspension in a liquid (spectrum 3). De-
tails: [15, 17].

We further improved upon the preparation of GaP nanocrystals using the known methods of
hydrothermal and colloidal synthesis [30-32] by taking into account that the success of our
activity depends on the optimal choice of the types of chemical reactions, necessary chemicals
and their purity, conditions of the synthesis (control accuracy, temperature, pressure, duration,
etc.), methods and quality of purification of the nanocrystals, and storage conditions for
nanoparticles used in the further operations of fabrication of the GaP nanocomposites. The
best quality GaP nanoparticles have been prepared by hydrothermal or colloidal synthesis
from white phosphorus at decreased temperature (125°C) and intense ultrasonication; it was
established that the maximum shift of their luminescence to ultraviolet and the best quality in
general have the nanocomposites obtained from the nanoparticles of the same dimensions
stored as a suspension in a suitable liquid.
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Figure 13 compares the luminescence spectra of our long-term (up to 50 years) ordered GaP
single crystals (spectrum 1) to that from high quality GaP nanoparticles and their GaP
nanoparticles/polymers nanocomposites [15, 17]. Nanocrystals of the different dimensions,
stored as dry powder, demonstrate rather broad luminescent band with maximum at 2.8 eV
(Figure 13, spectrum 2), while the nanocrystals of about 10 nm sizes, thoroughly separated and
distributed in a suspension, that prevent their coagulation, mechanical, and optical interaction,
exhibit bright narrow-band luminescence with a maximum at 3.2 eV, approximately 1 eV
above the position of the absorption edge in GaP at 300K (Figure 13, spectrum 3). The thor-
oughly washed, ultrasonicated and dried nanopowders as well as their specially prepared
suspensions have been used for fabrication of blue light emissive GaP nanocomposites on the
base of some optically and mechanically compatible with GaP polymers [15, 17, 30-32].
According to our measurements, the matrix polymers PGMA-co-POEGMA or BPVE used in
this work provide no contribution to the spectra of luminescence of the based on these matrixes,
so, the nanocomposite spectra coincide with those obtained from the relevant GaP powders
or suspensions. We note that in the GaP/BPVE nanocomposite, the position of the luminescent
maximum can be changed between 2.5 and 3.2 eV and the brightness is 20-30 more than in the
PGMA and PGMA-co-POEGMA matrixes.

Long-term ordering leads to the creation of perfect bulk GaP crystals with considerably
expanded and bright emissive band, practically the same as in the perfect GaP nanoparticles.
We explain the broadening of the luminescence band and the shift of its maximum to low
photon energies in luminescence of the nanocomposite based on the GaP powder by presence
in the powder of the nanoparticles with the different dimensions between 10 and 100 nm.
Meanwhile, the nanocomposites on the base of the suspensions containing only approximately
10 nm nanoparticles exhibit bright luminescence with a maximum at 3.2 eV due to a high
transparency of 10 nm nanoparticles for these high energy emitted photons and pronounced
quantum confinement effect.

In accord with our data [15, 31] the shift due to the quantum confinement effects is about a few
tenths of eV and, obviously, it is impossible to explain only through this effect the dramatic 1
eV expansion of the region of luminescence at 300K to the high-energy side of the spectrum.
In order to explain this interesting phenomenon, we postulate that the nanocrystals, much like
the ideal long-term ordered bulk GaP single crystals, where this effect is not so strong, exhibit
the huge increase in blue-shifted luminescence due to: (a) negligibly small influence of defects
and non-radiative recombination of electron-hole pairs and very high efficiency of their
radiative annihilation, (b) high perfection of nanocrystal lattice, and (c) high transparency of
nanocrystals due to their small dimensions for the light emitted from high points of the GaP
Brillouin zones, for instance, in the direct transitions I';*-I';;" between the conductive and
valence bands with the photon energy at 300K equal to 2.8 eV [37], and (d) high efficiency of
this so-called “hot” luminescence that means direct radiative recombination of electrons
without their preliminary thermalization into the nearest particular point of the conductance
band. Taking into account the high light absorption coefficient equal to approximately 10° cm™
for photons with the energy in the vicinity of maximum at 3.2 eV [38], we can explain the
difference in the spectrum 1 from perfect bulk GaP crystal and the spectrum 3 from its 10 nm
perfect nanoparticles. Really, a big GaP single crystal, even very perfect one, in principle,
cannot emit many photons in UV region, because the overwhelming majority of those photons
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will be immediately absorbed in the crystal; only tiny defectless 10 nm GaP spheres, transpar-
ent for this UV region, distributed in the transparent suspension or a polymer film will easily
emit this UV light.

Note, our first attempts to prepare GaP nanoparticles [18, 28] yielded room temperature
luminescence with the maximum shifted only to 2.4 eV in comparison with the achieved now
new maximum at 3.2 eV and it confirms our significant progress in preparation of GaP
nanoparticles and GaP/polymers nanocomposites. The perfect quality of the nanoparticles
prepared by improved technologies is confirmed by all the used methods of characterization,
while investigation of Raman light scattering evolution during 25 years (since 1989) clear
confirms considerable improvement of GaP single crystal quality and the existence of new
interesting phenomena characterizing only very perfect crystals.

On the base of these improved technologies for the preparation of GaP nanoparticles and GaP/
polymer nanocomposites, we can change within the broad limits the main parameters of
luminescence and create a framework for novel light emissive device structures using dramatic
1 eV expansion of GaP luminescence to UV region. Besides that, using all the noted in the
presented review opportunities, including specially doped GaP and the necessary level of
luminescence excitation, we can change the position of maximum and bandwidth of lumines-
cence in wide, from infrared 1.2 to UV 3.2 eV, limits.

6. Excitonic Crystal and Its Importance in Optoelectronics

The role and application of bound excitons in nanoscience and technology are discussed in
this chapter. Bound excitons are well studied in semiconductors, especially in gallium
phosphide doped by nitrogen (GaP:N) [3, 4, 7, 38, 40, 45]. Doping of GaP with N leads to
isoelectronic substitution of the host P atoms by N in its crystal lattice and to the creation of
the electron trap with a giant capture cross-section. Therefore, any non-equilibrium electron
in the vicinity of the trap will be captured by N atom, attracting a non-equilibrium hole by
Coulomb interaction and creating the bound exciton — short-lived nanoparticle with the
dimension of the order of 10 nm (it is the Bohr diameter of bound exciton in GaP:N). Note, that
none of nanotechnology methods are used in the creation or selection of dimensions of these
nanoparticles — only natural forces of electron-hole interaction and electron capture by the
traps are necessary for the creation of these nanoparticles. As the result we get something like
neutral short-lived atom analogue — a particle consisting of heavy negatively charged nucleus
(N atom with captured electron) and a hole. So-called zero vibrations do not destroy the
possible solid phase of bound excitons having these heavy nuclei that give an opportunity to
reach in GaP:N anew crystal state — the short-lived excitonic crystal appeared at the necessary
level of excitation, N impurity ordering and concentration, energy of photons and temperature.

Taking into account the above-mentioned preceding results, a model for the GaP:N long-term
ordered crystal and its behavior at the relevant level of optical excitation for 40-year-old
ordered N-doped GaP (Figure 14) can be suggested. At the relevant concentrations of N, the
anion sub-lattice can be represented as a row of anions where N substitutes for P atoms with
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the period equal to the Bohr diameter of the bound exciton in GaP (approximately 10 nm)
(Figure 14a). At some level of optical excitation, all the N sites will be filled by excitons, thereby
creating an excitonic crystal (Figure 14b), which is a new phenomenon in solid-state physics
and a very interesting medium for application in optoelectronics and nonlinear optics [4, 15,
17, 25, 26].

---—|—|—I-(El)
IPP PPI!I PPN

The Bohr dimension of exciton

Figure 14. The models of 40 years ordered GaP doped by N. a. The new type of crystal lattice with periodic substitu-
tion of N atoms for the host P atoms. b. The excitonic crystal on the base of this lattice. The substitution period is equal
to the Bohr diameter of exciton (~ 100A) and optical excitation is enough for complete saturation of the N sublattice
(please see details in Refs. [15, 17]).

Thus, using bound excitons as short-lived analogues of atoms and sticking to some specific
rules, including the necessity to build in the GaP:N single crystal the excitonic superlattice with
the identity period equal to the bound exciton Bohr dimension, we get a unique opportunity
to create a new solid state media — consisting from short-lived nanoparticles excitonic crystal,
obviously, with very useful and interesting properties for the application in optoelectronics,
nanoscience, and technology. The following will discuss methods of preparation and possible
application in optoelectronics of perfect GaP crystals, based on perfect GaP excitonic crystals
and nanocrystals.

7. Already Discovered and Possible Nonlinear Optical Phenomena in GaP

Thus, confirmed by this semicentennial study, the impurities in doped long-term ordered GaP
create a sublattice with a period that depends on their concentration. By periodically substi-
tuting for host atoms or occupying interstitial sites in the host lattice, the impurities become
an intrinsic component of the modified crystal lattice and participate in the formation of a
“new” phonon spectrum.

The ordered crystals with the host lattice modified by impurities could be very useful in various
optoelectronic applications. Noted here are only a few potential applications in light emissive
device structures. The properties of these structures will be very stable and independent on
time. Uniform distribution of the recombination (N) and activator centers at the optimum
concentration will yield the maximum efficiency for light emission. Further investigations of
the quasi-crystalline state of excitons (or bi-excitons) bound to an impurity superlattice with
a period equal to the Bohr dimension will be very interesting and useful because they should
greatly strengthen nonlinear optical effects at low excitation intensities. This excitonic phase
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of high density of photons as an original accumulator of light also provides new opportunities
for storage, transmission, and conversion of light.

With significant recent progress in semiconductor thin film deposition and growth techniques
in some specific cases of device optoelectronic structure preparation, there obviously will be
no longer a need to wait during years for such ordering to occur. For instance, superlattice
from GaP/GaP:N with the period of the order of the bound excitons (their Bohr radius is equal
to 5 nm) can be prepared by molecular beam epitaxy (MBE) or by MBE in combination with
thelaser-assisted epitaxy (LAE) [46-48]. Further, the preparation of a two- or three-dimensional
arrangement of N impurities in a GaP film is difficult but also possible with the help of ion
lithography. Of course, nowadays this technique is a frontier of our technological possibilities,
but within the nearest future some very important progress likely will be obtained also in this
direction. In this case, we will get a unique opportunity to design 3-dimensional impurity
superlattices with configuration, symmetry, and lattice that are optimal for application in a
concrete device structure or for efficient realization of specific linear or nonlinear optical
phenomena. In any case, independently on the method of creation, the impurity modified
crystal lattices, the excitonic (as well as bi-excitonic) phase with translational symmetry are
very interesting objects, the properties and possible application of which are now under our
investigation.

Nonlinear optics, starting its epoch-making development from the Nobel Prize Laureate N.
Bloembergen transaction [49], with the appearance of lasers and highly supported personally
by one of their inventors, the Nobel Prize Laureate A. Prokhorov, who helped the author to
found in 1985 the Laser Research Laboratory in the Academy of Sciences of Moldova, since
1960s has taken its noteworthy place in investigations of GaP [5, 7, 50-52]. Here especially
important for fundamentals and application in optoelectronic device structures were investi-
gations of direct and indirect (with participation of the lattice phonons) many-quantum
absorption between high symmetry points of GaP Brillouin zone (Figure 1), following the
increase of photoconductivity and UV photon emission. So, exciting these high symmetry
points with the help of infrared photon of a Q-switched laser, we get photoconductivity with
participation of different energy bands and UV photon emission that is important equally for
the investigation of band structure and for application in light frequency convertors. Addition
of new opportunities due to elaboration of defectless perfect GaP bulk single crystals, its top-
quality nanoparticles and multi-layered structures, discovery of the new nonlinear optic
medium - excitonic crystal and its very interesting nonlinear optical phenomena [25-27] will
surge of interest to this crystal, giving a new prospective industrial method of perfect crystal
preparation, as well as opportunities for efficient realization in optoelectronics and electronics
in general of remarkable properties of semiconductors due to a big commercial advantage from
their fabrication.

8. Conclusions

Since the time of original preparation of gallium phosphide doped by nitrogen crystals (GaP:N)
by the author in the 1960s, followed by the introduction of the excitonic crystal concept in the
1970s, the best methods of bulk, film, and nanoparticle crystal growth were elaborated. The
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results of semi-centennial evolution of GaP:N properties are compiled here and in the refer-
ences to this paper. Novel and useful properties of GaP including an expected similarity in
behavior between nanoparticles and perfect bulk crystals, as well as very bright and broadband
luminescence at room temperature, are observed. These results provide a new approach to the
selection and preparation of perfect materials for optoelectronics [25] and a unique opportunity
to realize a new form of solid-state host — the excitonic crystal [26, 27]. In spite of the fact that
the time necessary for natural long-term ordering (years) does not lead to optimism, the
collected experience and results confirm expedience of the efforts directed to the formation in
GaP of the N impurity superlattice having the identity period equal to the bound exciton
dimension. As noted in Ref. [25], the process of preparation of top quality material for
industrial electronics can be organized if the freshly grown crystals will be kept for years in a
special storage and only old crystals (like to the old wine, if to use close to Moldova and other
winemaking countries analogy) with the necessary properties will be annually retrieved for
device fabrication while new portions of fresh crystals will be placed for long-term ordering.

Except natural aging of the relevant crystals for years, preparation of the N superlattice for
excitonic crystal can be also realized by known methods of growth of multi-layer films, in
particular by molecular beam and laser-assisted epitaxy [46-48].

The excitonic crystal, created by the long-term ordering or by the noted above methods of
growth of multi-layer films, as well as the bulk top quality GaP crystals with the unique optic
properties, obtained by the long-term ordering process of freshly prepared crystals, will be
used in the new generation of optoelectronic devices, sometimes instead of nanoparticles and
a lot of other materials. In particular, keeping in mind the low energy of the bound exciton
creation, one can expect a low threshold for the generation of non-linear optical effects in the
excitonic crystal and a good opportunity to create new and very efficient optoelectronic
devices.

Note that semiconductor nanoparticles were introduced into materials science and engineer-
ing mainly in order to avoid limitations inherent to freshly grown semiconductors with a lot
of different defects. However, it was shown [15] that this reason becomes unessential if, when
justified, perfect long-term ordered semiconductor crystals are applied in electronics. Inde-
pendently on their dimensions they demonstrate very interesting for application properties.
Therefore, using the long-term ordered, perfect GaP crystals or similar on behavior and
properties material in the electronic industry instead of the elaboration of very expensive and
labor-consuming technologies for diverse materials and their nanoparticles with limited for
application spectral region and other parameters, we get a big commercial advantage from
their fabrication and application (for details please see the paper [25]).

All the obtained results presented here and included in summary reviews [15, 17, 25-27] may
sufficiently change the approach to the selection of materials necessary for electronics, to make
cheaper and simpler technology for the preparation of the selected materials and device
structures based on them. This study of long-term convergence of bulk- and nanocrystal
properties brings a novel perspective to improving the quality of semiconductor crystals. The
unique collection of pure and doped crystals of semiconductors grown in the 1960s provides
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an opportunity to observe the long-term evolution of properties of these key electronic
materials. During this half-centennial systematic investigation we have established the main
trends of the evolution of their optoelectronic and mechanical properties. It was shown that
these stimuli to improve the quality of the crystal lattice are the consequence of thermodynamic
driving forces and prevail over tendencies that would favor disorder and destruction. Our
long-term ordered and therefore close to ideal crystals repeat the behavior of the best nano-
particles with pronounced quantum confinement effect.

For the first time, to the best of our knowledge, we have observed a new type of the crystal
lattice where the host atoms occupy their proper (equilibrium) positions in the crystal field,
while the impurities, once periodically inserted into the lattice, divide it in the short chains of
equal length, where the host atoms develop harmonic vibrations. This periodic substitution of
a host atom by an impurity allows the impurity to participate in the formation of the crystal’s
energy bands. In GaP it leads to the change in the value of the forbidden energy gap, to the
appearance of a crystalline excitonic phase, and to the broad excitonic energy bands instead
of the energy levels of bound excitons. The high perfection of this new lattice sharply decreases
non-radiative electron-hole recombination, increases efficiency and the spectral range of
luminescence, and promotes the stimulated emission of light due to its amplification inside
the well-arranged, defect-free crystal. The development of techniques for the growth of thin
films and bulk crystals with ordered distribution of impurities and the proper localization of
host atoms inside the lattice are our high priority.

Semiconductor nanoparticles were introduced into materials science and engineering mainly
to avoid limitations inherent to freshly grown semiconductors with a lot of different defects.
Here and in other publications we show that this reason becomes unessential if we will apply
in electronics, when it is justified, perfect long-term ordered semiconductors, which demon-
strate independently on their dimensions very interesting for application properties. Espe-
cially important for application in the new generation of light emissive devices are the
predicted and investigated by us crystalline state of bound excitons in GaP:N, the discovered
in the framework of the STCU Project 4610 [16, 32] dramatic expansion of luminescence region
in GaP perfect bulk single crystals as well as in the best prepared GaP nanocrystals and based
on them composites with transparent polymers.

Using the long-term ordered GaP or similar on behavior and properties material in the
electronic industry instead of elaboration of very expensive and labor-consuming technologies
for diverse materials with their limited for application spectral region and other parameters,
we get a big commercial advantage from their fabrication and application. So, the results of
this long-term evolution of the important properties of our unique collection of semiconductor
single crystals promise a novel approach to the development of a new generation of optoelec-
tronic devices.

Besides the long-term ordering, the combined methods of laser-assisted and molecular beam
epitaxies [46-48] will be applied to fabrication of device structures with artificial periodicity;
together with classic methods of the perfect crystal growth, they can be employed to realize
impurity ordering that would yield new types of nanostructures and enhanced optoelectronic
device performance.
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For the first time we demonstrate that well-aged GaP bulk crystals as well as high quality GaP
nanoparticles have no essential difference in their luminescence behavior, brightness, or
spectral position of the emitted light. The long-term ordered and therefore close to ideal
crystals repeat the behavior of the best nanoparticles with pronounced quantum confinement
effect. These perfect crystals are useful for application in top-quality optoelectronic devices
and are a new object for the development of fundamentals of solid state physics.

Of course, waiting for improvement of the crystal quality for tens of years can be justified only
in exceptional cases, but we propose to turn this perennial procedure of long-term ordering
into the necessary one for the preparation of the top quality material for industrial electronics,
which due to its unique properties will be used in electronic devices instead of a lot of various
materials.
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Abstract

To dominate the illumination market, applications of high-power, group Ill-nitride
light-emitting diodes (LEDs) with lower cost and higher efficiency at high injection
current density must prevail. In this chapter, three possible origins of efficiency droop
(including electron leakage, poor hole injection, and delocalization of carriers) in III-
nitride LEDs are systematically summarized. To seek a more comprehensive
understanding of the efficiency droop, experimental results based on commercialized
LEDs are obtained to explain the physical mechanisms. Proposals for droop mitiga-
tion, such as (1) improving hole injection, and (2) increasing effective optical volume
or reducing carrier density in the active region, are introduced. Finally, a simple
expression for the effects of V-shaped pits on the droop is demonstrated.

Keywords: Efficiency droop, IlI-nitride, LEDs, Electron blocking layer (EBL), Physi-
cal mechanisms

1. Introduction

Lighting is, and always has been, a global market. Today, as Gallium nitride (GaN) light-
emitting diodes (LED) technology gains a commercialized market, the demand for lighting
continues to grow throughout the world. The transition to solid-state lighting (SSL) technology
and the growth in lighting demand, coupled with the sharp growth in LED backlighting for
displays, has led to a rapid expansion of LED manufacturing capacity over the last few years.

Most of people find the merits of LED engineering—high efficiency and low energy consump-
tion—obviously attractive. A recent U.S. Department of Energy (DOE) analysis by Navigant
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and reproduction in any medium, provided the original work is properly cited.



32 Optoelectronics - Materials and Devices

Consulting, Inc. (Navigant) reviewing the adoption of LED-SSL technology in the U.S.
concluded that annual source energy savings from LED lighting in 2013 more than doubled
from the previous year to 188 trillion British thermal units (BTUs), which is equivalent to an
annual energy cost savings of about $1.8 billion [1]. In order to further match product demands
for specific lighting applications and clean energy principles, one particular trend is the
introduction of high-performance, low-cost, high-power LEDs. Therefore, the cost-per-lumen
of packaged LEDs is estimated to be lower than 5 $/klm and efficacy projections need to
improve to 220 Im/W after 2020, as shown in Fig. 1a, b [1].
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Figure 1. (1) A price scenario of 800 Im LED in the range of 2013 to 2020; (b) white light LED efficiency projection from
2005 to 2025.

In response to this LED-related energy saving projection, maximizing the efficiency of LED is
an important innovation along the path to highly practical products. Especially for LEDs that
need to be used in general lighting applications and to pave the way for high-power, high-
dimension devices, it is imperative to produce high luminous fluxes with high efficiency,
which necessitates high current levels. However, typical GaN LEDs are facing a substantial
decrease in efficiency as injection current increases, and we call this efficiency droop effect or
droop. For more than a decade, many research ideas pertaining to efficiency droop have been
proposed [2]. While the real culprit is still under debate, nearly all of the proposed mechanisms
stem from such origins as Auger recombination, electron leakage, delocalization of carriers
and poor hole injection. Historically, phonon-assisted Auger processes were first considered
to explain the droop in GaN-LEDs, because Auger recombination in InGaN would promote
carriers at energies well beyond the hetero-barriers, and therefore would provide an important
contribution to leakage [3-6]. In recent years, polarization fields induced band bending in
active regions and electron-blocking layers were reported to enhance the leakage of injected
electrons into the p-type GaN cladding layer [7-10]. At the same time, most discussions point
out that the distribution and densities of carriers in the quantum wells (QWs), and the carrier
injection into the active region, can make the carrier escape from localized states, forming
leakage currents, which may be a key issue in identifying the origin of efficiency droop [11-
13]. Furthermore, an LED is a bipolar device relying on the efficient injection of both minority
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carriers, and both holes and electrons need to be injected and to be distributed optimally in
the active region to recombine for the effective operation of LEDs. Therefore, the low hole
concentration, low hole mobility, and potential barriers for hole transport are also possible
mechanisms responsible for high-current efficiency droop [14-18]. In addition to the proposals
mentioned above, other models have also considered facilitating factors for electron leakage
and droop, including defect-assisted tunneling effects [19, 20], junction heating [21], high
plasma carrier temperatures (hot carriers) and saturation of the radiative recombination rate,
as well as current crowding and related contact degradation [22-24]. In summary, the effi-
ciency droop effect critically depends on several main mechanisms and is associated with
several different promoting factors.

Based on such mechanisms of physics, many remedies to suppress the droop have been
explored by many scientific researchers. Junction heating and contact degradation, both of
which are the subject of vigorous research efforts, can be mitigated by increasing the efficiency
and employment of packages capable of removing the dissipated heat very efficiently [25]. The
intrinsic Auger losses in wide band gap semiconductors are also considered to be relatively
small. Meanwhile, unfortunately, most conclusions regarding efficiency droop from Auger
processes are based on theory calculations. Thus far, there is little direct experimental evidence
of the Auger carrier recombination mechanism in GaN/InGaN LEDs by observing the
remaining higher energy Auger electrons, which would require a spectroscopic measurement
of hot electrons in the device [26, 27]. In turn, as mentioned above about the origins of droop,
the radical treatments of these diseases focus on other methods in industrial mass production.

Firstly, in studies where the polarization charge has been widely proposed as the reason for
electron leakage and thus efficiency droop, LEDs with an inserted electron blocking layer,
generating multi-quantum barriers (QBs) and graded QBs, are expected to reduce the polari-
zation mismatch between the QW and the barrier [28-31]. In these cases, droop is strongly
attenuated in fabricated devices at the cost of reduced internal quantum efficiency (IQE) value.
Interestingly, based on these conclusions, there are also reports that we can build a deeper
potential well at the interface between the electron blocking layer (EBL) and the last QB,
resulting in better electron confinement and improving hole injection [17, 32]. Secondly, at high
driving currents, the carrier density reducing the effective active volume will get very high
and lead to saturation of the radiative recombination rate, which in turn increases the carrier
density. For the purpose of avoiding the droop, the ability of carriers to be captured in QWs
and the mechanisms related to carrier distribution must be analyzed in terms of the quantum
mechanical dwell time (the time an electron dwells over the QW) and carrier distribution.
Further, increasing the QW thickness or numbers also increase the dwell time, and therefore
should lead to a higher capture probability [13, 22, 33]. Thirdly, for maximum efficiency, the
goal is to have equal numbers of electrons and holes injected into the active region. As reported
in [18, 34-36], by employing p-type—doped barriers or other band engineering, such as using
a lightly n-type-doped GaN injection layer below the InGaN multiple quantum wells (MQWs)
on the n side, intended to bring electron and hole injection to comparable levels, better
efficiency retention has been observed at higher current levels.
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The above discussions show that the droop has been studied deeply, and some of these
approaches have been successfully demonstrated in laboratory LED prototypes. However, a
solution to improve efficiency droop effect requires the examination of numerical results based
on commercialized LEDs. For mass production, some measures are able to inhibit the LED
efficiency droop effect, yet there is still need for in-depth study of each production process, as
manufacturers of market-adopted LEDs prioritize product cost reductions and quality
improvements. In this chapter, we devote ourselves to finding a simple, high efficiency way
to suppress the droop and trying to import it into the production flow process. First, a
theoretical analysis on the physical mechanisms of efficiency droop is briefly given in Sect. 2.
According to this analysis, the main factors contributing to droop are pointed out. Next, we
introduce some recent reports recently to support our theoretical results. Then we present the
structural design, characterization and discussion of three approaches: 1) optimization of EBL
and QBs, 2) investigation of the active-volume effect in a multiple quantum well (MQW) region
and 3) the use of intentionally formed V-shaped pits (V-pits) are proposed in Sect. 3. Finally,
in Sect. 4, a simple summary is presented.

2. Investigation of physical mechanisms for efficiency droop

Internal quantum efficiency (IQE) is the ratio of photons emitted from the active region of the
semiconductor to the number of electrons injected into the p-n junction of an LED. One can
define the IQE as

IO / Eph

IQE =
]in/q

)

where I is the optical power at the central wavelength, E, is the photon energy, , is the
current injected into the LED active region and 4 is the electron charge.

According to the van Roosbroeck-Shockley equation model [37], the rate of radiative recom-
bination per unit volume R, has been treated by the photon density divided by the mean
lifetime of photons:

-||2

=Bn’ 2)

where B is the radiative recombination coefficient, and n is the carrier concentration. Because

the I/ E,, is the number of photons emitted per unit time by the active region, we can obtain:

I
E—O =RV, = BnZVQW 3)

ph

Then the IQE can be expressed in the form:
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Bn*V,,
]in /q

IQE = (4)

In order to better understand the physical mechanisms inside an LED, the current injected into
the QW region (J,,) can be investigated by the equation:

IP
In _Rv,, 5
g Q @)

R is the carrier recombination rate and we can discuss R instead of IQE for the physical
mechanisms of efficiency droop.

Commonly, the recombination in LEDs is described by the ABC model [38]:
R=An+Bn® +Cr’ (6)

This simplistic model considers A, B, and C to represent the Shockley-Read-Hall (SRH),
radiative, and Auger coefficients, respectively. However, this mode has a good fit only for the
efficiency curve at low injected current below that of the LED peak efficiency, and the model
fails to keep pace with the decline in efficiency at higher carrier densities. This suggests that
there are some additional processes not included in the three conventional processes of the
ABC model, such as carrier leakage or poor hole efficiency. For this reason, J]. Cho et al.
extended the ABC model by adding another recombination term, f (1), to the model, where
f (n) includes carrier leakage and is allowed to contain more higher order terms of n [39]. The
recombination rate can be written as

R=An+Bn* + f(n)
@)

=An+Bn’+Cn’ +Cpn’

where Cp; isa proportionality constant associated with the lowering of the injection efficiency

due to drift of electrons in the p-type layer (drift leakage). The drift current of electrons injected
into the p-type neutral layer, or drift-induced leakage, is given by

S = qVQWCDLn3 8
Whereas the ], at the edge of the neutral layer is

]drift = qfunAnp (O) E (9)
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where An,(0) is the injected electron concentration at the edge of the p-type neutral region of
a p-njunction, and E is the electric field in the p-type layer.

The current injected into the QW region can be obtained by
]in = qluppp[)E (10)

where P is the concentration of holes in the P region. In the region close to the peak-efficiency

point, where radiative recombination dominates, the current depends on the carrier concen-
tration in the QW, according to:

Jiw = GV B (11)

The Cp; can be obtained from relationships (8), (9), (10) and (11):

Anr’(o) lun Bn3
’uI’PI’O

Jarin =0V ow (12)

u,0
’UPPPO

Cp = B (13)

where 6=An,(0) /n. From Eqs. 8, 12 and 13, we can see that ] ;,;, depends on V,, 6, p,, tip, and
P, These factors correspond to the physical mechanisms of droop, such as effective active
volume, the electrons injected to the p-region, p-type carrier density, and low hole injection
efficiency. Furthermore, from the Einstein relation at the edge of the neutral layer, as shown
here, we can see that the drift-induced leakage current increases with the total current, and
will become significant at a sufficiently large current:

]in
L = 914,An, (0)E = gD, %Ann (0)>2 "

r

where D, and o), are the electron diffusion coefficient in the p-type GaN, and the p-type layer
conductivity (o, =qP ,tip), respectively.

In the above discussions, it is noteworthy that the electron leakage into the p region, the carrier
density reducing effective active volume and the poor hole injection efficiency are the three
main physical mechanisms for droop. We will discuss them one by one, and introduce related
pathways to overcome them.
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2.1. Electron leakage

As we know, only the electrons captured by the MQWs in LED are able to participate in
radiative recombination and contribute to the optical power that is produced. From Egs. 12,
13 and 14, we know that the leakage current is proportional to o, 1, and J,,, which indicates
that the electrons that spill over to the p-region play a very important role in causing efficiency
droop. In the process of being injected into the MQWs, the electrons face large QB barriers,
and there is an EBL layer intended to confine the electrons in the active region. But, due to the
mismatch polarization of InGaN and GaN, GaN and AlGaN, some sheet charges exit and
attract electrons, which pull down the barrier and EBL heights [7-9]. Therefore, the QBs and
the EBL layer have a triangular shape and electrons can escape to form a significant leakage
current. In device simulations, J. Piprek et al. have pointed out that the band offset ratio of
GaN and InGaN (AE.,:AE,;) and GaN and AlGaN (AE.,:AE,,) are important parameters

associated with band bending [40, 41]. As a matter of fact, G. Verzellesi suggests that for an
EBL with “nominal” electron confinement capability, the AlGaN/GaN band offset (AE,:AE;,,)

should be kept at 70:30 [2]. In order to balance the electrons and holes in an active region, the
InGaN/GaN band offsets (AE-;:AEy,) should be symmetric (50:50) to reduce polarization
charges [2].

In recent years, many researchers have sought methods to overcome the shortcomings of
polarization fields. It is possible to engineer QBs and EBL layers to achieve these objectives.

Test current (A Chip size Experiment

Year Engineered QBs/QWs Droop* Ref.
or A/cm?) (mmxmm)  and/or simulation
2008 AlInGaN QBs Reduced droop 300 1x1 Experiment [8]
2009 InGaN/GaN/InGaN QBs 1.60 % 35 1x1 Experiment [28]
2010 Insert an AlGaN spacer 5.66 % 521 0.295%0.325 Experiment [42]
2011 GaN/InGaN/GaN QBs Small droop 0.3x000 Simulation [31]
Experiment and
2011 AlInGaN QBs 13 % 100 1x1 [43]
simulation
Graded in composition in Experiment and
2011 6 % 200 0.3x0.3 [17]
multiple InGaN QBs simulation
linearly graded the last InxGal-
2011 13 % 26.7 0.3x0.3 Simulation [32]
xN barrier
2012 InGaN/AlGaN/InGaN QBs Small droop 0.3A Simulation [30]
2013 Graded in content in QWs 47 % 160 0.2x0.25 Experiment [44]

*The droop in Tables 1 and 2 is defined as (T’pmk —T]test_wm,m) / T]peak, where 7] are the EQE or IQE motioned in the

references

Table 1. Development of engineered QBs/QWs for improving droop
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The device designs of EBL also have a relationship with hole injection efficiency, which will
be discussed later. The engineering work on QBs is summarized in Table 1, and the main
strategies can be grouped as follows:

a. Use of multilayer QBs (H. Chung, 2009), for example, select InGaN/GaN/InGaN struc-
tures, as QBs. In this way, the crystal quality of epitaxy films can be ensured, and the
polarization field was reduced 19 % by the time-resolved PL measurements under reverse
bias. It has also been shown that the use of MLB structures increases optical power and
decreases the efficiency droop [28].

b. Insertion of an AlGaN barrier between the n-type GaN layer and the MQWs (R. Lin, 2010).
It was found that the EQE was improved by 5.7 % over that of a sample without an AlGaN
barrier at a current density of 104.3 A/cm? [42].

¢. Quaternary InAlGaN QBs (M. Schubert, P. Tu, 2008, 2011). The electroluminescence
results indicated that the light performance could be effectively enhanced, and simulation
results showed that the GaN LEDs with quaternary InAlGaN barrier exhibited a 62 %
higher radiative recombination rate and a low efficiency droop of 13 % at a high injection
current [8, 43].

d. Replacing the last GaN barrier by a linearly graded In,Ga; N barrier (C. Xia, 2011). The
formation of a deep potential well in the GLB can enhance electron confinement. The
forward voltage was reduced from 3.60 V t0 3.25V, and the efficiency droop was improved
from 36 % to 13 % [32].

e. Use of step-stage multiple-quantum-well (MQW) structure with Si-doped hole-blocking
barrier (Z. Zheng, 2013). At high injection current levels, the efficiency droop behaviour
and EL wavelength stability of this structure were significantly improved. The author
ascribed these improvements to the enhanced carrier injection resulting from the reduc-
tion of the polarization field in the active region by step stage QWs, as well as the hole-
blocking effect by the Si-doped barriers [44].

All these methods are possible ways to achieve an improved efficiency droop effect in GaN
LEDs.

2.2. Effects of volume and carrier density in the active region

From the calculations in the last section, we can see that the volume of the active region V,,
is related to the drift current causing the droop. Most of time, it has been assumed that all the
MQW layers act as light-emitting active regions and the carrier density in MQWs is uniform.
However, actual carrier distribution in InGaN MQWs is significantly inhomogeneous and the
effective light-emitting region can be greatly reduced for several reasons. N. F. Gardner and
J. Son et al. have been investigated the relation of piezoelectric polarization and effect active
regions in MQWs [45, 46]. The simulation results showed that the strong internal polarization
fields cause the electron and hole wave functions to be mainly distributed near the edge of the
QW in the opposite direction, and the small overlap of electron and hole wave functions
effectively reduced the active volume. When the severe band bending in InGaN quantum-well
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was improved as the piezoelectric polarization was reduced, the improved overlap of electron
and hole wave functions increased the internal quantum efficiency and reduced efficiency
droop significantly. Another reason for the reduction of the effected active region was the
strong fluctuation of In composition inside InGaN QWs. Since the recombination of electrons
and holes mainly occurred in the In-rich region, A. Kaneta and J. I. Shim et al. have pointed
out that the active volume acting as a light-emitting region would be much smaller than the
physical volume of QWs, and the carrier density around the In rich cluster should be higher
than the one in the uniformity distribution region [47, 48].

Another reason for effective volume reduction is the inefficient hole transport through QWs.
Due to the low mobility and low hole density, hole carriers are mostly distributed at a few
QWs closest to the p-side layers, and only a limited number of QW layers act as effective carrier
recombination regions [16, 49]. Because of this aforementioned effect, the effective active
volume could be greatly reduced. Hole injection efficiency will be discussed in the next section.
In fact, research regarding the effected active region has long utilized two methods: optimi-
zation of the QW thickness and of the numbers. In 2007, N. F. Gardner et al. compared the LED
having 9-nm thick QWs and another one with 2.5-nm thick QWs [45]. The results exhibit a
significantly reduced droop in the former device, which is attributed to the reduced Auger
recombination resulting from affected carrier density distribution in QW volumes. M. Maier
et al. have investigated the optimal QW thickness for LEDs fabricated on sapphire substrate
and free-standing GaN substrate [50]. From the electroluminescence (EL) efficiency results,
LEDs on freestanding GaN with an 18-nm thick InGaN wide-well active region show the
highest efficiency. In contrast, LEDs on sapphires grown with conventional low temperatures
exhibit optimum well width at 3 nm. S. Tanaka et al. improved the droop property by
increasing the QW number from 6 to 9 on a patterned sapphire substrate (PSS). The droop ratio
was improved from 45.9t0 7.6 % [51]. Ata wavelength of 447 nm, and with standard on-header
packaging, the 9 QW PSS-LED had an output power of 27.6 mW and an EQE of 49.7 % at a
current of 20 mA. The output power of the 9 QW PSS-LED remains linear with increasing drive
current, and the EQE is almost constant, even up to a relatively high current density. X. Li et
al. studied the efficiency droop of double heterostructure (DH) LEDs with different active
region thicknesses separated by thin and low barriers for LEDs at high injection, and experi-
mental results were supported by numerical simulations [52]. They concluded that the use of
thin and low barriers was crucial to enhance carrier transport across the active region, and
increasing active region thickness from 3 to 6 nm resulted in a decrease in IQE; however, the
peak EQE increased. A further increase of the DH active region thickness to 9 nm improved
EQE only at very high injection levels, while 11-nm thick DH showed significantly lower EQE.

All of this progress has provided us with QW active region design, the main physical mecha-
nism and an estimation of conclusion. We now have a clearer physical picture, and the main
experimental basis of droop improvement is considered to be the design of effective volume
and optimization of carrier density in the active region.

2.3. Low efficiency of hole injection and transportation

Electron and hole transport characteristics in GaN-based devices are vastly different. On the
one hand, electrons typically have a fairly high mobility of 200 cm? V-'s™ or more, but holes in
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GaN have a lower mobility with values on the order of 10 cm? V™'s™, which is less than an order
of magnitude than for electrons. On the other hand, due to the relatively low ionization energy
of the n-type doping Si, high electron concentrations are easily achievable. By contrast, the
ionization energy of the p-type dopant Mg is around 170 meV, and therefore, high hole
concentrations are difficult to achieve. Such asymmetrical transportation behaviours of
electrons and holes enhance electron overflow and lower the effective volume of the active
region. Inefficient transportation of holes as the major reason for efficiency droop has also been
identified in our calculations, as demonstrated in Egs. 12 and 13, where the low p, and Pp, can
lead to the high drift leakage current mentioned in section 2.1. Approaches focused on the aim
of improving hole injection into the LED active region include p-type doping in the QBs and
engineering of the EBL, and some of these results will be briefly reviewed and are summarized
in Table 2.

Test current (A/ Chip size Experiment and/or

Year Engineered QBs/EBL Droop Ref
cm?) (mmxmm ) simulation
efficiency peak
2008 p-doping QBs occurs at 900 900 0.250 mm diameter =~ Experiment [53]
Afem?

2010 p-doping the last QB 24.2% 167 0.3x0.3 Simulation [54]

Experiment and
2010 graded EBL 4% 200 0.3x0.3 [18]

simulation

2010 InAIN EBL 18% 350 0.35x0.35 Experiment [55]
2011  superlattice (SL) EBL 17% 300 0.2x0.5 Experiment [56]
2012 N-polar MQW 7% 192 0.25x0.25 Experiment [14]
2013 Graded SL-EBL 8% 28 0.6x0.6 Experiment [57]

—curmnt)

*The droop in Tables 1 and 2 is defined as (T’pmk st / T]peak, where 7] are the EQE or IQE motioned in the

references

Table 2. Development of engineered EBLs for improving hole injection

In 2008, J. Q. Xie et al. used pulsed electroluminescence measurements to show that droop can
be mitigated by p-doping all QBs, and the current density at the efficiency peak can be moved
up to ~900 A/cm? [53]. Along the way, Y. K. Kuo simulated the results that only p-doped the
last barrier (closest to EBL) with a doping concentration of 10”7 cm® compared with the LEDs
with no doped barrier [54]. The simulation results show that the efficiency droop is signifi-
cantly improved when the last undoped GaN barrier in a typical blue LED is replaced by a p-
type GaN barrier. The results suggest that the improvement in efficiency droop is mainly due
to the decrease of electron current leakage and the increase in hole injection efficiency. At the
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same time, C. H. Wang et al. designed a graded-composition electron blocking layer (GEBL)
with aluminium composition increasing along the (0001) direction [18]. The experiments and
simulation results demonstrate that such GEBL can effectively enhance the capability of hole
transportation across the EBL, as well as electron confinement. Consequently, the efficiency
droop is reduced from 34 % in conventional LEDs to only 4 % from the maximum value at low
injection current to 200 A/cm? In order to avoid the added polarization effects caused by the
AlGaN EBL, S. Choi et al. used an InAIN EBL instead of an Al,,Ga,¢N EBL in visible LEDs [55].
A significant enhancement of the EL intensity and light output in blue LEDs with an
Iny,5Al,5,N EBL was demonstrated. Also, it has been shown that an Ing;3Al;;,N EBL is more
effective than a conventional Al,,Ga,gN EBL in improving quantum efficiency and reducing
efficiency droop athigh injection current densities. To investigate the effect of electron blocking
layer (EBL) on the efficiency droop, R. B. Chung et al. studied two different types of EBLs—
single AlInN:Mg layer and AlInN:Mg (2 nm)/GaN:Mg (2 nm) superlattice (SL) structure with
seven periods [56]. It was found that the output power and operating voltage of a single EBL
LED were sensitive to EBL thickness. On the other hand, an LED with SL EBL showed no
deterioration of optical power and operating voltage, while its efficiency droop (17 % at 300A/
cm?) was reduced by more than one-half compared to a conventional Al;,Ga,gN (20 nm) EBL
LED (36% at 300A/cm?). Furthermore, J. H. Park et al. introduced Al,Ga, ,N/GaN superlattice
EBLs with gradually decreasing Al composition toward the p-type GaN layer. It was experi-
mentally demonstrated that GaInN/GaN LEDs with the GSL-EBL show lower efficiency droop
and higher EQE, as well as comparable or even lower operating voltage, compared to LEDs
with conventional AlGaN EBLs[57].

3. Experimental procedures, results and discussion — Structure design,
characterizations and study of mechanisms

3.1. Preparation and measurements of the LEDs

A set of epitaxial structures (emitting at 455 nm) were grown on c-plane PSS in a high-speed,
rotating-disk metal organic chemical vapour deposition (MOCVD) system (Veeco K465i). All
structures had a similar structure, consisting of 7-11 periods of ~3-nm thick InGaN wells and
~5-nm thick GaN barriers. The underlying GaN buffer consisted of a ~1.5 um nominally
undoped GaN layer, followed by a 2-um n-type GaN with an approximately 1 x10" cm? silicon
doping level. The final Mg-doped p-GaN was about 100-nm thick with a nominal hole density
of 3-7x10" cm™. For comparison, InGaN/GaN superlattices (SLs) or AlIGaN/GaN EBLs were
employed to investigate the effects on droop in some samples, as shown in Fig. 2a.

The device was designed in lateral injection geometry with a chip dimension of 0.76 x 0.25
mm? with Ti/Al/Ti/Au n-type contacts and Ni/Au p-type contacts, as shown in Fig. 2b. The
surface of epitaxial structures was inspected by a Dimension 3100 AFM system in tapping
mode.

41



42 Optoelectronics - Materials and Devices

Figure 2. Schematic diagram of the studied epitaxial structures (1), and details of the graphical front surface of devices

(®)

3.2. Optimization of EBL to reduce polarization charges

As we discussed in the last section, the asymmetry in carrier transport, caused by much lower
concentration and mobility of holes compared to electrons, may be the dominant mechanism
causing efficiency droop. Introducing a highly p-doped AlGaN electron-blocking layer (EBL)
with ahigh Al composition may mitigate the degree of asymmetry by means of a high potential
barrier for electron leakage, but a low barrier for hole injection. However, it is very difficult to
realize such an ideal EBL because of the high ionization energy of the p-type dopant Mg in the
AlGaN layer and the potential barrier greatly blocking the hole by the piezoelectric polariza-
tion sheet charge at the interface between the GaN spacer and the AIGaN EBL.

In this study, we present the three different EBL structures—Bulk EBL, AlGaN/GaN SL-EBLs
with different loops, and graded SL-EBL (GSL-EBL), which having a graded Al mole fraction
(Fig 3). For comparison, the ~20 nm-thick p-type Al,,GaggN bulk EBL structure was used.
The 6, 8 and 10-period SL-EBL consisted of Al,Ga, N/GaN bi-layers with thicknesses of 1.6
nm for the AlGaN barriers and 1.8 nm for GaN wells. Likewise, six-period GSL-EBL, consisting
of six periods of Al,Ga, ,N/GaN bi-layers (x varies from 0.4 to 0.01 and from 0.01 to 0.4) with
a thickness of 2 nm for both barriers and wells, were fabricated for each, respectively. Both
AlGaN and GaN in the GSL-EBLs are Mg doped to realize a low-doping effect.

Fig. 4 (a) shows the representative external quantum efficiency (EQE) of LEDs, with bulk EBL
and SL-EBLs increasing the loop number from 6 to 10 as a function of current density; Fig.
4b shows the I-V characteristics. From the results, we can see that, as expected, the LEDs with
a reduced number of periods from the six-period GSL-EBL show the lowest operating voltage
and a much reduced efficiency droop at a driving current density of 200 A/cm* However, the
LEDs with an eight-period SL-EBL loop had poor efficiency droop compared to that of the
bulk EBL and ten-loop SL-EBL LEDs, as well as a higher operating voltage than bulk and six-
loop SL-EBL strucrures.
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Figure 3. Schematic conduction band diagrams showing the three different EBL structures—the conventional bulk
EBL, the supper lattice EBL and the graded supper lattice EBL

a ges) —e—Bulk EBL
b —+— SL-EBL 6Loop
0.60 | ——SL-EBL-8 Loop
—v— SL-EBL 10Loop
0.55
m I
o 050
m b
0.45 |
0.40
0.35F
0.30 i i i i i
0 50 100 150 200
Current density (Ncm’}

Voitage (V)

4.2
4.0
3.8
36
34
3.2
3.0
2.8
2.6
24

™

T

—=— Bulk EBL
—+— SL-EBL 10 Loop
—i—SL-EBL 8 Loop
~—s—SL-EBL 6 Loop

n i

0 50 100 150 200

Current density (Alcm’)

Figure 4. EQE (a) and I-V (b) characteristics as a function of injection current for the LEDs with Bulk EBL and SL-EBL

with different loop numbers

We know that SL EBLs cause a penalty in operating voltage, due to hole transport that is
hindered by the series of potential barriers at the AlGaN/GaN hetero-interfaces of the SL EBL.
But in our experiments, when we reducing the loop numbers of SL-EBL to 6, the operating
voltage of this LED was similar to that of bulk EBL LED, although this lower voltage is at the
cost of EQE efficiency. Based on the low operating voltage results, Fig. 5a shows EQE measured
as a function of current density for bulk and GSL-EBL LEDs. The LED with six-period GSL-
EBL and an Al composition increasing from 0 to 0.4 shows the same EQE throughout the whole

injection current density range.
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Figure 5. EQE (a) and I-V characteristics (b) as a function of injection current for the LEDs with Bulk EBL and SL-EBL
with graded Al composition

But when we graded the Al composition from 0.4 to 0, the efficiency droop at 200 A/cm? was
measured to be 25.5 %, which is higher than 32.3 % of bulk EBL LEDs and 43.8 % of 6-loop SL-
EBL LED. As we discussed above, the lower Al composition on the p-type side can reduce the
potential barrier for hole injection, leading to less electron leakage and a higher hole concen-
tration at the last grown quantum well where most of the radiative recombination occurs. We
think such a process clearly improved the efficiency droop. In addition, the high operating
voltage of SL-EBL LED is attributed to the large lattice mismatch at the AlIGaN/GaN hetero-
interfaces causing large polarization-induced electric fields, as well as to the higher overall Al
composition of the SL-EBL compared to the bulk EBL, which is the hard doping Mg element.
By grading the Al composition, the voltage drop across the GSL-EBL becomes smaller than
that for the SL-EBL, due to the smaller lattice mismatch between AlIGaN and GaN layer sand
lower overall Al content in the EBL. As shown in Fig. 5b, there are slight operating voltage
changes in the bulk and GSL-EBL LEDs, which is as expected from our discussion.

3.3. Investigation of active volume effect in Multiple Quantum Well (MQW) region under
high driving current

To reveal the efficiency improvement mechanism, monitoring QW with longer wavelength
(480 nm) was used to detect the carrier distribution in the LEDs. We designed such a series of
samples, with the MQWs consisting of seven blue wells (emitting at 455 nm) and two longer
wavelength wells (emitting at 480 nm). As shown in Fig. 6, the longer wavelength wells located
at different positions were introduced to experimentally clarify the carrier distribution in the
MQWs. Especially at high driving currents, the carrier transport behavior in GaN/InGaN
MQW LEDs can be quantitatively investigated.

As shown in Fig. 7a—f, different light output-current-voltage (L-I-V) spectra at the drive current
inthe range of 1 mA to 300 mA were demonstrated. It is interesting to find out that the intensity
of the monitor wells changes greatly as the test current increases. The intensity of the wave-
length 480 nm peak includes two parts: 1) from the recombination of electron and holes excited
by the electroluminescence (EL); and 2) from the photoluminescence (PL) excited by the 455
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Figure 6. Schematic diagrams of the LEDs with different remarkable MQWs

nm light in other QWs. But we know that the blue shift comes from the polarization effect, and
the PL peaks alone don’t give rise to the blue shift. So, we can monitor the blue shift of the 480
nm peak to see the carrier distribution in the MQWs at different drive currents. From Fig. 7a—
¢, when the monitor wells are located at the positions close to the p-GaN side, the 480 nm peak
shows significant blue shift behavior as the drive current increases, which indicates that these
two wells play an important role in carrier recombination. Meanwhile, as we put the monitor
wells at the middle of MQWs, the blue shift behavior is weakly observed. Furthermore, in the
spectra from the monitor wells located at the places close to N-GaN side, we can identify that
there is nearly no blue shift. Such results imply that the carriers, and especially the holes,
mainly distribute at the wells close to the p-GaN side. And when the LEDs work at high drive
current, the holes move the n-GaN side, but this move behavior is very limited.

As shown in Fig. 7d-f, in order to carefully study carrier transport behavior in the MQWs at
high drive current, we demonstrate the I-V characteristics of LEDs with different monitor well
positions at driving currents of 100 mA, 200 mA and 300 mA, respectively. For comparison,
the test condition is kept at the same integrated time and external environment. At the driving
current of 100 mA, in the case of monitor wells located at the middle of the MQWs, the intensity
of the peak at 480 nm is clearly higher than the intensity of the 455 nm peak, which is different
with the monitor wells at other places. We can conclude that at a high drive current of 100 mA,
the carriers mainly distribute on these two wells, and the holes move to these two wells at the
electrical driving force. When the driving current increases to 200 mA, at first the peak intensity
of 455 nm increases greatly, and this implies a significant improvement in carrier distribution.
Secondly, at higher driving current, the intensity at 480 nm in the monitor wells close to the
p-GaN side is lower than that for monitor wells close to the n-side. When we increase the
driving current to 300 mA, the intensity of the 455 nm peak increases greatly, and the variation
tendency of the peak intensity of 480 nm is also apparent. We think that at this state, the wells
close to the p-side show a weak contribution for lighting.

As we have investigated the active volume effect in multiple quantum well (MQW) regions
under high driving current, we designed MQW structures to improve the efficiency droop. At
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Figure 7. Light output-current-voltage (L-I-V) characteristics of the LEDs with monitor wells located at different posi-
tions. (a—c): driving current varied from 1 mA to 300 mA; (d-f): L-I-V characteristics at driving currents of 100 mA, 200
mA and 300 mA

first, we changed the MQW loop numbers from 7 to 11 with the QWs and QBs at the same
thickness; secondly, based on the LEDs with MQW loop numbers of 11, we kept the thickness
of QW at 3 nm and reduced the thickness of QBs from 5 nm to 2.5 nm. As shown in Fig. 8a, we
found that when we increased the MQW loop numbers, the efficiency peak occurs at a higher
current density of 20 mA/cm?, rather than at 10 mA/cm?. This conclusion is consistent with the
previous report that increasing QW numbers can lead to more uniform electron and hole
distribution across the active region and reduced peak carrier densities. When we reduce the
thickness of QBs, we can see that the thinner QBs structure results in a better efficiency droop.
Fig. 8b shows the enlarged efficiency peaks. We think the thinner QBs effectively reduce the
irradiative recombination, leading to much more uniform hole distribution. The uniform hole
distribution means a relatively lower carrier density, which is likely the reason for the
improved efficiency at higher current densities.
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Figure 8. EQE as a function of injection current for the LEDs with different MQW loop numbers and QB thicknesses

3.4. Using Intentionally Formed V-shaped Pits (V-Pits) to mitigate efficiency droop current

Implementing a single or multiple InGaN/GaN superlattice (SL) structure formed by low
content between the n-type GaN region and the MQW region could influence the distribution
of strain and the morphology of V-pits. The InGaN/GaN SLs with 20 loops have a total
thickness of ~50 nm, and a schematic diagram is shown in Fig. 2.

a —— 5L boops: 20 b
=== 5L loops: 75
=== G laopg: 30
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o S0 108 150 200 S 300 350
Current dens ity [ml'l?l

Figure 9. EQE as a function of the current density for three LEDs with 20-loop, 25-loop and 30-loop InGaN/GaN super-
lattices (a); transmission electron microscope (TEM) image of MQW region in LEDs with 20-loop SLs (b)

To clarify the effects of various InGaN/GaN SLs on the efficiency droop, the EQE of LEDs with
different SL structure are calculated and plotted versus current density in Fig. 9. After a rapid
increase at low driving current densities, all the LEDs show a monotonic efficiency drop with
increasing current. The sharp peak EQE is about 46 % at the current density of ]~2.95 A/cm?
The LEDs with 20-loop and 30-loop SLs show an efficiency droop of 45.5 % at a driving current
density of 250 A/cm? which is 4.4 % worse than that of LEDs with 25-loop SLs. But LEDs with
25-loop and 30-loop SLs show a 2 % higher EQE in the range of 30-150 A/cm?. The results
indicate that 25-loop SL LEDs show the highest EQE value in the three samples, at both high
and low driving current densities.
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Figure 10. Atomic force microscope image of 9-MQW on 20-loop (a), 25-loop (b), and 30-loop (c) SLs

As we know, in InGaN/GaN MQW LEDs, V-shaped pits (V-pits) tend to be easily formed at
the interface between InGaN and GaN layers due to lattice mismatch. As shown in Fig. 9b,
insertion of InGaN/GaN SLs leads to large sized V-pits going though the MQW region.
Threading dislocations penetrate through the central region of V-pits from their apices, which
makes semi-polar planes surrounding the threading dislocation act as irradiative recombina-
tion centers in the MQW region. The higher energy state of thinner wells on semi-polar can
screen the carrier, which diffuses from c-plane wells and enhances the IQE [58]. As shown in
Fig. 10, the dimension of V-pits from AFM imagines in MQWSs on 30-loop and 25-loop SLs
increase to 170 and 140 nm, respectively, from 100 nm for that on 20-loop SLs. The enlarged
V-pits suppress non-radiative carriers captured by threading dislocation more effectively,
which leads to an increase in EQE in LEDs with 25-loop and 30-loop SLs in the range of 30—
150 A/ecm? However, the higher droop in LEDs with 30-loop after 150 A/cm? is attributed to
the distribution of holes closer to n-type, which results from the deep tail of the Mg distribution
on the SIMS spectrum (not shown here).
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Figure 11. Experimental light output (a) and EQE (b) of LEDs with InGaN/GaN SLs grown at 810, 835 and 870 °C

The output power and EQE measured at current density from 0 to 300 mA are plotted in Fig.
11 for three LEDs with InGaN/GaN SLs grown at 810, 835 and 870 °C. The output power of
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three LEDs rises with increasing current density, rolls off as current exceeds a characteristic
current density, and decreases monotonously toward higher currents. The characteristic
current density increases from 200 A/cm?to 240 A/cm? when the growth temperature of InGaN/
GaN SLs ramps down to 835°C from 870 °C. However, if the growth temperature decreases
lower to 810 °C, the characteristic current density drops to 225 A/cm? In fact, EQE of the LEDs
with SLs grown at 835 °C reaches its peak at ~9.9 A/cm? compared to ~5 A/cm? for LEDs with
SLs grown at 810 and 870 °C. At the same time, the droop effect for LEDs with SLs grown at
835 °C is ~45.2 %, which is 2.3 % better than that of LEDs with SLs grown at 810 °C. Actually,
if the growth temperature of InGaN/GaN SLs decreases, V-pits with larger dimensions can be
obtained in the MQW region. Similar to the effects of V-pits with different sizes mentioned
above, the better droop effect is due to the larger dimension of V-pits in LEDs with
InGaN/GaN SLs grown at 835 °C compared to those grown at 870 °C. But again, the degradation
in LEDs with SLs grown at 810 °C is ascribed to the asymmetry in distribution of electrons and
holes in the MQW region at high driving current densities.

4. Summary

Herein, we have presented a summary of the current state of efficiency droop research and
reviewed mechanisms potentially causing the droop. At the same time, we have demonstrated
three epi-layer engineered structures that offer some pathways to droop mitigation without
compromising other device performance. In our study, we conclude that 1) the structure
including an EBL composed of a p-doped graded-composition AlGaN/GaN superlattice can
enable better hole injection and reduce electron leakage. It is experimentally shown that
GaInN/GaN MQW LEDs with GSL-EBL show lower efficiency droop and higher EQE, as well
as comparable or even lower operating voltage, compared to LEDs with conventional bulk
AlGaN EBLs. 2) Under high driving current, we remarked on the hole shift behavior by using
monitor wells at different MQW positions. Because of the asymmetry in carrier transport,
caused by much lower concentration and mobility of holes even at a driving current of 300
mA, the holes move slightly to the n-GaN side and mainly concentrate at the middle well close
to the p-side. Accordingly, we investigated the influence of QW numbers and the thickness of
QBs for the efficiency droop. The experiments results show that increasing QW numbers and
thinner QBs are helpful for carrier extending and hole mobility. 3) we used intentionally
formed V-shaped pits (V-pits) to mitigate efficiency droop current. By varying the growth
conditions of the SL layer, we obtained different sizes of V-pits and found that proper, larger
V-pits can provide a benefit to the mitigation of droop effect.
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Abstract

Recent research and development of colorless and transparent high-temperature-
resistant polymer optical films (CHTPFs) have been reviewed. CHTPF films possess
the merits of both common polymer optical film and aromatic high-temperature-
resistant polymer films and thus have been widely investigated as components for
microelectronic and optoelectronic fabrications. The current paper reviews the latest
research and development for CHTPF films, including their synthesis chemistry,
manufacturing process, and engineering applications. Especially, this review focuses
on the applications of CHTPF films as flexible substrates for optoelectrical devices,
such as flexible active matrix organic light-emitting display devices (AMOLEDs),
flexible printing circuit boards (FPCBs), and flexible solar cells.

Keywords: colorless polymer films, high temperature, synthesis, flexible substrates

1. Introduction

Various polymer optical films have been widely applied in the fabrication of optoelectronic
devices [1]. Recently, with the ever-increasing demands of high reliability, high integration,
high wiring density, and high signal transmission speed for optoelectronic fabrications, the
service temperatures of polymer optical films have dramatically increased [2, 3]. For instance,

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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in the fabrication of new-generation flexible thin-film transistor-driven active matrix liquid
crystal display devices (TFT-LCDs) or active matrix organic light-emitting display devices
(AMOLEDs), the processing temperature on the flexible plastic substrates might be higher
than 300°C [4-6]. Most of the common polymer optical films would lose their optical and
mechanical properties at such high processing temperatures. Thus, colorless and transparent
high-temperature-resistant polymer optical films (CHTPFs) have attracted increasing atten-
tions from both the academic and engineering aspects in the past decades.

According to the different servicing temperatures or glass transition temperatures (T,), the
polymer optical films could be roughly classified into three types, including conventional
optical films (T, <100°C), common high-temperature optical films (100 < T, <200°C), and high-
temperature optical films (T, > 200°C), as shown in Figure 1. The typical chemical structures
for the polymer optical films are illustrated in Figure 2. Main physical and chemical charac-
teristics for the typical optical polymers were tabulated in Table 1 [7, 8]. It can be clearly seen
that conventional polymer optical films, such as polyethylene terephthalate (PET, T,: ~78°C)
or polyethylene naphthalate (PEN, T,: ~123°C), possess excellent optical transparency.
However, they are facing great challenges in advanced optoelectronic fabrication due to their
limited service temperatures. On the other hand, high-temperature-resistant polymer films
such as wholly aromatic polyimide films (PI) exhibit excellent thermal stability up to 300°C.
However, they suffer from deep colors and poor optical transmittance in optoelectronic
applications. Thus, achieving a compromise between the pale color and high thermal stability
for the polymer optical films is one of the most challenging projects for optoelectronic
polymeric films development.

conventional ‘T"""mo"' :ﬂQh high temperature
; emperature polymer optical films
polymer optical films polymer optical filme (CHTPFs)
PENPPSPaC_ PES,PEEK,PELPALPI...
COC, PAR, HTPC

PET,PMMA

polymer species

PET: polyethylene terephthalate; PMMA: poly(methyl methacrylate)
PEN: polyethylene naphthalate : COC: cyclo olefin copolymer;
PC: polycarbonate; HTPC: high temperature polycarbonate; PEI: polyetherimide:
PAR: polyarylate ; PPS: polyphenylene sulfide : PES: polyethersulfone;
PEEK: polyetheretherketone . PI: polyimide; PAI: polyamideimide;

1 1 1

100 200 300
Tg (°C)

L J

Figure 1. Classification of polymer optical films
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Figure 2. Typical chemical structures for polymer optical films
Item' Unit PET PEN PC PPS PEI PES PI Crr2
Density g/cm? 1.40 1.36 1.20 1.35 1.27 1.37 143 1.23
Transmittance % 90 87 92 85 80 89 30-60 90
T °C 256 266 240 285 365 380 NA® NA
T, °C 78 123 150 90 217 223 >300 303
WVTR g/m? day 21 6.9 60 8 435 73 64 93
OTR cm®/m? day 6 2 300 6 220 235 22 NA
Water uptake % 0.3 0.4 0.2 0.05 1 0.5 13 2.1
o MPa 225 275 98 250 130 95 274 112
E, % 120 90 140 50 70 70 90 12
D.sS. V/um 280 300 250 250 250 260 280 NA
€ - 32 3.0 3.0 3.0 35 4.0 3.3 2.9

'T,,: melting point; T,: glass transition temperature; WVTR: water vapor transmission rate; OTR: oxygen transmission
rate; 0: tensile strength; E, : elongation at break; D.S.: dielectric strength; e: dielectric constant;. > Data from colorless PI
film Neopulim® L-3430 developed by MGC, Japan; ® Not available.

Table 1. Typical properties of polymer optical films

In the past decades, considerable progress has been achieved in both the academic develop-
ment and commercialization for novel CHTPFs. According to the classification in Figure 1, the
leading materials, in terms of comprehensive properties and potential market volume, include
colorless polyimide (PI) films, polyethersulfone (PES) films, polyetheretherketone (PEEK)
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films, polyamide (PA), and polyamideimide (PAI) films. They have been the main components
for CHTPF families. According to the statistics from Techno Create Corp. (TCC, an authorita-
tive consulting agency in Japan), the market of CHTPFs in 2011 has been close to 1 billion
Japanese yen and the market will see a rapid increase higher than 15% per year in the following
years [9].

In this review, the state of art and future development of CHTPFs in optoelectronic fabrications
has been reviewed. The molecular design, synthesis chemistry, and film fabrication techniques
for CHTPFs were introduced first. Then, the applications of CHTPFs in several important
optoelectronic fields including flexible display, flexible printing circuit boards (FPCBs), and
flexible solar cells were presented.

2. CHTPF manufacturing technology

Generally, the overall production process for CHTPF products consists of several steps,
including monomers synthesis, polymer resin preparation, and the film preparation. Techni-
cally, these three steps all have their own core technologies and are usually interwinded and
interrelated. The reactivity and purity of monomers will definitely affect the physical and
chemical properties of the derived polymer resins, including molecular weights and their
distribution, inherent viscosities, solubility in organic solvents, appearance, color, and so on.
The features of the resins have great effects on the properties of the final polymer films,
including their color, optical transparency, mechanical strength, thermal stability, and
dielectric properties. Meanwhile, the preparing technologies for the films, including casting
procedure, the uniaxial or biaxial stretching process, high-temperature curing program, and
even the final winding and rewinding process will also affect the features of the CHTPF
products. Thus, the manufacture of CHTPFs is usually a multidisciplinary technology.

The manufacturing techniques for polymer films usually include several types, such as casting,
melting extrusion, and blowing procedures. Extrusion is the process of forming a film
continuously through an opening. Most extruders do this by rotating a screw inside a station-
ary heated cylindrical barrel, to melt the polymer resins and pump the melt through a suitably
shaped slit. This is used for direct manufacture of finished film products. It may also be used
to feed a second process such as injection molding, blow molding, coating, laminating, or
thermo-forming process. Blowing procedure is usually performed from a single-screw
extruder by extruding polymer resins, cooling it with external and/or internal air streams,
stretching it in the machine direction (MD) by pulling it away from the die; stretching it in the
transverse direction (TD) by internal air pressure, flattening it by passing through nip rolls,
and winding it onto a cylindrical roll. Optional post-stretching operations may include flame
or corona surface treatment for wettability, adhesion, and sealing.

Many factors influence the choice of suitable procedures for polymer film manufacture,
including physical and chemical properties of the polymer resins, color and appearance
demands, and the current abilities of film-producing equipment, and so on. For example, as
shown in Figure 3, for crystalline polymer resins that have clear melting points, such as PET
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and PEN, nonsolvent melting extrusion technique is mainly used. However, for amorphous
polymers with low to moderate T, values, such as PC and PES, both melting extrusion and
solution casting techniques can be used. As for high-T, amorphous polymers, such as PIs,
solvent-casting procedure is usually the optimal choice.

melting extrusion
or

melting extrusion i . .
g : solution casting

: solution casting

400
350
300 ¢
250
200 b
180
100

Tg (°C)

@
&

Ta: glass transition temperature I?

Tm: melting point

Figure 3. Processing methods for polymer films

The manufacturing techniques for CHTPF films have the similarities with the common optical
films; however, they have their own uniqueness at the same time. This is mainly due to their
relatively higher T, values (or melting points) and lower solubility in common solvents caused
by the more rigid molecular skeletons compared with the common optical polymers. Thus, for
CHTPF films, solvent-casting procedure is most commonly used, especially in laboratory. For
the solvent-casting procedure, it can be classified into two approaches: uniaxial stretching
(machine direction, MD) and biaxial stretching (transverse direction, TD, and machine
direction, MD) techniques. Biaxial stretching at temperatures above the T, values of the CHTPF
resins can usually improve the high-temperature dimensional stability of the obtained films.

Then, in the present paper, PI films are taken as examples to illustrate the development of lab-
scale and industrial-scale manufacturing techniques for CHTPF films.

2.1. Laboratory preparation of PI films

Before industrial-scale manufacturing for CHTPF optical films, it is quite necessary to make a
film prototype in laboratory so as to determine the optimal processing parameters. For PI films,
the common fabrication techniques include two pathways: standard route via poly(amic acid)
(PAA) and new route from organosoluble PIs, as illustrated in Figure 4. Both routes have their
advantages and drawbacks. Generally speaking, the first standard PAA route is suitable to all
kinds of PI films. In this procedure, dianhydride and diamine monomers will first polymerize
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in N,N-dimethylacetamide (DMAc) to afford PAA solution. The obtained PAA solution is
sensitive to heat and moisture, which is easily degrading when stored at room temperature.
Thus, it had been better using the newly synthesized PAA for preparing PI films. The PAA
solution is cast onto clean glass or stainless steel substrates, followed by thermally curing from
room temperature to elevated temperatures. This curing process consists of not only the
physical course of solvent evaporation but also the chemical course of imidization or cycliza-
tion with the elimination of water. It has been well established that the imidization tempera-
tures as high as 300-350°C is necessary to finish the transition from PAA to PL. Such a high
temperature will definitely affect the color of the produced PI films. On the other hand, during
the elimination of water from the system, microscopic defects such as pinholes and crack might
occur. Thus, the imidization condition should be deliberately controlled in order to produce
high-quality PI films.

Technically, the second route is only useful for PI resins which are soluble in organic solvents
(mainly DMAc). As we know, the solubility of PI resins is particularly associated with its
structure. Introduction of flexible linkages (-O-, -CH,-, etc.), bulky substituents (alkyl groups,
phenyl, etc.), and unconjugated structure (aliphatic or alicyclic groups) are all beneficial
increasing the solubility of PI resins in organic solvents. From this point of view, this route is
quite useful for colorless PI films production, because most of the PI resins for colorless PI
films are soluble in polar solvents. In addition, the curing procedure for preimidized PI
solution is nearly pure physical course of solvent evaporation. Thus, the PI films can be
produced at relatively low temperature and exhibit good surface smoothness. This is un-
doubtedly beneficial for the production of colorless PI films.

Lab preparation of polyimide films

standard procedurs

cunng
PAA solution {|mbd|zat|nn} peeling . !
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Figure 4. Lab-scale preparation of PI films



Colorless and Transparent high — Temperature-Resistant Polymer Optical Films — Current Status and Potential...
http://dx.doi.org/10.5772/60432

2.2. Industrial preparation of PI films

Ever since the commercialization of PI films with the trademark of Kapton® [poly(pyromellitic
anhydride-oxydianiline), PMDA-ODA]in 1960s by DuPont Corporation in the USA, they have
been becoming one of the most important basic materials for modern industry [10]. PI films
have found various applications in civil and military high-tech fields. In 2011, the worldwide
consumption for PI films is more than 8000 metric tons and this consumption is estimated to
reach 13000 tons in 2016. The three major markets for PI film are flexible printed circuit
substrates, high-temperature wire and cable wrapping, and magnetic wire insulation. The
wide applications of PI films are mainly attributed to their excellent properties, including
extreme servicing temperatures (-296-400°C for Kapton), high mechanical properties, excellent
dielectric features, and good environmental stability. The superior property for PI films, on
one hand, is associated with their heteroaromatic molecular structures, and on the other hand,
owes to their unique producing techniques.

Compared with the lab-scale preparation, the greatest difference for industrial manufacturing
of PIfilms is the stretching process [11]. Stretching process, either uniaxial or biaxial stretching
of the gel-like PAA films, will result in the full orientation and extension for the PI molecular
chains. The gelation of PAA films can be achieved either by partially evaporating the solvent
or by chemical treatment with a dehydrating agent (acetic anhydride, dicyclohexylcarbodii-
mide, etc.) and its catalyst (pyridine). From a viewpoint of polymer physics, stretching will
greatly enhance the mechanical properties of the obtained PI films. For example, the values of
elongations at break for the lab-making PI films without any stretching treatment are usually
below 20%. However, this value can be increased several times after stretching treatments.

A diagram of the biaxial stretching production line for PI films is shown in Figure 5. In this
procedure, the monomers are first feed into the polymerization reactor containing fully dried
DMAc solvent. After polycondensation, the obtained PAA solution is deaerated and cast from
the slit die in the form of a continuous film onto the surface of a heated rotating stainless steel
drum. The solvent in PAA is partially evaporated and a portion of imidization reaction occurs
in PAA at the same time. Thus, a self-supporting PAA film is formed. Alternatively, the PAA
solution on the rotating drum can pass through a bath containing dehydrating agent and
cyclization catalyst to afford a gel-like PAA film. Then, the gel-like PAA film is peeled from
the metal drum and first stretched in the machine direction (MD) while controlling the
stretching rate using nip rolls. The stretching ratio can usually be regulated by the drive source
and a speed regulator. The gel film stretched in the machine direction is subsequently
introduced into a tenter frame where it is gripped at both transverse edges. Various means
may be employed to grip the film, including pins, clips, clamps, and rollers. The gel film is
then stretched in the transverse direction due to outward movement of the tenter clips, the
volatile organic solvent is removed by evaporation, and the film is heat-treated by means of
hot air or radiant heat from an electrical heater to give a biaxial oriented polyimide film (BOPI).
The transverse stretching is carried out at temperatures around 350°C to facilitate the imidi-
zation of PAA. Such a procedure has been widely used for PI film production and there has
been significant patent activity in the past half century since the commercialization of PI films
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in 1960s. Up to now, most of the commercially available wholly aromatic PI films have been
produced by such kind of procedure.

ST %
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Figure 5. Industrial-scale manufacturing for PI films via PAA precursors

Because the full imidization temperature for PAA is usually higher than 350°C, the manufac-
turing procedure mentioned above might be difficult for colorless PI film production, whose
color and transparency is highly sensitive to high temperatures. Thus, a new manufacturing
technique has been developed in recent years [12].

As illustrated in Figure 6, the new procedure uses soluble PI resins as the starting materials
instead of PAAs. The key elements for this procedure include: (a) the PI resin must be soluble
in a volatile solvent; (b) a stable PI solution with a reasonable solid content and viscosity should
be formed; and (c) formation of a homogeneous film and release from the casting support must
be possible. In the procedure, PI resins are first dissolved in polar solvents to afford the PI
solution, which are purified by filtration through screen mesh. Then, the PI solution is cast
onto stainless steel belt, followed by thermally drying at high temperatures to remove the
solvent. This drying procedure is only to remove the solvent in the PI solution. Thus, the
temperature is usually lower than the common imidization temperature (300-350°C). Similar-
ly, the PI films can also be stretched at an appropriate solvent content. For instance, NASA
(National Aeronautics and Space Administration, USA) Langley research center investigated
the molecularly oriented colorless PI films for space applications [13]. In large space structures
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with designed lifetimes to be 10-30 years, there exists a need for high-temperature (200-300°C)
stable, flexible polymer films that have high optical transparency in the visible light region.
For this purpose, a colorless and transparent PI film, LaRC-CP1, derived from 6FDA and
fluoro-containing diamine, 2,2-bis[4-(4-aminophenoxy)phenyl]hexafluoropropane (BDAF),
has been developed in NASA. This film is prepared from soluble PI resin. The LaRC-CP1 film
was uniaxially stretched at 1.5, 1.75, and 2 times the original length of the film. Table 2 shows
the influence of stretching on the physical and mechanical properties of LaRC-CP1 film.
Apparently, the tensile properties of the film increased with increased stretching ratio. For
example, the tensile strength of 2.0x stretched film increased from 93.0 to 145.4 MPa after
stretching treatment; and the elongations increased from 16% to 65%. After stretching treat-
ment, the dimensional stability, stiffness, elongation, and strength of the film were greatly
enhanced, which are crucial for the applications in space environments.

FsC. CF
(o) 3 3 (0) CF,
NI T o ) EX o
o 0 CF

3 n
LaRC-CP1
Stretch ratio CTE (ppm/°C) Tensile strength (MPa) Modulus (GPa) Elongation (%)
None 50 93.0 2.0 16
1.5% 42 88.9 1.7 20
1.75% 44 107.5 1.8 49
2.0x 46 145.4 21 65

Table 2. Characterization of stretched LaRC-CP1 film

US Patent 8357322 assigned to Mitsubishi Gas Chemical Company describes a method for
producing colorless and transparent PI films by a solution casting procedure. The biaxially
stretched colorless PI films exhibit excellent optical transparency, heat resistance, and reduced
dimensional changes [14]. The films were produced with the soluble PI resin as the starting
materials, which were derived from 1,2,4,5-cyclohexanetetracarboxylic dianhydride and
aromatic diamines by one-step high-temperature polycondensation route. The PI film was
biaxially stretched in the machine direction by 1.01 times and in the transverse direction by
1.03 times at 250°C for 11 min under a stream of nitrogen. Then, the PI film was dried by
blowing nitrogen containing 1000 ppm oxygen at a flow rate of 3.3 m/sec at 280°C for 45 min.
The obtained PI film had a thickness of 200 pm, a total light transmittance of 89.8%, a yellow
index of 1.9, and a haze of 0.74%. The solvent residual ratio in the film was 0.5% by weight. By
virtue of these properties, the colorless PI films might find various applications in optoelec-
tronic applications, such as transparent conductive film, transparent substrates for flexible
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Figure 6. Industrial-scale manufacturing for PI films via soluble PI resins

display, flexible solar cells, and flexible printing circuit board (FPCB). Similar procedures were
also reported by the company [15].

In addition, US Patent 7550194 assigned to DuPont Company [16] and US patent 8846852 to
Kolon Industries [17] report the low-color PI films derived from the copolymers of fluoro-
containing  dianhydride, 2,2-bis(3,4-dicarboxyphenyl)hexafluoropropane dianhydride
(6FDA), 3,3’,4,4"-biphenyl-tetracarboxylic dianhydride (BPDA), and fluoro-containing
diamine, 2,2"-bis(trifluoromethyl)-benzidine (TFMB). The copolymers were prepared via PAA
precursors, followed by chemical imidization of the PAAs to afford the gel-like PAA films or
soluble PI resins. Then, the PI films were produced from these intermediums at high temper-
ature up to 300°C. Flexible and tough PI films with low color and high transparency were
obtained.

2.3. CHTPF films analysis and evaluation techniques

In practical applications for CTHTP optical films, various properties have usually been
analyzed and evaluated. For different applications, specific properties might be specially
emphasized. For example, in the fabrication of AMOLEDs, the water vapor transmission rate
(WVTR) and oxygen transmission rate (OTR) of the flexible substrates are severely limited to
be below 10* cm®/m? day and 10 g/m?/day, respectively, because the penetration of water and
oxygen through the substrates might poison the emitting components, resulting in the reduced
operating life of the devices [18]. In flexible solar cells, optical transmittance and yellowness
might be the most concerned parameters because yellowness of the polymer substrates might
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decrease the conversion efficiency of solar light to electricity. Thus, it would be helpful to
understand the analysis and evaluation techniques for CHTPF films.

2.3.1. Optical properties

Common optical properties, such as yellow index (YI), haze, optical transmittance at specific
wavelength, ultraviolet-visible cutoff wavelength, refractive index are usually needed to be
evaluated for CHTPFs.

Yellowness index (YI) indicates the degree of departure of an object color from colorless or
from a preferred white toward yellow. Haze value indicates the degree of cloudiness in a film.
The YI and haze value of a film can usually be measured by a colorimeter and can be computed
by a given procedure from colorimetric or spectrophotometric data [19]. Optical transmittance
of a film indicates the percentage of incident light that is transmitted by the film. The reciprocal
of optical transmission is the haze value, which increases as the percent of transmission
decreases. As a general rule, 0% haze relates to complete transparency, up to 30% is translucent,
and more than 30% haze is considered opaque. Optical transmittance of a film can usually be
measured with an ultraviolet-visible light spectrophotometer.

Refractive index of a film indicates the ratio of the velocity of light in vacuum to that in a
film. It is the ratio of the sine of the angle of incidence to the sine of the angle of refrac-
tion. Refractive index values can be measured with a prism coupler. Birefringence of a film
indicates the difference in the refractive indices of two perpendicular directions in a film.
When the refractive indices measured along three mutually perpendicular axes are identical,
they are classified as optically isotropic. When the film is stretched, providing molecular
orientation, and the refractive index parallel to the direction of stretching is altered so that
it is no longer identical to what is perpendicular to this direction, the film displays
birefringence. The common apparatus for optical parameters measurement of CHTPF films
are shown in Figure 7.

2.3.2. Thermal properties

As mentioned before, the thermal stability of optical films is becoming increasingly important
for their applications in optoelectronic fabrications. The thermal properties of an optical film
include thermal decomposition temperature (Ty), glass transition temperature (T,), coefficient
of thermal expansion (CTE), and high-temperature dimensional stability. Generally, thermal
analysis for an optical film indicates any analysis of physical or thermodynamic properties of
the film in which heat is directly involved, with the heat either being added or removed.
Different methods are used with each method providing certain useful data or information.

Thermogravimetric analysis (TGA) is an analysis by the measurement of weight changes of
an optical film as a function of increasing temperature with time. Properties measured include
thermal decomposition temperature and relative thermal stability. Dimensional stability of a
polymer optical film indicates its ability to retain the precise initial shape and size. It is the
temperature above which the films lose their dimensional stability. For most films, the main
determinant of dimensional stability is their glass transition temperature.
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colorimeter UV-Vis spectrophotometer

Figure 7. Optical properties measurement system

Below a certain temperature, polymer optical films will behave as hard glass-like substance.
When heated above this temperature, individual segments of the polymer films will achieve
large mobility; as a result the films become soft and elastic. The temperature at which this
change happens is called the glass transition temperature (T,). In other words, T, indicates the
reversible change in phase of a film from a brittle glassy state to viscous or rubbery state. At
T,, the film’s volume or length increases, and above it, the properties of the film decrease. The
T, value of a film can be determined with specific equipment, such as differential scanning
calorimetry (DSC), dynamic mechanical analysis (DMA), and thermal mechanical analysis
(TMA) and the obtained values depend on the method used. For crystalline polymer films,
such as PET and PEN, the crystalline melting points are usually above T,.

In a typical DSC measurement, two pans are placed on a pair of identically positioned
platforms connected to a furnace by a common heat flow path. One pan contains the polymer
film, the other one is empty (reference pan). Then, the two pans are heated up at a specific rate.
The computer guarantees that the two pans heat at exactly the same rate, despite the fact that
one pan contains polymer and the other one is empty. The polymer film sample will take more
heat to keep the temperature of the sample pan increasing at the same rate as the reference
pan. A plot is created where the difference in heat flow between the sample and the reference
is plotted as a function of temperature. The inflection point in the heat flow plot is recorded
as the T, value for the film.

DMA indicates a technique in which either the modulus or the damping of a polymer film
under oscillatory load or displacement is measured as a function of temperature, frequency,
time, or other combinations. TMA indicates a test that measures the dimensional changes as
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a function of temperature. The dimensional behavior of a film material can be determined
precisely. Measurements made include coefficient of linear thermal expansion (CTE), T,, and
softening characteristic. CTE value of a film reflects the change in volume per unit volume
resulting from a change in temperature of the material. The mean coefficient is commonly
referenced to room temperature and expressed in mm/mm °C. CTE value is quite important
for polymer optical films which are used with other heterogeneous materials, such as metal,
glass, or ceramic. The unmatched CTE values between the polymer films with the other
materials are thought to be one of the most important reasons for delamination, cracking, and
other failures in the devices.

2.3.3. Gas permission properties

When a plastic substrate is used for the flexible OLED application, the water-vapor transmis-
sion rate (WVTR) and oxygen transmission rate (OTR) feature of the plastic substrate become
critical because most high-performance semiconductor organic compounds show degraded
performance when exposed to environmental moisture [20]. As mentioned before, WVTR and
OTR of the flexible substrates are severely limited to be below 10* cm?*m? day and 10 g/m?
day, respectively, for AMOLED and organic solar cells [21]. Unlike glass, plastic substrates
usually cannot provide sufficient protection to the permeants. For example, general PI films
have WVTR values of 10°-10* g/m?/day dependent on the aggregation structures of their
molecular chains. Addition of some specific additives, such as graphene [22], might improve
their moisture barrier properties to a limited extent. Thus, inorganic thin films with extremely
higher barrier properties have to be used on the substrate in practical applications. In order to
evaluate the WVTR and OTR features of one polymer film, it is necessary to understand these
two parameters. WVTR and OTR can now be measured with water vapor or oxygen gas
permeation measurement systems produced by Mocon Corp., USA. The Mocon test has a
measurement limit of ~10* g/m? day. A lower WVTR measurement has to be measured by
calcium test, which is able to measure up to ~10° g/m? day.

3. Applications of CHTPF films in optoelectronics

3.1. Commercialization of CHTPF films

It is safe to say that the commercialization of CHTPFs is highly promoted by their potential
applications for flexible optoelectronic devices, such as flexible light-emitting diodes (F-LED),
flexible solar cells or photovoltaic cells (PV), flexible thin-film transistors (F-TFT), flexible
printing circuit boards (FPCB), and so on. Many present and future applications of optical
films make greater demands for higher properties, and especially combinations of properties,
than are available from the commodity materials. To satisfy these requirements, organic
polymer chemists and chemical engineers have developed and commercialized many types
of polymers, offering improved properties. Table 3 briefly summarizes the commercially
available and R&D CHTPF optical films in the world. Optical polymers containing various
thermal-stable units, such as PI, PAI PA, PES, and PS, have been extensively investigated and
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commercialized. In addition, some kind of inorganic-organic hybrid optical films have also
been developed. As mentioned before, a statistical date from Techno Create Corp shows that
the market of CHTPF optical films in 2011 has been close to 1 billion Japanese yen and the
market will see a rapid increase higher than 15% per year in the following years [9]. Some of
the typical CHTPF optical films are shown in Figure 8.

Up to now, CHTPF optical films have found various applications as plastic substrate candi-
dates for flexible optoelectronic devices, including FPCB, flexible display (TFT-LCDs or
AMOLEDs, etc.), touch panel, electronic paper, and thin photovoltaic cells. Plastic substrates
with both optical transparency and high-temperature resistance have great potential applica-
tions in these areas due to the superior flexibility, lightness, cost-effectiveness, and processa-
bility to their fragile and expensive glass analogs. For instance, in the fabrication of flexible
bottom-emission AMOLED devices, the processing temperatures of light emitting-compo-
nents on the flexible substrates usually precede 300°C. Under such processing conditions, only
CTHTP optical films such as colorless PI films could meet the severe demands.

Company Product name Resin Transmission % T,°C
Mitsubishi Gas Chemical Neopulim® PI 89-90 >300
DuPont-Toray Colorless Kapton® PI 87 >300
Kolon NA! PI 88 >300
Japan Synthetic Rubber Lucera® NA 88 280
Toyobo HM type Polyamideimide (PAI) 91 225
Nippon Steel Chemical Sillplus® Resin+glass 91-92 NA
Toray Aramid® Polyamide (PA) NA 315
Sumitomo Bakelite Sumilite® FS-1300 Polyethersulfone (PES) 89 223
Showa Electricity Shorayal® NA 92 250
Tosoh OPS film Polysulfone (PS) 93 220
Kurabo Examid® Polyamide (PA) NA 220

1 Not available.

Table 3. Commercialization of CHTPF optical films in the world

3.2. Applications of CHTPF films

There has been growing interest in the use of plastic film substrates in the fabrication of future
electronic devices, such as flexible displays, photovoltaics, batteries, sensors, and antennas
[23]. This developing trend provides great opportunities for the development of CHTPF optical
films. As shown in Figure 9, CHTPFs have found widespread applications in optoelectronics
as various substrates for flexible display devices, flexible solar cells, FPCBs, touch panels, and
SO on.
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Figure 8. Commercially available or R&D CHTPF products in the literature
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Figure 9. Potential applications of CHTPFs in optoelectronics
3.2.1. Substrates for advanced flexible display devices

As the structural support and optical signal transmission pathway and medium, flexible
substrates are playing ever-increasing important roles in advanced optoelectronic display
devices [24], the characteristics and functionalities of flexible substrates have been becoming
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Figure 10. Roadmap for flexible products and substrates [24]

the important factors that affect the quality of flexible devices. Currently, there are mainly
three types of substrates for flexible displays: thin glass, transparent plastic (polymer), and
metal foil. Transparent plastic substrates possess good optical transmittance similar to that of
thin glass; meanwhile the good flexibility and toughness comparable to those of metal foils.
Thus, they are ideal for flexible display. A flexible display using a plastic substrate is consid-
ered to be one of the promising displays because of attractive features, such as thinness,
lightweight, and good flexibility. For instance, as shown in Figure 10, the development of
flexible substrates is experiencing a roadmap of plane (current)— bended (2015)— rollable
(2018)— foldable (2020) in the following years. The radius of curvature of the highly transpar-
ent flexible substrates might reach below 3 mm in the year of 2020. At that time, transparent
plastic substrates might be the best candidate that can meet the demands.

However, in order to achieve a practical application for transparent plastic substrates in flexible
display, several issues have to be addressed. First, currently, the performance of thin-film
transistors (TFTs) built on common optical films or sheets are limited by the low-temperature
process caused by the low thermal stability of current plastic substrates, typically below 250°C.
For instance, for flexible display devices, such as active matrix-driven organic light-emitting
diodes (AMOLED) processing, fabrication of TFTs on flexible substrates is one of the most
important procedure. Up to now, there have been four types of production technologies for
TFT fabrications in AMOLED, including amorphous silicon (a-Si) TFTs, low-temperature
polysilicon (LTPS) TFTs, oxide TFTs, and organic TFTs (OTFTs). The key features for the
current TFTs are summarized in Table 4 [25].

It can be seen that LTPS TFTs technique exhibits the highest field-effect mobility and stable
electrical performance. However, the procedure requires a high process temperature of about
500°C during silicon crystallization. Conventional polymer optical film substrates cannot meet
the application. For a-S5i TFTs process, it has been widely used for AMOLED devices owing to
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uniform electrical characteristics over large areas, reasonable field-effect mobility, low-
temperature process (< 300°C), and low cost compared to the other techniques.

a-Si TFTs LTPS TFTs OTFTs IGZO TFTs
Field-effect mobility (cm?/V-s) <1 50-100 0.1-1 10-30
Process temperature (°C) <300 300-500 <300 <300
Device stability Challenging Good Challenging OK
uniformity Good Challenging OK OK
Manufacturability Excellent Maturing Developing Developing
cost Low Medium To be determined

Table 4. Key features for a-Si TFTs, LTPS TFTs, OTFTs, and IGZO TFTs [25]

ITRI (Industrial Technology Research Institute, Taiwan) developed a unique flexible-univer-
sal-plane (FlexUP) solution for flexible display applications [26]. This new technique relies on
two key innovations: flexible substrate and a debonding layer (DBL). As for the flexible
substrate, ITRI developed a colorless PI substrate, which exhibits good optical transmittance
(90%), high T, (>300 °C), low CTE (28 ppm/°C), and good chemical resistance. In addition, the
PI substrate with barrier treatment shows a WVTR value less than 4x10° g/m?/day. Moreover,
this barrier property suffered only to a minor drop, to 8x10° g/m?*/day, after the flexible panel
had been bent 1000 times at a radius of 5 cm. The substrate used a hybrid technique, which
contains a high content (>60 wt%) of inorganic silica particles in the PI matrix. A 6-inch flexible
color AMOLED display device was successfully fabricated using this substrate. By using this
colorless PI substrate, flexible touch panel was also successfully prepared.

A 7-inch flexible VGA transmissive-type active matrix TFT-LCD display with a-Si TFT was
successfully fabricated on the colorless PI substrate developed by ITRI [27]. The colorless PI
substrate has the features of high T, (>350°C) and high light transmittance (>90%), which ensure
the successful fabrication of 200°C a-Si:H TFT in the flexible device, as shown in Figure 11. The
flexible panel showed resolution of 640xRGBx480, pixel pitch of 75x225 mm, and brightness
of 100 nit. This technique is fully a-Si TFT backplane compatible, which makes it attractive for
applications in high-performance flexible display. Similarly, a-Si TFTs deposited on clear
plastic substrates (from DuPont) at 250-280°C was reported [28]. The free-standing clear plastic
substrate has a T, value higher than 315°C and a CTE value below 10 ppm/°C. The maximum
process temperature of 280°C has been close to the temperature used in industrial a-Si TFT
production on glass substrates (300-350°C).

Toshiba Corp., Japan, successfully fabricated a flexible 10.2-inch WUXGA (1920x1200) bottom-
emission AMOLED display device driven by amorphous indium gallium zinc oxide (IGZO)
TFTs on a colorless and transparent PI film substrate, as shown in Figure 12 [29]. Firstly, a
transparent PI film was formed on a glass substrate and then a barrier layer was deposited to
prevent the permeation of water. Then, the gate insulator, IGZO thin film, source-drain metal,
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Figure 11. Colorless PI substrate and the color VGA flexible TFT-LCD

and passivation layer were successively deposited to afford the IGZO TFT. Secondly, the
flexible AMOLED panel was fabricated using the IGZO TFT, color filter, white OLED, and
encapsulation layer. Finally, the OLED panel was debonded from the glass substrate to afford
the final AMOLED panel. The threshold voltage shifts of amorphous IGZO TFTs on the PI
substrates under bias-temperature stress have been successfully decreased to less than 0.03 V,
which is equivalent to those on glass substrates. ITRI also reported high-performance flexible
amorphous IGZO TFTs on transparent Pl-based nanocomposites substrates [30].

zoom in

Trnnsparent Polyimide

= .. " 'De-bonding

Zzoom out

Figure 12. Flexible 10.2-inch AMOLED devices on transparent PI substrates [29]

Besides PI flexible substrates, other CHTPF substrates have also been developed. For instance,
Teijin Ltd, Japan, developed novel high-temperature polycarbonate (PC) substrates for flexible
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displays [31]. The PC base film was obtained by a solvent casting process from dichlorome-
thane solution and exhibited high optical transmittance (91%), high T, value (215 °C), ultra-
low intrinsic birefringence and low retardation (1 nm), good elastic and dimensional stability,
and an extremely smooth surface. The new substrates consisted of the high-temperature PC
base film, silicon oxide gas barrier layer, and transparent indium zinc oxide (IZO) conductive
film which showed promise in overcoming the obstacles in producing many kinds of thin,
lightweight, and flexible display devices. Similarly, a high heat resistance PC film with the T,
of 240°C and optical transmittance higher than 90% in the visible light region has been reported
by General Electric [32]. A transparent, high barrier, and high heat substrate for organic
electronics was successfully prepared by the film.

In summary, with the development of CHTPF optical films, the fabricated TFTs have showed
similar characteristics to those of industry-standard a-Si TFTs fabricated on glass in the
300-350°C range. This result represents an important step toward a generic TFT backplane on
flexible and optically clear film substrates.

3.2.2. Substrates for transparent Flexible Printing Circuit Boards (FPCBs)

Over the years, the FPCB applications have always been the largest market for high-temper-
ature polymer films, such as PI, polyamideimide, and polyetherimide films. The flexible nature
of FPCBs allows their convenient use in compact electronic equipment such as portable
computer, digital cameras, watches, and panel boards. Generally, the traditional FPCB is
mainly prepared from flexible copper-clad laminates (FCCLs), as shown in Figure 13. FCCLs
consist of a layer of PI film bonded to copper foil. Depending on the intended use of the
laminate, copper may be applied to one (single-sided) or both sides (double-sided) of the PI
film. PI film almost completely dominates the portion of FCCL market in which heat resistance
is needed to withstand the soldering temperatures. Recently, with the development of flexible
displays, necessity for a transparent film substrate in place of glass substrate is increasing.
Correspondingly, a transparent film substrate for FCCLs is increasingly desired. However,
most of the all-aromatic PI films currently used in FCCLs show colors from yellow to deep
brown, and thus cannot be used in transparent FCCLs.
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Figure 13. FPCB industry chains from FCCL to final products
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Toyobo Corp., Japan, recently patented a colorless and transparent FCCL and the derived
FPCB based on a PAI film [33]. The PAI film was synthesized from 1,2,4-cyclohexanetricar-
boxylic anhydride (HTA) (Table 2) and aromatic diisocyanate monomers (Figure 6) and the
curing procedure was 200°C/1 h, 250°C/1 h, and 300°C/ 30 min under nitrogen. The film
exhibited good thermal stability with T, of 300°C, light transmittance of 89%, good tensile
properties with tensile strength of 140 MPa, elongation at break of 30%, tensile modulus of 3.9
GPa, and low CTE of 33 ppm/K. The single-side FCCL from the PAI film and copper coil
showed good soldering resistance, high bonding strength (10.6 N/cm), and good dimensional
stability under the condition of 150°C for 30 min. In addition, the FCCL showed good optical
transparency with a transmittance of 75% at the wavelength of 500 nm.

Very recently, there has been vigorous activity in developing and commercializing transparent
FPCB products in the world. This is mainly driven by the urgent needs of such products for
mobile communication optoelectronics. Typical products reported by multiple manufacturers
in public are summarized in Figure 14. Various optical films including PEN, PAL and PI films
have been used as the substrates in these new products. It can be anticipated that CHTPF
optical films will play an increasingly important role for the future development of transparent
FPCBs.

singla-side lransparent FPCB double-side transparant FPCB

Fujikura, Japan Toyobo, Japan Mektek, Japan

Figure 14. Application of CHTPF optical films in transparent FPCBs

3.2.3. Flexible substrates for thin-film solar cells

Solar cells or photovoltaics (PV) have been intensively studied in energy industries due to their
potential ability to reduce the cost per Watt of solar energy and improve lifetime performance
of solar modules [34]. Conventional thin film solar cells are usually manufactured on trans-
parent conducting oxide coated 3-5 mm thick soda-lime glass substrates and offer no weight
advantage or shape adaptability for curved surfaces. Fabricating thin-film solar cells on flexible
polymer substrates seems to offer several advantages in practical applications, such as weight
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saving, cost saving, and easy fabrication. The polymer substrates for thin-film solar cell
fabrications should be optically transparent and should withstand the high processing
temperatures. For example, for the current cadmium telluride (CdTe) cell fabrication techni-
ques, the processing temperatures are in the range of 450-500°C. Most of the transparent
polymers will degrade at such a high temperature. Undoubtedly, the lack of a transparent
polymer which is stable at the high processing temperature of solar cells is one of the biggest
obstacles for the applications of polymer substrates in flexible solar cells.

Wholly aromatic PI films, such as Kapton® (DuPont, USA) and Upilex® (Ube, Japan) can
withstand a high temperature round 450°C. However, they exhibit deep colors and strongly
absorb visible light. CdTe solar cells on such PI substrates will yield only low current due to
large optical absorption [35]. The development of colorless PI film with good high-temperature
stability makes it possible to produce high-efficiency solar cells. One of the most promising
reports on the successful applications of colorless PI films in flexible solar cells fabrication
might be the work carried out in Swiss Federal Laboratories for Materials Science and
Technology (Empa) [36]. As one of the Empa’s continuous work on developing high-efficiency
thin-film solar cells aiming at enhancing their performance and simplifying the fabrication
processes, they utilized colorless PI film (developed by DuPont) as the flexible substrate for
CdTe thin-film PV modulus in 2011 (Figure 15). A conversion efficiency of 13.8% using the
new substrates was achieved, which was the new record among this type of solar cells at that
time.

Figure 15. CdTe solar cells on colorless PI substrate (Source: Empa)

4. Conclusions

Undoubtedly, CHTPFs represent a class of new materials with both high technological
contents and high additional value. High comprehensive properties make them good candi-
dates for advanced optoelectronic devices. It can be anticipated that, with the ever-increasing
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demands of optoelectronic fabrication, CHTPFs will attract more attentions from both the
academia and the industry. For example, demand will continue to grow for displays of smart
phones, tablet PCs, and other types of mobile electronic devices. Furthermore, these displays
will be continuously improved in terms of visibility, flexibility, durability, and lightweight. In
this context, CHTPF optical films are facing great developing chance. However, up to now,
these still have several obstacles that should be overcome for the wide applications of CHTPFs
in advanced fields. First, very limited commercially available CHTPF products greatly increase
their cost, which lead to a very limited application only in high-end optoelectronic products.
Low-cost CHTPFs are highly desired for their wide applications. Secondly, the combined
properties of current CHTPFs should be further enhanced, such as further improving their
optical transmittances at elevated temperatures, improving their mechanical and gas barrier
properties. Thirdly, the manufacturing technology for CHTPFs should be further perfected in
order to increase their uniformity, colorlessness, and dimensional stability at high tempera-
tures.
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Abstract

Mid-infrared semiconductor lasers in the wavelength range of 2-3 um have aroused
increasing interests as they are highly desired for a wide range of applications ranging
from medical diagnostics to environmental sensing. Access to this wavelength range
was mainly achieved by antimony-containing compound semiconductor structures
on GaSb substrates. Besides, InP-based In,Ga, ,As (x>0.53) type-I multiple quantum
well laser is a promising antimony-free approach in this band. The emission wave-
length can be tailored to the 2-3 um band by increasing the indium composition in the
quantum wells. During the demonstration of this kind of lasers, controlling the strain

and keeping fair structural quality is the main obstacle.

In this chapter, the route for developing this kind of lasers is reviewed. The schemes
of pseudomorphic and metamorphic structures are discussed for the 2-2.5 pm and
2.5-3 umrange, respectively. In the pseudomorphic scheme, triangular quantum wells
grown by digital alloy technology are applied to restrict the strain and increase the
lasing wavelength. Lasers at 2.43 um were demonstrated under continuous wave
operation at room temperature. To extend the emission wavelength longer, an InP-
based metamorphic template with larger lattice constant was produced and InAs
quantum wells were then grown. The lasing wavelength was further increased up to
2.71 um. The details on the gas source molecular beam epitaxial growth, device

processing as well as performance characterization are presented.
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1. Introduction

The 2-3 um wavelength range covers both the short side of the mid-infrared (2.5-25 um) band
and the long side of the near-infrared (0.7-2.5 pm) band. Semiconductor laser diodes emitting
in this spectral range are very attractive for free space communications, ultra-low loss fluoride
fiber communication, solid or fiber lasers (amplifiers) pumping and seeding, light detection
and ranging (LIDAR), tunable diode laser absorption spectroscopy (TDLAS), etc., due to the
abundant spectroscopic features in this wavelength range. For example, the 2.1-2.4 ym band
is free of water and carbon dioxide absorption as shown in Figure 1, which forms a clear
atmosphere window; on the other hand, the strong and wide absorption band of water (mainly
around 2.7 um) and the moderate absorption band of carbon dioxide (around 2.0-2.1um and
2.65-2.85 um) forms a high contrast area, which is usable for humidity and carbon dioxide
monitoring, active spectroscopic imaging of water containing subjects, etc.
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Figure 1. Absorption intensity of H,O and CO, in the 2-3 pm band.

Furthermore, as shown in Figure 2, the fingerprint absorption lines of several molecules also
exist in this band, and therefore, semiconductor lasers in this band are of great interest in
atmospheric pollution monitoring and medical diagnostics by using TDLAS [1, 2]. As a
monochromatic light source, the laser diode in this wavelength band is also desired for the
evaluation of optoelectronic materials and devices such as photodetectors and focal plane
arrays operated in this wavelength range, because in the measurement schemes wavelength
match is very important to acquire their actual features [3, 4].

The choices and developments of semiconductor lasers in the 2-3 um band will be reviewed
at first. Then we will introduce the recent progress for the design, growth and demonstration
of InP-based antimony-free multiple quantum well (MQW) lasers in this band. Schemes of
pseudomorphic and metamorphic structures will be discussed for the 2-2.5 um and 2.5-3 pm
ranges, respectively.
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Figure 2. Absorption intensity of (a) NH; CO, H,S, NO molecules and (b) CH,, N,O, HCN molecules in the 2-3 um
band.

2. Development of semiconductor lasers in the 2-3 ym band

There are several options of semiconductor lasers in the 2-3 um wavelength band. Tradition-
ally, such semiconductor lasers are developed in an antimony (Sb)-containing material system
on GaSb or InAs substrates. InGaAsSb/AlGa(In) AsSb type-I quantum well (QW) lasers are the
primary approach, and high power and single-mode lasers have been achieved and the
wavelength range has covered 2-3.8 um [5-10], and continuous wave (CW) operation above
80°C has been reached for 2.1 um lasers [10]. The laser diodes have been applied in TDLAS
demonstrations [11, 12]. There were also some sporadic reports on InGaAsSb/GaSb type-1l QW
lasers covering this band [13, 14]. GaSb-based interband cascade lasers combining type-II
heterostructure and cascade concept have been developed adequately, but it is still a big
challenge to shift the lasing wavelength below 3 pm, which requires new material systems [15].

Compared to GaSb, InP substrates display superior quality and are easier to acquire. Sb-
containing InGaAs/GaAsSb type-II structures on InP substrates have been researched while
room temperature (RT) photoluminescence (PL) and sporadic device results have been
reported [16, 17]. InAsSb quantum dots (QDs) on InP are another potential scheme to dem-
onstrate light sources in 2-3 pm, but the improvements of material quality are still needed to
achieve more experimental progress [18]. On the other hand, the growth and processing
technologies of the Sb-containing materials are still less mature than those of InP-based Sb-
free materials. Besides, the thermal characteristics of antimonide are much inferior to the
phosphides and arsenide [19, 20]. Many impressive results on mid-infrared intersubband
emission of InP-based Sb-free InGaAs/InAlAs quantum cascade lasers have been reported in
the recent two decades, whereas the emission wavelengths are mainly longer than 3 um [21].

Besides the aforementioned options, InP-based Sb-free type-I In,Ga,  As (x>0.53) QW laser is
a promising approach in this band. As the bandgap wavelength of InAs at RT is as long as 3.5
um, the emission wavelength of In(Ga)As QW can be tailored to the 2-3 pum range [22]. For
this InP-based Sb-free In(Ga)As system, mature growth and processing technologies can be
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relied on, and a simple structure can be applied for the type-I QW lasers using interband
emission, so the laser diodes with better performance could be expected. The QW lasers
applying InP-lattice-matched InGaAsP as QW layers have been well developed with the aim
of telecom lasers [23]. However, the lasing wavelength is shorter than 1.7 um. To extend the
wavelength beyond 2 um, a higher InAs composition should be applied and thus strain would
be introduced into the QW layers.

The InP-based InGaAs strained QW lasers were first demonstrated by Forouhar et al. in the
early 1990s [24]. The lasing wavelengths are around 2 pm at RT, and In, ;5Gay,5As layers grown
by metal-organic vapor phase epitaxy (MOVPE) were applied as the QW layers and other
layers were all lattice matched to InP [25-27]. As shown in Figure 3(a), in these pseudomorphic
structures, the InGaAs (x>0.53) QW layers are compressively strained whereas the other layers,
such as cladding, waveguide and barrier layers, are all nearly lattice-matched to InP. The
Fabry-Perot (FP) and distributed feedback buried (DFB) devices around 2.07 pm were then
demonstrated by NTT’s group [28-31]. After the year 2000, FP and vertical-cavity surface-
emitting lasers (VCSELs) at 2.3 um were demonstrated by Amann et al. using molecular beam
epitaxy (MBE) grown InAs-containing triangular QW active region [32-34]. Using MOVPE
grown 5 nm pure InAs as the QW layer, Mitsuhara et al. in NTT’s group reported FP and DFB
lasers with lasing wavelength at 2.33 um [35-37]. Lasers up to 2.4 um were recently demon-
strated by using triangular QWs grown by MBE digital alloy technology [38].

As mentioned earlier, further increase of well width is restrained by the strain between the
QW part and InP substrate, and thus the longest emission wavelength is limited. To extend
the emission wavelength to longer wavelengths, a metamorphic “virtual substrate” can be
produced with a larger lattice constant than InP, e.g. metamorphic In,3Ga,,As layer as shown
in Figure 3(b). In this case, the critical thicknesses can be larger than those of pseudomorphic
structures, therefore the QW width can be increased, which would increase the emission
wavelength. Recently, step-graded InAs P, buffers on InP have been applied to achieve 2.8-3
pm PL at RT [39-41], where 16.5 nm InAs or 22 nm InAs 4P, were used as the well layers.
By using 15 nm InAs QWs on continuously-graded metamorphic In, Al As buffers, RT PL of
QWs at 3.05 pm [42] and low temperature lasing of laser diodes at 2.7 um have been achieved
[43]. This scheme can even be explored to mid-infrared metamorphic InAs QWs on GaAs
substrate, which is even more attractive than on InP substrate [44].

In Ga, As
X 1-x
In Ga, As
In__Ga _As In._ Ga__As
In, .,Ga, ,,AS 7>Ir;,01_/53Ga0.47As 0.8~°0.2 ;08202
(a) (b)

Figure 3. Schematic diagrams of the transition for the InP-based (a) pseudomorphic and (b) metamorphic In,Ga, As
QWs.
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3. Theoretical evaluation of InP-based Sb-free type-I QW lasers

At first, we theoretically evaluate the type-I transition energy and emission wavelength of
rectangular pseudomorphic In,Ga; As/Inys5;Gag,As (x>0.53) and metamorphic In,Ga, As/
InysGay,As (x>0.8) QWs. The subband energies of the QWs were calculated by numerically
solving the Schrodinger equation with strain-contained 4x4 Luttinger-Kohn Hamiltonian, and
the transition energy from the first electron energy level to the first heavy hole energy level
was calculated. The emission wavelength versus the well width of In Ga; As/In,5;Gag4,As
(x>0.53) and In,Ga, As/InysGa,,As (x>0.8) QWs are shown in Figure 4(a) and Figure 4(b),
respectively. The well width is limited by the critical thickness calculated from the force balance
model as shown in Figure 4. It is seen that the critical thickness can be extended by using the
metamorphic scheme, and therefore, a thicker well width can be used, leading to a longer
wavelength.
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Figure 4. Calculated transition wavelength versus well width of (a) pseudomorphic In,Ga, As/In,s5Ga,As QW
(x>0.53) and (b) metamorphic In,Ga,,As/In,sGa,,As QW (x>0.8) with rectangular QW shape. The critical thickness for
a single QW is indicated as the dotted line.

Furthermore, calculation shows that the lasing wavelength can be extended dramatically if the
energy band shape is changed from a rectangular to a triangular one [45, 46]. Figure 5(a) shows
the schematic band structure of the InAs/Ings;GayyAs triangular QW (TQW) and
Ing 6:Gay 235A8/In 5:Gag 4, As rectangular QW (RQW). The two QW structures are considered to
have the same strain extent in the QW part. From Figure 5(b), we can see that changing the
energy band from the rectangular shape to a triangular one redshifts the lasing wavelength
markedly. For the well width of 16 nm, the calculated wavelength of RQW is only about 2.1
um, butitisbeyond 2.5 um for TQW. The theoretical estimations show the promising potential
of the TQW to extend the wavelength and improve the performances.
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Figure 5. (a) Schematic band structures and (b) calculated transition wavelength as a function of well width of InAs/
Ing53Gagg,As TQW and Iny,:Gay 235As/Ing 53Gag .,As RQW with the same strain extent. The critical thicknesses for single
QW and double QWs are indicated.

4. Pseudomorphic scheme for lasing wavelength below 2.5 um

The pseudomorphic scheme is based on the lattice-mismatched material system except the
active QW region. Therefore, the main concern of such lasers is the control of strain in the QW
and to keep fair structural quality. The gas source molecular beam epitaxy (GSMBE) growth
parameters and the structures of the QW parts need to be optimized at first [47, 48]. Then the
whole laser structures were grown and the lasers were demonstrated and analyzed.

4.1. GSMBE growth and optimization of pseudomorphic triangular QWs

To construct the QWs with triangular shape in practice, usually two methods can be applied.
The first one uses analogue alloy where the emission source flux changes gradually with an
extremely low rate [49], and the other one uses the so-called digital alloy, where short period
superlattice composed of two materials are grown at digitally setting thicknesses [50]. The
growth rate is normal for the latter one, and this method is especially much more convenient
for molecular beam epitaxy (MBE). In MBE, the time for opening and closing a shutter is far
below 15, so the control precision of the short period superlattice can be high enough. It is also
found that digital alloy technology can extend the critical thickness and restrain the three-
dimensional material growth [51, 52].

A VG Semicon V80H GSMBE system was applied for the growth. The best background vacuum
achieved in this system was about 1x10"! Torr. The elemental indium and gallium cells with
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two heaters as well as aluminum standard cell were used as group III sources. The fluxes of
these group III emission sources were controlled by the cell temperatures. Group V sources
were As, and P, cracked from Arsine (AsH;) and phosphine (PHj;) cracking cells at around
1000 °C. The fluxes of As, and P, were controlled by pressure. Standard beryllium and silicon
cells were used as p- and n-type doping sources, respectively. The doping levels were con-
trolled by the temperatures of the emission cells. The growth rates of InP-lattice-matched
InGaAs(P) and InP layers were all controlled to be around 1 um/h.

Parameters from

Designed PL wavelengths (um) PL FWHM (meV)
HRXRD simulation
Sample T, (°C)
A dy d, d d,
o " ’ v ’ 300 K 12K 300K 12K

(um)  (m) () (nm)  (nm)
1 2.1 9 15 500 9.1 16.2 2.14 1.94 35 24
2 2.1 9 15 530 9.1 16.4 2.11 1.93 35 19
3 2.3 13 15 530 14.0 16.4 2.25 2.07 31 20
4 25 19 15 530 19.2 16.4 2.38 2.16 36 24
5 25 19 20 530 19.2 20.6 2.38 2.16 33 17
6 2.6 25 20 530 N/A N/A N/A 2.26 & 2.31 N/A 24 & 31

Table 1. The structure, growth parameters, HRXRD and PL results of the samples. A5, is the wavelength at 300 K, T, is
the growth temperature, dyy and dy is well width and barrier width, respectively.

The grown QW samples consisted of a 200-nm-thick InP buffer layer, two triangular QWs and
a 100-nm-thick InP cap layer. The triangular QWs were constructed by growing InGaAs/InAs
digital alloy with very short periods. In each period the thicknesses of In,5;Ga, ,As (d;) and
InAs (d,) is designed from the following equation:

(d,x0.53+d,)/d =«
d+d,=d

where « is the expected average indium composition in each short period, and d is the period
of the short period setting to be 1 nm here. The barrier layer is AlInGaAs grown using the
growth parameters of InP-lattice-matched Iny 5, Al 4sAs and In, 53Gay 4;As, thus the composition
is around Al 5;In,5,Gag 5, As.

Table 1 lists the structure parameters, growth conditions, high resolution X-ray diffraction
(HRXRD) and PL results of the grown QW samples. The HRXRD (004) scanning curves of all
samples are shown in Figure 6. For all the samples, the upper and lower curves show the
measured and simulated results, respectively. The good agreement between the measurement
and simulation in samples 1-5 indicates the pseudomorphic growth. By simulation, the average
indium composition in the well and barrier layers were about 0.765 and 0.355 in samples 1-5,
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the deduced well widths d,, and barrier widths dj for all the samples are also listed in Table
1, agreeing well with the designed values. Figure 7 presents the PL spectra of samples 1-6 at
RT and 12 K, respectively. The peak wavelengths and full-width at half-maximum (FWHM)
of the PL spectra are listed in Table 1.
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Figure 6. HRXRD (004) scanning curves of the TQWs with various structures and growth parameters [48]. (Reprinted
with permission from Elsevier)

The growth temperature T, is a crucial growth parameter for high crystalline and optical
quality during the MBE growth. For the growth of high indium materials, generally T, needs
tobelowered. However, for the In, 5;Ga, ,;As barriers and the Al-containing AlInGaAs barriers,
a relatively higher growth temperature is preferred to improve the optical properties. It is
really unpractical to increase and decrease T, in the interface of well and barrier layers, because
the interface quality would be significantly deteriorated by the growth interruption. Therefore,
T, is needed to be optimized, especially for the QW growth. Samples 1 and 2 are with different
growth temperatures at 500 °C and 530 °C, respectively. Figure 6 shows the sharp satellite
peaks in the HRXRD scanning curves of samples 1 and 2, denoting the nice crystalline quality
of both samples. Similarly, PL spectra of the two samples have been observed at 300 K as shown
in Figure 7, whereas at 12 K the PL intensity of sample 2 is stronger than that of sample 1. The
FWHM at 12 K is 19 meV for sample 2, and 24 meV for sample 1. It is shown that the sample
grown at a relatively higher temperature shows better optical quality.
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Figure 7. PL of triangular QWs with various structures and growth parameters at RT and 12 K [48]. (Reprinted with
permission from Elsevier)

By increasing the well width from 9 nm of sample 2 to 13 nm of sample 3 and 19 nm of sample
4 while keeping the same barrier width, the HRXRD curve becomes indistinct as shown in
Figure 6, indicating the deteriorated crystalline quality of sample 4. As the QW width increases,
more defects may be generated due to the larger lattice mismatch. The wider QW also weakens
the quantum restriction, and the carriers have more probability to occupy the second subband,
which induces the larger PL FWHM and the much shorter peak wavelength than designed for
sample 4. For sample 5, by increasing the barrier width on the basis of sample 4, the satellite
peaks of HRXRD curves recover to be distinct and the PL intensity is enhanced. The PL FWHM
is reduced to 17 meV at 12 K and 33 meV at 300 K for sample 5, comparing to 24 meV at 12 K
and 36 meV at 300 K for sample 4. The well width of sample 6 is further enlarged to 25 nm in
order to extend the wavelength further. It can be seen from Figure 6 that the satellite peaks of
the HRXRD curve become indistinct, and two PL peaks at 12 K exist as shown in Figure 6(b),
whereas no PL signal is observed at 300 K. It suggests that 2.4 pm is around the ceiling
wavelength for the In(Ga)As strained QW.

4.2. Demonstration of CW-operated lasers above room temperature

In our preliminary work, InP layers were applied as waveguides for the convenience of the
growth, but the lasing could only be achieved below 150 K [53, 54]. Subsequently, InGaAsP
quaternary alloys with bandgap around 1.1 eV and lattice-matched to InP were used as the
waveguide layers, and the laser performances were dramatically improved. In this section, the
performances of RQW and TQW lasers at 2.2 um will be presented. And the demonstration of
TQW lasers beyond 2.4 pm with increased QW width will also be introduced.

For the lasers with designed lasing wavelength at 2.2 um, two structures with RQW and TQW
were grown [52]. The active QW regions of both samples were sandwiched between 120-nm-
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thick InGaAsP waveguide layers, as well as 1000-nm-thick n-type bottom and 1700-nm-thick
p-type upper InP cladding layers, and 300-nm-thick p-type In,5;Ga,4,As layers were grown as
a top contact layer. The active QW region was formed by four QW layers sandwiched between
20-nm-thick Iny 5;Ga, 4,As barriers for both samples. The QW layers were 3-nm-thick compres-
sive InAs layers in the RQW structure, and 10-nm-thick triangular In,sGay4As/InAs/
Iny5;Gay 47As layers in the TQW structure. The total strain content of the TQW was still larger
than that of the RQW due to the much thicker well width.

Ridge waveguide lasers with a strip width of 6 um were fabricated by standard lithography
and wet chemical etching process. Then, a 300-nm-thick Si;N, layer was deposited by using
plasma enhanced chemical vapor deposition (PECVD). On the top of the ridge a 4-um-wide
window was opened. The top and bottom metallic contacts were sputtered Ti/Pt/Au and
evaporated Ge/Au/Ni/Au, respectively. The chips were cleaved into 0.8-mm-cavity-length
bars with uncoated facet, soldered on copper heat sinks and wire bonded.
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Figure 8. Lasing spectra of (a) rectangular QW laser and (b) triangular QW laser around 2.2 um at various tempera-
tures under CW driving condition.

Figure 8 shows the CW lasing spectra at a driving current of 1.2 times the threshold current in
a temperature step of 10 K. The maximum operation temperature of the RQW laser is about
310 K and the lasing peak is about 2.16 pm at 310 K, whereas the TQW laser shows an increased
maximum operation temperature up to 330 K. Over the whole temperature range, the lasing
peaks of the TQW laser are about 60 nm longer than those of the RQW laser, probably due to
the model error in theoretical design as well as due to the growth error. These results show
that the TQW laser can operate at higher temperatures even with a longer lasing wavelength,
proving the benefit of TQW. The average temperature coefficient of the lasing wavelength AA/
AT is about 0.8 nm/K for the RQW laser and 1 nm/K for the TQW laser.

The temperature-dependent I-P characteristics and the I-V curve at 300 K of the lasers are
shown in Figure 9. The threshold current of the RQW laser is 124 mA at 300 K, corresponding



InP-Based Antimony-Free MQW Lasers in 2-3 um Band 93
http://dx.doi.org/10.5772/60705

to a threshold current density of 2.58 kA/cm? and the output power is 3.6 mW/facet at an
injection current of 400 mA. In contrast, the TQW laser shows a much lower threshold current
of 68 mA (1.42kA/cm?) at 300 K. Also, amuch higher output power of 10.4 mW/facet is obtained
at 300 K, almost three times that of the RQW laser. The turn-on voltage and the differential
resistance for both lasers are almost the same at about 1.25 V and 1.87 Q at 300 K.
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Figure 9. I-P and I-V characteristics of (a) rectangular QW laser and (b) triangular QW laser around 2.2 um at various
temperatures under CW driving condition.
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Figure 10. Temperature-dependent threshold current of rectangular QW laser and triangular QW laser around 2.2 um
at various temperatures under CW driving condition. The inset shows the temperature-dependent threshold current
densities and characteristics temperatures.
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The threshold current as a function of temperature is shown in Figure 10, covering the
temperature range from 200 K to 310 K and 330 K for the RQW and TQW lasers, respectively.
The characteristic temperatures were achieved from the temperature-dependent threshold
current density as shown in the inset of Figure 10. In the low temperature range 200-280 K, a
characteristic temperature of T=82.1 K was obtained for the TQW laser, higher than the value
of Ti=65.2 K for the RQW laser. In the high temperature range beyond 290 K, T, is decreased
for both lasers, but the TQW laser also has a higher value of T=40.5 K than the T=32.1 K for
the RQW laser.
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Figure 11. (a) The CW lasing spectra of the around 2.4 um TQW laser at various temperatures. The inset shows the
temperature-dependent lasing wavelength. (b) Output power at different temperatures and voltage at 300 K as a func-
tion of injected current of the around 2.4 um TQW laser [38]. (Copyright 2014 The Japan Society of Applied Physics)

By further increasing the well width of TQW laser to 16 nm, the lasing wavelength of the device
has been extended. Figure 11(a) shows the CW lasing spectra in the temperature range of 200
K to 340 K. The lasing wavelength is 2.37 um at 300 K and red-shifts to 2.43 um at 340 K. The
average temperature coefficient of the wavelength is 1.2 nm/K in 200-340 K as shown in the
inset of Figure 10(a). As shown in Figure 11(b), the output power at 200 K in CW mode is 23
mW/facet injected by a current of 350 mA and at 300 K the power dropped to around 11 mW/
facet. At 200 K the threshold current is 24 mA and at 300 K the threshold current is increased
to 62 mA. The corresponding threshold current density is 1.3 kA/cm? for the laser with four
QWs and 325 mA/cm? for each QW, respectively. At 340 K the maximum output power is
decreased to 1.4 mW/facet with a threshold current of 186 mA.

The laser threshold current density and external differential quantum efficiency n,4as a function
of temperature are shown in Figure 12(a). The characteristic temperature T, is derived to be
about 99 K in the temperature range of 200-300 K, and decreases to 35 K in 300-340 K range.
The external differential quantum efficiency at 200 K is 41% and is decreased to 23% at 300 K
and is further dropped to 7% at 340 K. The quantum efficiency characteristic temperature of
T;=142 K is obtained by fitting the external differential quantum efficiency in 200-320 K
temperature range.
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Figure 12. (a) Temperature dependence of the threshold current density and external differential quantum efficiency of
the 2.4 um TQW laser. The lines are the fitting lines of threshold current density in two temperature ranges. (b) Recip-
rocal external differential quantum efficiency of the TQW lasers as a function of the cavity length at 300 K. The inset
shows the threshold current density (J,) versus the reciprocal cavity length (1/L). The solid lines are the fitting of the
measured data, and the dashed lines are the extrapolated data [38]. (Copyright 2014 The Japan Society of Applied
Physics)

The reciprocal external differential quantum efficiency n, as a function of the cavity length is
shown in figure 12(b). The internal quantum efficiency 7; and internal loss «; are calculated by
fitting the data following 1/n,=(1/n)[1+a;L/In(1+R)], where L is the cavity length and R is the
facet reflectivity. Taking R as 0.35 for the as-cleaved facet in the calculation, the internal
quantum efficiency and internal loss is calculated to be 58% and 19 cm™, respectively. Note
that the internal quantum efficiency value is favorable but the loss is relatively high, which
limits the laser performances. The intervalence band absorption in the p-type InP up cladding
is one main cause of the large internal loss. The inset of Figure 11(b) illustrates the threshold
current density versus the reciprocal cavity length. By extrapolation, the threshold current
density at infinite cavity length is 841 A/cm? (210 A/cm? per QW).

5. Metamorphic scheme for lasing wavelength beyond 2.5 um

For the metamorphic scheme, InAlAs graded buffers were grown on InP substrate to form the
metamorphic template with larger lattice constant than InP. The InAs QW structures were then
grown on the template with thicker QW width, and the wavelength could be beyond 2.5 pm.
For this kind of metamorphic laser structures, the material quality is very crucial for the device
performance, therefore both of the buffer layers and growth parameters were optimized to
improve the buffer quality. On the basis of the buffer optimization, the lasers were grown,
demonstrated and characterized.
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5.1. GSMBE growth and optimization of metamorphic buffers and QWs

As a preliminary experiment, the metamorphic buffer composed of a 2.5-um-thick In,Al, ,As
continuously graded buffer and a 1-um-thick In,3Ga,,As virtual substrate layer were grown
on InP substrate after the growth of a 100-nm-thick InP buffer layer. In the graded buffer, the
indium composition x was graded from 0.52 to 0.8 through the simultaneously linear increase
of indium source temperature and decrease of aluminum source temperature. After that, two
periods of InAs/In,5;Ga, 4,As strained QWs were grown. The In,5;Ga,,As barrier is used to
compensate the compressive strain of InAs well comparing to the virtual substrate layer. The
lattice mismatch of InAs well and Inys5;Gagy,As barrier with respect to InggGay,As virtual
substrate layer is +1.3% and -1.8%, respectively. Two samples were grown and the widths of
InAs well and In,5;Gay4,As barrier were 10 nm/7 nm and 15 nm/10 nm, respectively to form a
strain compensated QW structure with minimal residual strain. The In,5;Gag4,As barrier can
also stop the diffusion of exited carriers between the QW region and the rest part of the sample.

The grown samples show mirror-like surface morphology without haziness under optical
microscopy. Regular cross-hatch patterns are observed on the surfaces with ridges and troughs
along the [110] and [1-10] crystal directions. The root mean square (RMS) roughness measured
by atomic force microscope (AFM) over 40x40 um?is 3.9 nm and 6.1 nm for the 10 nm and 15
nm QW lasers, respectively. From the cross-sectional transmission electron microscope
(XTEM) images of 15 nm QW laser measured at 160 kV as shown in Figure 13, the dislocations
are mainly localized within the In,Al; ,As graded buffer and do not propagate into the upper
structures. The In;¢Gay,As virtual substrate layer is free of dislocations in the XTEM meas-
urements, which means the threading dislocation density is under the detection limit (about
10”7 cm?). In the amplificatory image of the InAs/In,5;Ga,4,As QWs region, distinct interfaces
between the well and barrier layers are observed. The thickness fluctuations of wells and
barriers are revealed around +1 nm by a careful inspection.

Figure 13. Bright-field XTEM images of the InP-based metamorphic QW epitaxy structure [42]. (Reprinted with per-
mission from AIP)
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Figure 14. HRXRD (004) scanning curves of InP-based metamorphic (a) 10 nm QWs and (b) 15 nm QWs. The thick and
thin lines show the measured and simulated results, respectively [42]. (Reprinted with permission from AIP)

The HRXRD w/26 (004) scanning curves were measured and shown in Figure 14 (thick lines).
The peak with the largest intensity corresponds to InP substrate, and the wide peak with a
relaxed mismatch of 1.8x10 with respect to InP corresponds to In,sGay,As virtual substrate
layer. The HRXRD signals from the virtual substrate of the two samples show some difference,
but become the same after etching away the QW regions at surface. Rough satellite peaks,
related to the InAs/In,;;Gay,As QWs, are observed symmetrically on the both sides of the
InysGay,As peak, indicating the strain compensation effect with respect to the InGa,,As
virtual substrate layer. The lattice dynamical simulations were also performed and the
simulated curves are shown in Figure 14 (thin lines). In the simulation, the thicknesses of the
wells/barriers were set the same as the design. The In Al,  As buffer was assumed graded
relaxed and the Iny4Ga,,As virtual substrate layer fully relaxed with respect to InP substrate,
meanwhile InAs wells and Iny5;Gay,As barriers were fully strained with respect to
InysGa,,As virtual substrate layer.

The PL measurements were performed as shown in Figure 15. The photo-excited carriers are
very sensitive to threading dislocations due to the diffusion length of photo-excited carriers
in micrometers. Therefore, the PL intensity can reflect the material quality. The strong PL
intensity at 300 K in Figure 15(a) indicates few threading dislocations in QW structures. For
each sample, two emission peaks can be observed at 300 K, where the peak at about 2.4 um
corresponds to InysGa,,As virtual substrate layer, the peaks at 2.90 um and 3.05 um for the
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Figure 15. PL results of the metamorphic QW samples at (a) 300 K and (b) 77 K. The thin and thick lines show the
results of 10 nm and 15 nm QWs, respectively. The absorption bands of water are also indicated [42]. (Reprinted with
permission from AIP)

two samples correspond to the active QWs. In Figure 15(b) the peak corresponds to In,sGa,,As
buffer blue-shifts to about 2.3 um at 77 K. The PL signals of active QWs blue-shift to about 2.6
um and 2.7 um at 77 K for the 10 nm and 15 nm QW lasers, respectively, and the peak shapes
are affected significantly by the water absorption. The relatively wide PL peaks even at low
temperatures are possibly due to the presents of lattice defects and the poor carrier confinement
on the top side of the QW. The metamorphic QWs with 15 nm thick InAs layer still show
moderate optical quality. This structure is promising for the lasers around 3 pum.

5.2. Demonstration of metamorphic CW-operated lasers at low temperatures

To demonstrate the metamorphic lasers, the effects of strain-compensated QWs and separate
confinement heterostructure (SCH) were studied. The growth of the samples started with a
200-nm-thick n* InP buffer layer grown, followed by a 1800-nm #* In,Al; ,As continuously
graded buffer layer, both highly doped with Si to about 2x10"™ cm?®. In the graded buffer the
indium composition was graded from 0.52 to 0.84 introducing an indium composition
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overshoot of 0.04 to achieve the full relaxation of the metamorphic layer. Then an 800-nm 7"
InggAly,As cladding layer with carrier density of about 2x10'™ cm® was grown to form a
template. Then a 150-nm-thick n~ waveguide layer, undoped active double QWs and a 150-
nm-thick p- waveguide layer were grown [55]. The schematic band energy of the active regions
for samples A, B and C can be found in Figure 16, where the solid lines indicate samples A and
B whereas the dotted lines indicate sample C. For sample A InygsAl;,As was used as the
waveguide layers, which was the same as the cladding layers. For samples B and C, In,3Ga,,As
was used as the waveguide layers so that the SCH consisting of In,3Ga,,As waveguide and
InygAly,As cladding layers were constructed. In the double QW region, a strain-compensated
structure was used for sample A, formed by two 12-nm InAs wells sandwiched by In,,Ga,,As
barriers with the strains of +1.4% and -1.4% with respect to the InygAl,,As template. On the
other hand, In,3Ga,,As was used as the barrier layers in sample B, thus no strain compensation
was applied in the QW region. Sample C combined the SCH and strain-compensated QWs,
where 15-nm-thick InAs well and 15-nm-thick In,(Ga, ;As barrier layers were applied. At last,
a 1700-nm-thick p* In,gAl,,As cladding layer and a 300-nm-thick p* InysGa,,As contact layer
were grown, heavily doped with Be to higher than 5x10" cm?.
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Figure 16. Schematic energy-band diagrams of the active regions of (a) sample A, (b) sample B (solid line) and sample
C (dotted line) [55]. (Reprinted with permission from IOP)
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Figure 17 shows the HRXRD scanning curves and PL spectra of the samples after etching away
the p-type contact layer and p* InysAl,As cladding layer. Rough satellite peaks, related to the
QWs, can be observed on the left side of the InygAl,As/In;sGa,,As peaks for the samples,
although they are not so distinct. Comparing the intensities of In,gAl,,As/In;sGay,As and QW
peaks for the three samples, it is observed that the layer peak intensities of samples A and C
with strain-compensated QWs are stronger than those of sample B without strain compensa-
tion. The lattice dynamical simulations were also performed and the HRXRD intensities of
layer peaks on the left side of InP substrate were very close for all the samples in the simula-
tions. Therefore, the measured stronger layer peak intensities of samples A and C indicate their
better material quality than sample B due to the strain compensation of QW regions.
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Figure 17. (a) HRXRD w/20 scanning curves of the QW lasers on InP-based metamorphic InAlAs buffers. (b) PL emis-
sions of the QW structures on InP-based metamorphic InAlAs buffers at 300 K and 77 K [55]. (Reprinted with permis-
sion from IOP)

As shown in Figure 17(b), the PL signals between 2.6-2.8 pm are affected by the absorption of
water vapor. Two PL peaks are observed for sample A, the relatively weak peak at 1.55 um
corresponds to the InggAl),As cladding and waveguide layers, and the peak at 2.88 pm
corresponds to the QWs. For sample B, there are also two PL peaks, and the PL signal of
InygAly,As is not clear in linear scale. The two PL peaks at 2.51 um and 3.02 um correspond to
InysGay,As waveguide layers and the QWs, respectively. The PL intensities of the QWs for
samples A and C are several times of that of sample B at both 300 K and 77 K, confirming the
better material quality of samples A and C. The phenomenon of PL measurements is consistent
with the results of HRXRD.

The ridge waveguide lasers were then demonstrated and the cross-section of the ridge
waveguide structure was shown in the upper inset of Figure 18(a), where the upside of the
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ridge was narrowed due to the lateral etching. For the devices fabricated by sample A, nolasing
was observed even at 77 K and injected by current up to 1 A. For sample B, around 2.3 um
lasing was observed at low temperatures. This implies that the SCH is very crucial for the
device performances, even more important than the crystalline quality of the QWs. For sample
B the optical confinement factor is calculated about 0.22, but for sample A the confinement
factor is only 0.12 because only the QWs provide a very limited optical confinement in sample
A.Figure 18 shows the typical 77 K CW spectrum of the device fabricated by sample B injected
by the current of 195 mA. The lasing was declined markedly as the temperature increases. The
maximum operation temperature was about 100 K in CW mode and 170 K in pulsed mode
with a 5% duty cycle. The lasing transition energy is close to the transition from In,Ga,,As
waveguide layers, indicating that excessive band filling exists and higher gain from the QW
transition is required. Quite a few carriers may escape from the QWs to the In,;Ga,,As layers,
due to the small offsets of conductive and valence bands between InAs and In,;Ga,,As layers,
especially when injected by relatively high currents. The 77 K I-V-P curves of sample B are
shown in the lower inset of Figure 18(a). The output power was smaller than 1 mW/facet and
the turn-on voltage was about 0.5 V.
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Figure 18. (a) CW lasing spectrum of sample B at 77 K. The upper inset shows the cross-section image of the ridge
waveguide structure and the lower inset shows the I-V-P spectra of sample B at 77 K. (b) The temperature-dependent
spectra of sample C. The upper inset shows the spectra at different injection currents at 120 K. The lower inset shows
the I-V-P spectra at 77 K [55]. (Reprinted with permission from IOP)

For sample C, the CW lasing as long as 2.7 um was observed, and the temperature-dependent
lasing spectra are shown in Figure 18(b). The laser was operated in CW mode and injected by
the current of 1.2 times the threshold current. As shown in the lower inset of Figure 18(b), the
output power at 77 K was 5.7 mW/facet injected by the current of 400 mA and the turn-on
voltage was about 0.65 V. The lasing wavelength moved from 2.70 um at 77 K to above 2.71
pum at 110 K. When the temperature increased to 120 K, the lasing bounded to around 2.34 pm.
The luminescence spectra at different injection currents at 120 K are shown in the upper inset
of Figure 18(b). Two luminescence envelops at about 2.34 ym and 2.7 pm can be observed
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under the injection current of 150 mA. As the injection current increased the 2.34 um lumi-
nescence was enhanced whereas the 2.7 um luminescence was declined, and only the lasing
at 2.34 pm could be observed when the injection current was increased to 170 mA.

Sample C combines with SCH and strain-compensated QWs and shows the best performances
in these three metamorphic QW laser structures. The calculated optical confinement factor of
sample C is about 0.21, close to that of sample B with SCH. The larger bandgap of In,,Ga,,As
barrier layers compared to that of In;3Ga, ,As barriers in sample B can also enhance the carrier
confinement and gain of QWs. On the other hand, the strain-compensated QWs ensure the
feasible material quality. Nevertheless, the confinements in this laser structure are still
unfavorable, as the bandgap of In,sGa,,As waveguide layers is smaller than that of In, (Ga, ;As
barriers, and the refraction index is larger in In, 4Ga, ,As waveguide. The excessive band filling
carrier overflow still exists and the lasing at 2.34 um is possibly due to the transition from the
waveguide layers. Generally, increasing the QW number is an effective approach to improve
the optical gain and confinement, but more QWs may introduce more strain in the QW region.
The growth process needs to be optimized and a tradeoff needs to be considered between the
material quality and the QW number.

6. Conclusion

In conclusion, we have demonstrated InP-based Sb-free QW lasers in 2-3 um wavelength band
by optimizing the structural design, GSMBE growth and device processing. To control the
strain in the pseudomorphic QW region, the QWs with triangular shape were grown by using
digital alloy technology. RT-CW lasers up to 2.43 um have been successfully achieved by this
approach and the performances are competitive to those well-developed GaSb-based QW
lasers. Metamorphic InAs QWs were grown on InP-based InjzAl ,As template to extend the
lasing wavelength even longer. The lasers with CW lasing up to 2.71 um have been demon-
strated by applying 15 nm thick InAs QWs, although they still can only work at a low tem-
perature of 110 K. Our efforts make clear that the extending of the lasing wavelength of InP-
based Sb-free QW lasers into 2-3 um band is not only attractive, but also practical. For CW
operation of the laser at RT, the lasing wavelength up to about 2.5 pm should be possible
through the fine design of the epitaxial structure, as well as optimization of the growth and
processing technologies, adopting pseudomorphic or metamorphic schemes. For longer
wavelengths, limited by the strain in pseudomorphic scheme or poor material quality and
confinements of both photons and carriers in metamorphic scheme, the reachable performan-
ces of the lasers are degraded remarkably.

Acknowledgements

This work is supported by the National Basic Research Program of China under grant No.
2012CB619200 and the National Natural Science Foundation of China under grant Nos.
61275113, 61204133 and 61405232.



InP-Based Antimony-Free MQW Lasers in 2-3 um Band
http://dx.doi.org/10.5772/60705

Author details

Yi Gu” and Yong-Gang Zhang

*Address all correspondence to: ygu@mail.sim.ac.cn

State Key Laboratory of Functional Materials for Informatics, Shanghai Institute of

Microsystem and Information Technology, Chinese Academy of Sciences, China

References

[1]

[10]

Lei W, Jagadish C. Lasers and photodetectors for mid-infrared 2-3 pm applications. J.
Appl. Phys. 2008; 104(9), 091101.

Tittel F K, Richter D, Fried A. Mid-infrared laser applications in spectroscopy. Topics
Appl. Phys. 2003; 89, 445-516.

Zhang Y G, Gu Y. Gas source MBE grown wavelength extending InGaAs photode-
tectors. In: Gian-Franco Dalla Betta (ed.) Advances in photodiodes. Rijeka: InTech;
2011. pp. 349-376.

Dhar N K, Dat R, Sood A K. Advances in infrared detector array technology. In:
Pyshkin S L, Ballato ] M (ed.) Optoelectronics — Advanced materials and devices. Ri-
jeka: InTech; 2013. pp. 149-190.

Bleuel T, Miiller M, Forchel A. 2-pym GalnSb-AlGaAsSb distributed-feedback lasers.
IEEE Photon. Technol. Letts. 2001; 13(6), 553.

Belenky G, Shterengas L, Kipshidze G, Hosoda T. Type-I diode lasers for spectral re-
gion above 3 um. IEEE ]. Select Top. Qutuantum Electron. 2011; 17, 1426.

Sanchez D, Cerutti L, Tournie E. Single-mode monolithic GaSb vertical-cavity sur-
face-emitting laser. Optics Express 2012; 20, 15540.

Vizbaras K, Amann M C. Room-temperature 3.73 um GaSb-based type-I quantum-
well lasers with quinternary barriers. Semicond. Sci. Technol. 2012; 27, 032001.

Zhang Y G, Li A Z, Zheng Y L, Lin C, Jian G Z. MBE grown 2.0 um InGaAsSb/
AlGaAsSb MQW ridge waveguide laser diodes. J. Cryst. Growth 2001; 227-228, 582-
585.

Zhang Y G, Zheng Y L, Lin C, Li A Z, Liu S. Continuous wave performance and tun-
ability of MBE grown 2.1 pm InGaAsSb/AlGaAsSb MQW lasers. Chin. Phys. Lett.
2006; 23(8), 2262.

103



104  Optoelectronics - Materials and Devices

[11]

[12]

[13]

[14]

[18]

[21]

[22]

[23]

[24]

Zhang Y G, Zhang X J, Zhu X R, Li A Z, Liu S. Tunable diode laser absorption spec-
troscopy detection of N,O at 2.1 um using antimonide laser and InGaAs photodiode.
Chin. Phys. Lett. 2007; 24(8), 230.

Zhang Y G, Gu Y, Zhang X ], Li A Z, Tian Z B. Gas sensor using a robust approach
under time multiplexing scheme with a twin laser chip for absorption and reference.
Chin. Phys. Lett. 2008; 25(9), 3246-3249.

Baranov A N, Cuminal Y, Boissier G, Alibert C, Joullié A. Low-threshold laser diodes
based on type-II GaInAsSb/GaSb quantum-wells operating at 2.36 um at room tem-
perature. Electron. Lett. 1996; 32, 2279.

Rossner K, Hummer M, Lehnhardt T, Muller M, Forchel A, Fischer M, Koeth J. Con-
tinuous-wave operation of GalnAsSb/GaSb type-II ridge waveguide lasers emitting
at 2.8 um. IEEE Photon. Technol. Lett. 2006; 18(13), 1424.

Yang R Q. Infrared laser based on intersubband transitions in quantum wells. Super-
lattices Microstruct. 1995; 17(1), 77.

Sprengel S, Andrejew A, Vizbaras K, Gruendl T, Geiger K, Boehm G, Grasse C,
Amann M C. Type-II InP-based lasers emitting at 2.55 um. Appl. Phys. Lett. 2012;
100(4), 041109.

Chang CH,LiZL, Pan CH, Lu HT, Lee C P, Lin S D. Room-temperature mid-infra-
red “M”-type GaAsSb/InGaAs quantum well lasers on InP substrate. J. Appl. Phys.
2014; 115(6), 063104.

Cornet C, Doré F, Ballestar A, Even ], Bertru N, Corre A, Loualiche S. InAsSb/InP
quantum dots for midwave infrared emitters: A theoretical study. J. Appl. Phys.
2005; 98, 126105.

Zhu C, Zhang Y G, Li A Z, Zheng Y L. Comparison of thermal characteristics of anti-
monide and phosphide MQW lasers. Semicond. Sci. Technol. 2005; 20, 563.

Zhu C, Zhang Y G, Li A Z, Zheng Y L, Tang T. Heat management of MBE-grown an-
timonide lasers. J. Cryst. Growth 2005; 278, 173.

Razeghi M, Bandyopadhyay N, Bai Y B, Lu Q Y, Slivken S. Recent advances in mid
infrared (3-5 um) quantum cascade lasers. Opt. Mater. Express 2013; 3(11), 1872.

Vurgaftman I, Meyer | R, Ram-Mohan L R. Band parameters for III-V compound
semiconductors and their alloys. J. Appl. Phys. 2001; 89, 5815.

Zhang Y G, Chen ] X, Chen Y Q, Qi M, Li A Z, Frojdh K, Stoltz B. Characteristics of
strain compensated 1.3 pm InAsP/InGaAsP ridge waveguide laser diodes grown by
gas source MBE. ]. Cryst. Growth 2001; 227-228, 329-333.

Forouhar S, Ksendzov A, Larsson A, Temkin H. InGaAs/InGaAsP/InP strained layer
quantum well lasers at ~2 pum. Electron. Lett. 1992; 28(15), 1431.



[25]

[26]

[27]

[31]

[32]

[37]

InP-Based Antimony-Free MQW Lasers in 2-3 um Band
http://dx.doi.org/10.5772/60705

Forouhar S, Keo S, Larsson A, Ksendzov A, Temkin H. Low threshold continuous
operation of InGaAs/InGaAsP quantum well lasers at ~2.0 um. Electron. Lett. 1993;
29(7), 574.

Major ] S, Nam D W, Osinski ] S, Welch D F. High-power 2.0 um InGaAsP laser di-
odes. IEEE Photon. Technol. Lett. 1993; 5(6), 594.

Martinelli R U, Menna R ], Triano A, Harvey M G, Olsen G H. Temperature depend-
ence of 2 um strained-quantum-well InGaAs/InGaAsP/InP diode lasers. Electron.
Lett. 1994; 30(4), 324.

Ochiai M, Temkin H, Forouhar S, Logan R A. InGaAs-InGaAsP buried heterostruc-
ture lasers operating at 2.0 pum. IEEE Photon. Technol. Lett. 1995; 7(8), 825.

Oishi M, Yamamoto M, Kasaya K. 2.0-um single-mode operation of InGaAs-InGaAsP
distributed-feedback buried-heterostructure quantum-well lasers. IEEE Photon.
Technol. Lett. 1997; 9(4), 431.

Mitsuhara M, Ogasawara M, Oishi M, Sugiura H. 2.05-uym wavelength InGaAs-In-
GaAs distributed-feedback multiquantum-well lasers with 10-mW output power.
IEEE Photon. Technol. Lett. 1999; 11(1), 33.

Mitsuhara M, Ogasawara M, Oishi M, Sugiura H. Metalorganic molecular-beam-epi-
taxy-grown In,;,Ga,;As/InGaAs multiple quantum well lasers emitting at 2.07 um
wavelength. Appl. Phys. Lett. 1998; 72(24), 3106.

Kuang G K, Bohm G, Grau M, Roésel G, Meyer R, Amann M C. 2.12 ym InGaAs-In-
GaAlAs-InP diode lasers grown in solid-source-molecular-beam epitaxy. Appl. Phys.
Lett. 2000; 77(8), 1091.

Ortsiefer M, Bohm G, Grau M, Windhorn K, Rénneberg E, Rosskopf ], Shau R, Dier
O, Amann M C. Electrically pumped room temperature CW VCSELs with 2.3 um
emission wavelength. Electron. Lett. 2006; 42(11), 640.

Boehm G, Grau M, Dier O, Windhorn K, Roenneberg E, Rosskopf ], Shau R, Meyer R,
Ortsiefer M, Amann M C, Growth of InAs-containing quantum wells for InP-based
VCSELs emitting at 2.3 um. J. Cryst. Growth. 2007; 301-302, 941-944.

Sato T, Mitsuhara M, Kondo Y. 2.33 um-wavelength InAs/InGaAs multiple-quan-
tum-well lasers grown by MOVPE. Electron. Lett. 2007; 43(21), 1143.

Sato T, Mitsuhara M, Nunoya N, Kasaya K, Kano F, Kondo Y. 2.33-um-wavelength
distributed feedback lasers with InAs-In,s;Ga,,,As multiple-quantum wells on InP
substrates. IEEE Photon. Technol. Lett. 2008; 20(12), 1045.

Sato T, Mitsuhara M, Kakitsuka T, Fujisawa T, Kondo Y. Metalorganic vapor phase
epitaxial growth of InAs/InGaAs multiple quantum well structures on InP substrates.
IEEE J. Sel. Topics Quan. Electron. 2008; 14(4), 992.

105



106  Optoelectronics - Materials and Devices

[38]

[41]

[42]

[43]

[44]

[45]

[47]

(48]

[49]

Gu Y, Zhang Y G, Cao Y Y, Zhou L, Chen X Y, Li Hsby, Xi S P. 2.4-um InP-based
antimony-free triangular quantum well lasers in continuous-wave operation above
room temperature. Appl. Phys. Express 2014; 7, 032701.

Krier A, Chubb D, Krier S E, Hopkinson M, Hill G. Light sources for wavelengths >2
pm grown by MBE on InP using a strain relaxed buffer. IEE Proc. 1998; 145(5), 292.

Kirch J, Garrod T, Kim S, Park ] H, Shin ] C, Mawst L ], Kuech T F, Song X, Babcock S
E, Vurgaftman I, Meyer J R, Kuan T S. InAsyP]_y metamorphic buffer layers on InP
substrates for mid-IR diode lasers. J. Cryst. Growth 2010; 312, 1165-1169.

Jung D, Song Y, Yu L, Wasserman D, Lee M L. 2.8 pm emission from type-I quantum
wells grown on InAsP/InP metamorphic graded buffer. Appl. Phys. Lett. 2012; 101,
251107.

Gu Y, Zhang Y G, Wang K, Fang X, Li C, Cao Y Y, Li A Z, Li Y Y. InP-based InAs/
InGaAs quantum wells with type-I emission beyond 3 um. Appl. Phys. Lett. 2011; 99,
081914.

Cao Y'Y, Zhang Y G, Gu Y, Chen X Y, Zhou L, Li Hsby. 2.7 um InAs quantum well
lasers on InP-based InAlAs metamorphic buffer layers. Appl. Phys. Lett. 2013; 102,
201111.

Gu Y, Zhang Y G, Chen XY, Cao Y Y, Fang X, Ding G Q, Zhou L. InAs/Ingg4Al,;,As
quantum wells on GaAs substrate with type-I emission at 2.9 um. Appl. Phys. Lett.
2013; 102, 121110.

Gu Y, Zhang Y G, Liu S. Strain compensated AllInGaAs/InGaAs/InAs triangular
quantum wells for lasing wavelength beyond 2 um. Chin. Phys. Lett. 2007; 24, 3237-
3240.

Gu Y, Zhang Y G. Properties of strain compensated symmetrical triangular quantum
wells composed of InGaAs/InAs chirped superlattice grown using gas source molec-
ular beam epitaxy. Chin. Phys. Lett. 2008; 25, 726-729.

Chen] X, LiAZ ChenY Q, GuoF M, Lin C, Zhang Y G, Qi M. Quasi RT-CW opera-
tion of InGaAs/InGaAsP strained quantum well lasers. J. Cryst. Growth 2001; 227-
228, 338-342.

GuY, Zhang Y G, Wang K, Li A Z, Li Y Y. Optimization of AllnGaAs/InGaAs/InAs
strain compensated triangular quantum wells grown by gas source molecular beam
epitaxy for laser applications in 2.1-2.4 um range. J. Cryst. Growth 2009; 311, 1935-
1938.

Giugni S, Tansley T L, Green F, Shwe C, Gal M. Optical transitions in symmetric,
compositionally graded triangular AlGaAs quantum wells grown by molecular beam
epitaxy. J. Appl. Phys. 1992; 71, 3486-3491.



[50]

[51]

[52]

[53]

[54]

InP-Based Antimony-Free MQW Lasers in 2-3 um Band
http://dx.doi.org/10.5772/60705

Lin DY, Lin F C, Huang Y S, Qiang H, Pollak Fred H, Mathine D L, Maracas G N.
Piezoreflectance and photoreflectance study of GaAs/AlGaAs digital alloy composi-
tional graded structures. J. Appl. Phys. 1996; 79, 460-466.

Jourba S, Gendry M, Marty O, Pitaval M, Hollinger G. High-quality highly strained
InGaAs quantum wells grown on InP using (InAs),(GaAs),,s fractional monolayer
superlattices. Appl. Phys. Lett. 1999; 75, 220.

Cao Y Y, Zhang Y G, Gu Y, Chen X Y, Zhou L, Li Hsby. Improved performance of 2.2
um InAs/InGaAs QW lasers on InP by using triangular wells. IEEE Photon. Technol.
Lett. 2014; 26(6), 571-574.

GuY, Wang K, Li Y Y, Li C, Zhang Y G. InP-based InGaAs/InAlGaAs digital alloy
quantum well laser structure at 2 um. Chin. Phys. B 2010; 19, 077304.

CaoYY, GuY, Zhang Y G, Li Y Y, Fang X, Li A Z, Zhou L, Li Hsby. InAs/InGaAs
digital alloy strain-compensated quantum well lasers. J. Infrared Millim. Waves 2014;
33(3), 213-217.

Gu Y, Chen XY, Zhang Y G, Cao Y Y, Fang X, Li Hsby. Type-I mid-infrared InAs/
InGaAs quantum well lasers on InP-based metamorphic InAlAs buffers. J. Phys. D:
Appl. Phys. 2013; 46, 505103.

107






Chapter 5

Dye-Sensitized Solar Cells with Graphene Electron
Extraction Layer

Lung-Chien Chen

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/60644

Abstract

This work aims to improve the conversion efficiency of dye-sensitized solar cells
(DSSCs) by introducing a new material, graphene, into the DSSC structure. Graphene
is a potential material for many applications due to their high electron mobility,
outstanding optical properties, and thermal, chemical, and mechanical stability.
Therefore, this study changes several parameters, structures, and methods to optimize
and compare with the traditional DSSCs. There are three major respects about with
or without graphene, the method of plating or sputtering, and the structure of
graphene/TiO, or TiO,/graphene/TiO, in DSSCs solar cells. Finally, this research
knows that the method of sputtering is much better than plating; the conversion
efficiency of solar energy with graphene/TiO, was increased from 1.45 % to 3.98 %,
and the conversion efficiency with TiO,/graphene/TiO, sandwich structure was
increased from 1.38 % to 3.93 %. It means that the new material, graphene, works in
enhancing the conversion efficiency of DSSCs.

Keywords: DSSCs, Solar cell, Graphene, Sandwich structure, TiO,

1. Introduction

This chapter aims to review the dye-sensitized solar cells (DSSCs) with graphene structure.
DSSCs have been under extensive research. Since the color of the device can be easily varied
by choosing different dyes and cells on flexible substrates have been already demonstrated,
DSSCs are especially attractive for building integrated photovoltaics. The cell concept can
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reduce the production costs and energy payback time significantly compared to standard
silicon cells or other thin film cells.

However, one of the major issues hindering the rapid commercialization of DSSCs is their
lower conversion efficiency compared to conventional p-n junction solar cells [1]. That may be
attributed to poor charge separation in DSSC structure. Therefore, charge transfer structure,
such as Au nanoparticles and quantum dots, has been employed in a DSSC to improve the
device performance through charge separation in the photoelectrodes [2-5].

Graphene is a potential material for many applications due to their high electron mobility,
outstanding optical properties, and thermal, chemical, and mechanical stability [6-10].
Therefore, the second section in this article illustrates the principle of electron extraction layer.
TiO, plays an important role on the electron-extraction layer. We will discuss the electron
transmission on dye-sensitized solar cells. The effect of the electron-transporting layer of the
solar cell is very important. Therefore, we show the I-V characteristics of the DSSCs. The cell
performance was measured, which had different electron-extraction layer structures.

The third section discusses the preparation method of the graphene. Graphene is a potential
material for many applications due to their high electron mobility, outstanding optical
properties, and thermal, chemical, and mechanical stability.

In the fourth section, the graphene was introduced into the DSSC structure to improve electron
conversion efficiency. This study investigates the effect on the graphene layer as electron
transport layer in the DSSC structure deposited by the magnetron sputtering method; in
particular, it examines the performance of the DSSCs with the graphene electron transport
layer.

The fifth section reveals a new DSSC structure. The structure has provided excellent perform-
ance and higher photoelectric conversion efficiency by DSSC with the TiO,/graphene/TiO,
sandwich structure. This section focuses on the improvement that is associated with the
increase in electron transport efficiency and the absorption of light in the visible range.

The concluding paragraphs will summarize some parameters of DSSC with or without a
graphene layer which was prepared by sputtering and then discuss the DSSC’s parameters
and reasons which have different preparation methods of graphene layer. Finally, there are
some concluding remarks.

2. Principle of electron transport layer

Figure 1 sketches the structure of the basic DSSC which can be divided into several parts. They
have a basic structure that comprises two conductive substrates (one is photoelectrode and the
other is counter electrode), an absorbing layer of semiconductor materials, dye molecules, and
a redox electrolyte. The basic principle of operation of DSSCs includes the following: (1) the
light irradiates on the DSSC and the photons will pass through the photoelectrode to the dye
layer which is absorbed by the photosensitizer dye molecule. (2) The photosensitizers are
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excited from the ground state (S) to the excited state (5*). The excited electrons are injected
into the conduction band of the TiO, electrode. This results in the oxidation of the photosen-
sitizer (S%). (3) Electrons are injected from the photoexcited dye into the conductive band of the
semiconductor. The electrons will pass from the electric transport layer to the external circuit.
(4) The oxidized photosensitizer (5) accepts electrons from the I" ion redox mediator, leading
to regeneration of the ground state (S), and the I" is oxidized to the oxidized state, 157, and
transports the positive charges to the counter electrode. (5) The oxidized redox mediator, I,
diffuses toward the counter electrode and then it is reduced to I" ions.
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Figure 1. Schematic cross section of the completed structure

The principle of electron transport (or extraction) layer inserted in the traditional DSSC
structure had been reported [11-17]. Figure 2 shows the energy level diagram and mechanism
of photocurrent generation in TiO, DSSCs with the graphene layer. The work function of the
graphene layer is around 4.5 eV [18,19]. Graphene has a work function similar to that of the
indium tin oxide (ITO) (4.8 eV) electrode. The graphene layer does not prevent the flow of
injected electrons down to the ITO electrode because its work function exceeds that of the ITO
electrode [20-22]. Therefore, the brief operating process is as follows. Dye N719 was excited
by incident light, and electrons transit from HOMO to LUMO. The LUMO and HOMO are the
lowest unoccupied molecular orbit and highest occupied molecular orbit, respectively.
Electrons are injected into the graphene electron transport layer via the TiO, photoelectrode.
The electrons transferred to the graphene electron transport layer were collected at the back
contact to generate a photocurrent. Therefore, the inserted graphene layer collects electrons
and acts as a transporter in the effective separation of charge and rapid transport of the
photogenerated electrons.
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Figure 2. Energy level diagram and mechanism of photocurrent generation in the DSSCs with the graphene electron
transfer layer

3. Preparation and characteristics of graphene

Graphene is a potential material for many applications such as extensively utilized in organic
photovoltaic (PV) cells. It has excellent optical and electrical characteristics which are exploited
in transparent conductive films or electrodes by their high electron mobility [6-8,10,17],
outstanding optical properties, and thermal, chemical, and mechanical stability [6-10,12].
However, it is hard to produce high-quality graphene to use in the sputter deposition method.
Therefore, this study uses plating method to plate graphene and compare with the traditional
method.

First, acetylacetone and Triton X-100 were added into 10 ml water by using syringe. The
TiO, compound solution was stirred for 24 h using a magnetic stirrer. After mixing the TiO,
compound solution, the TiO, colloid is obtained. The graphene was stacked on the ITO
substrate by electroplating process. The plating solution is graphene dispersion. The plating
solution was injected into the beaker and stirred with an air pump. Figure 3 shows the
electroplating process. The anode connected to the graphite, and the cathode connected to the
ITO substrate. The speeds of the coating process were 500 rpm for 20 s and 2,000 rpm for 60 s.
The thickness of TiO, is about 13 um. After the annealing process by using RTA (rapid thermal
annealing) at 450 °C for 30 min, the strength of the anatase structure would be enhanced. When
the samples cool down to room temperature, they were soaked into the N719 solution; the
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N719 solution is mixed ethanol and N719 powder. The samples will produce electrons when
they are illuminated with light after they are soaked into the N719 solution.

Power supply
ON
® l @
OFF

Graphite Object
{Anode) (Cathode)
Air stone

Electrolyte

Figure 3. The graphene electroplating methods

A graphene layer was sputtered on indium tin oxide (ITO) conductive glass substrate by radio-
frequency magnetron sputtering with a graphite target. It is the electron transport layer that
improves the electron transfer in the DSSC structure.

First, the solution consisting of TiO, nanocrystalline powder, Triton X-100, acetic acid, and
deionized water was mixed as a colloidal solution, and the colloidal solutions were daubed
uniformly onto the graphene electron transfer layer to form a thick film. After annealing, the
photoelectrode with the graphene layer was immersed in N719 dye absorption ((Bu4N),-
[Ru(dcbpyH)2(NCS),] complex) in ethanol for 24 h. To increase its anatase content, the samples
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were sintered at 450 for 30 min. The electrolyte was composed of iodide and lithium iodide
with and without 4-tertbutylpyridine (TBP) in propylene carbonate. Then a thick layer of
platinum was sputtered onto ITO substrate as a counter electrode. Cells were fabricated by
placing sealing films (SX1170-60, Solaronix) between the two electrodes and leaving just two
via-holes for injection of electrolyte. The sealing process was carried out on a hot plate. Then
the electrolyte was injected into the space between the two electrodes through the via-holes.
Finally, the via-holes were sealed using epoxy with low vapor transmission rate.

This study fabricated three different samples: samples A and B are plated with graphene for
20 min and 30 min, respectively, and sample C is a normal DSSC. Figure 4 and Table 1 show
the I-V curves and the measurement values. The cell is measured under AM 1.5 illumination
at 25 °C. The active area is 0.3x0.3 cm?. The short-circuit current densities of the samples are
4.97 mA/cm? (electroplated with graphene for 20 min), 5.42 mA/cm? (electroplated with
graphene for 30 min), and 11.2 mA/cm? (normal DSSC), respectively. The value of open-circuit
voltage between the samples only has a slight difference. The efficiency of the samples are
0.796 % (electroplated with graphene for 20 min), 0.844 % (electroplated with graphene for 30
min) and 3.93 % (normal DSSC), respectively.
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Figure 4. I-V curves of three samples
Sample Jsc (mA/cm?) Voc (mV) FF% Efficiency (%)
A(20 min) 497 0.4 0.401 % 0.796 %
B(30 min) 5.42 0.4 0.389 % 0.844 %
C (normal DSSC) 11.2 0.6 0.585 % 3.93 %

Table 1. The measurement values of this study
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Figure 5. The Raman spectra of plated graphene and sputtered graphene in G-band and D-band
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Figure 6. The Raman spectra of plated graphene and sputtered graphene in 2D-band

Figures 5 and 6 show the Raman spectra of electroplated graphene and sputtered graphene
(normal DSSC). As shown in Figure 5, electroplated graphene and sputtered graphene have
Raman peaks at 1,350 cm™ and 1,580 cm™ [23-25]. The ID/IG of plating graphene is 0.52, and
the sputtered graphene is 0.96. The higher value of ID/IG shows good preservation of the
highly crystalline structure of graphene. Figure 5 compares the D-band of two different
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procedures [26]; it shows that using the plating process is much better than using the sputtering
process. The G-band is a doubly degenerate phonon mode at the Brillouin zone center; the D-
band is a defect and the phonon branches around K point [27]. As shown in Figure 6, the 2D-
band is a two-phonon double-resonance process [28] and is similar to the G-band but has a
more complicated peak structure [29-31]. It depends on the photon energy and polarization.

Figure 7 shows the top-view SEM image of electroplating graphene on ITO glass. As shown
in Figure 7, the graphene flakes with 10 um width were stacked on the ITO glasses. Figure 8
shows the cross-sectional SEM image of plating graphene on the ITO glass. The graphene is
successfully plated on the ITO glasses, and the thickness is around 8 pm.

Figure 7. Top view of electroplating graphene on ITO glass surface

4. DSSCs with graphene/TiO2 active layer

Because graphene has high electron mobility, we use graphene as an electron transport layer
to improve the electron transfer in the DSSC. That is DSSCs with graphene/TiO, active layer.
The graphene flakes prepared by using the electroplating method have demonstrated a
superior graphene property by Raman scattering. However, the DSSCs with graphene flakes
exhibited poor power conversion efficiency, owing to the high series resistance caused by the
discontinue graphene flakes. Therefore, sputtered graphene was employed to replace the
graphene flakes prepared by electroplating to improve the electrical properties of the DSSCs
even the sputtered graphene including graphene oxide.
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Figure 8. Cross-section SEM image of the plated graphene

First of all, a 60-nm-thick graphene layer was sputtered on indium tin oxide (ITO) conductive
glass substrate by radio-frequency magnetron sputtering as an electron transport layer. Next,
the solution consisting of TiO, was mixed as a colloidal solution which was daubed uniformly
onto the graphene electron transfer layer to form a thick film. Then a 100-nm-thick layer of
platinum was sputtered onto ITO substrate as a counter electrode. Cells were fabricated by
placing sealing films between the two electrodes and leaving just two via-holes for injection
of electrolyte. Then, the electrolyte was injected into the space between the two electrodes
through the via-holes. Finally, the via-holes were sealed using epoxy with low vapor trans-
mission rate. Figure 9 shows the cross section of the completed structure.

Afterward, we began examining its results by comparing the 60-nm-thick graphene electron
transport layer with the 100-nm-thick graphene layer. Figure 10 shows the absorption of
TiO, DSSCs with and without the graphene electron transfer layer in visible range. As shown
in Figure 10, the graphene electron transport layer has an increased absorption coefficient in
the range of 310-400 nm. Therefore, the graphene electron transport layer is also an absorption
layer to improve the absorption of the solar cells.

Figure 11 shows the [-V characteristics of the DSSCs. This figure shows cell performance
between TiO, DSSCs and TiO,/graphene under AM 1.5 illumination with a solar intensity of
100 mW/cm? at 25°C. The cell has an active area of 3x3 mm? and no antireflective coating.

Finally, we examine its result by measuring the cell parameters, open-circuit voltage (V,.),
short-circuit current (J.), fill factor (FF), and energy conversion efficiency (Ey;) which are
summarized in Table 2 [12].
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Figure 10. Absorption spectra of the DSSCs with and without the graphene electron transfer layer [12]

Jsc (mA/cm?) 6.9 17.5
Vo (V) 0.5 0.5

FF 0.419 0.456
1 (%) 145 3.98

Table 2. The parameters of TiO2 DSSCs with and without graphene electron transport layer [12]
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Figure 11. I-V curves of the DSSCs with and without the graphene electron transfer layer under illumination [12]

According to Figures 10 and 11 and Table 2, the short-circuit current rises up to 17.5, fill factor
to 0.456, and energy conversion efficiency to 3.98 %. The enhanced performance of DSSCs with
a graphene was attributed to the increase in electron transport efficiency and light absorption
in visible range.

5. DSSCs with TiO,/Graphene/TiO, sandwich structure

Because of the TiO,/graphene sandwich structure, the efficiency on traditional DSSCs im-
proved. As a result, we use three sandwich structures to achieve the desired outcomes of the
following experiment. The enhanced performance of DSSCs with the sandwich structure can
be attributed to an increase in electron transport efficiency and in the absorption of light in the
visible range. The preparation of TiO, photoelectrodes is done by the following: the TiO, slurry
was prepared by mixing 6 g of nanocrystalline powder, 0.1 mL Triton X-100, and 0.2 mL
acetylacetone. The graphene film is deposited on the surface of the first photoelectrode layer,
a single TiO, photoelectrode layer. This is spin-coated with the rate of rotation of 2,000 rpm, a
sandwich structure with three rotational speed to 4,000 rpm, in the present experiment for
comparison.

In summary, the DSSC with the sandwich structure in this study exhibited a Voc of 0.6 V, a
high Jsc of 11.22 mA cm™, a fill factor (FF) of 0.58, and a calculated 1 of 3.93 %, which is 60 %
higher than that of a DSSC with the traditional structure.
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Figure 12(a) shows the top-view SEM image of the TiO, nanoparticles with mean diameter of
50 nm. Figure 12(b) shows the cross-sectional SEM image of a TiO,/graphene/TiO, sandwich
structure. The thickness of the graphene electron extraction layer is around 60 nm.
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————.Graphene layer,
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ITO Glass
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Figure 12. SEM images of (a) TiO2 nanoparticles and (b) TiO,/graphene/TiO, sandwich structure [17]

Figures 13(a) and 13(b) present the Raman scattering spectra of the graphene film that was
deposited on the glass substrate using the process that was described in the section on the
preparation of graphene. The spectra include important peaks that correspond to the D-band
(approximately 1,350 cm™), the G-band (approximately 1,580 cm™), and the 2D-band (approx-
imately 2,700 cm™).

Figure 14 displays the UV-vis spectra of photoelectrodes with different structures before and
after they were loaded with dye. Clearly, the photoelectrode with the TiO,/graphene/TiO,
sandwich structure has a higher absorption than those with the traditional structure both
before and after loading with dye.

Figure 15 presents the energy level diagram of the DSSC with the TiO,/graphene/TiO,
sandwich structure. Under illumination, electrons from the photoexcited dye are transported
to the conduction band (CB) of TiO, via the CB of the graphene and TiO,. The transportation
path via the CB of graphene is in addition to the traditional path. Owing to the excellent
electrical conduction of the graphene, the graphene layer bridges behave as a channel for
transferring electrons and rapidly transport the photoexcited electrons. The graphene is
homogeneous throughout the system, and the excited electrons are captured by the graphene
without any obstruction. The collected electrons can be rapidly and effectively transported to
the CB of TiO, through graphene bridges. In the interface of graphene and TiO,, the resistance
through which charges are transported is reduced relative to the DSSC without graphene
electron transport layer, and the recombination and back-reaction processes are suppressed.
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Figure 13. Raman scattering spectra of graphene film deposited on glass substrate. The spectra include important
peaks that correspond to the D-band (1,350 cm™), the G-band (1,580 cm™), and the 2D-band (2,700 cm™) [17]
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Figure 14. UV-vis absorption spectra of DSSCs with different structures (a) before and (b) after dye loading [17]
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Figure 15. Energy level diagram and mechanism of photocurrent generation in DSSCs with TiO, /graphene/TiO, sand-
wich structure [17]

6. Conclusion

To enhance the performance of DSSCs, this work used nanostructure graphene electron
transfer layer by plating or sputtering and compared the difference between the DSSC
structure with graphene/TiO, and with TiO,/graphene/TiO,. From the I-V curves, sputtered
graphene is much better than plated graphene because the plated graphene has a scattered
distribution of ITO. The enhanced performance of DSSCs with a graphene may be attributed
to the increase in electron transport efficiency and light absorption in visible range, especially
in the range of 310-400 nm. Therefore, the efficiency of conversion of solar energy with
graphene+TiO, to electricity were increased from 1.45 % to 3.98 %, and the efficiency of
conversion of solar energy with TiO,/graphene/TiO, sandwich structure to electricity was
increased from 1.38 % to 3.93 %, respectively, under simulated full-sun illumination. This
improvement in performance is associated with an increase in the absorption of light, a wide
range of absorption wavelengths, shorter charge transportation distances, and the suppression
of charge recombination when the graphene is applied.
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Abstract

We address the challenge of decreasing the size, cost and power consumption for
practical applications of next generation microwave photonics systems by using long-
wavelength vertical cavity surface emitting lasers. Several demonstrations of new

concepts of microwave photonics devices are presented and discussed.

Keywords: Vertical cavity surface emitting laser, microwave photonics, optoelec-

tronic processing

1. Introduction

Microwave photonics (MWP) is a relatively new branch of science and technology gradually
penetrating into telecom (ultra-high-speed optical fiber systems, fiber-to-wireless (FiWi) access
networks) and defense (phased-array antenna radars, electronic warfare (EW) systems)
industries. Progress in developing MWP solutions is mainly following the progress in low cost
and high power, efficient optical sources [1]. Among other semiconductor laser technologies,
long-wavelength vertical cavity surface emitting lasers (LW-VCSELs) are regarded as an
enabler for superior features in high-performance photonic circuits [2], and have the potential
to do so for MWP as well [3]. In fact, the application of LW-VCSELSs emitting in the telecom
wavelength range is expected to benefit from the availability of low cost components already
developed in the framework of information and communication technology (ICT) [2]. How-
ever, as compared with other applications of VCSELs (datacom, sensing, etc.), their use in

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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MWP requires paying further attention to their spectral purity, noise, single-mode operation,
and linearity features [4]. Specifically, the possibility of wavelength division multiplexing
(WDM) and the low sensitivity to electromagnetic perturbations of optical fiber-based
transmission allow the introduction of novel concepts into on-board or ground-based modules
for antenna’s remote control, signal distribution and processing of broad-bandwidth analogue
signals. For example, the development of electrical-to-optical converters is in fact a continuous
challenge for lower noise and higher linearity, which would be fully compatible with the
required dynamics in phased-array antennas. Therefore, for the next generations of telecom
and radar microwave-to-fiber systems, it is imperative to find solutions for increasing the
spurious-free dynamic range (SFDR) of photonic devices and links. In addition, the penetration
of optoelectronic technologies into modern radar systems has also been realized through the
optical implementation of a large number of vital functions like optical beam-forming,
adaptive filtering or microwave signal analog-to-digital conversion [5, 6].

In view of these trends, the engineering and cost benefits of VCSELs make them increasingly
attractive for optical fiber-based applications [7] in general and for microwave photonics in
particular. That is why there is an increasing interest to evaluate the potential of LW-VCSELs
for microwave photonics application areas [4].

Starting from 1990s, the development of LW-VCSEL technology was benefitting from what is
known today as the 'telecom bubble’, with the main motivation coming from high-bandwidth
(mainly metropolitan) optical networks.

It was expected that LW-VCSEL technology will follow the success story of short-wavelength
spectral range (A ~ 800-1000 nm) VCSEL technology. It turns out that the main difficulty of
LW-VCSELSs technology is the need of having in a monolithic semiconductor device the active
materials providing high optical gain and mirrors with high-reflectivity, low optical absorp-
tion and high thermal conductivity. The best semiconductor materials for these tasks are, from
one side, InP/InAlGaAs quantum wells (InP based) and, from another side, GaAs/AlGaAs
DBRs (GaAs based). Unfortunately, these semiconductor structures are mutually incompatible
from the epitaxial growth point of view, even virtually impossible to grow such VCSELs
structure in all-epitaxial growth fabrication approach. This difficulty has triggered many
attempts to develop LW-VCSELs to overcome this materials problem without yielding the
expected results. As a result, the progress in development of long-wavelength VCSEL
technology was much slower than initially expected.

As of today, we see progress in LW-VCSELs development and industrialization towards
meeting the requirements of previously identified applications as well as toward the new
emerging application areas [8]. This progress is supported only by a few technologies, which
have proven to yield LW-VCSEL with acceptable performance [2]. It turns out, that so called
wafer-fused LW-VCSEL technology, that is employing strained InP/InAlGaAs quantum well
active regions, tunnel junction and GaAs/AlGaAs distributed Bragg reflectors for generation
of photons, carrier and optical confinement and for optical feedback respectively is the only
technology that have reached the industrial production stage and proven reliability [2, 8]. A
particular advantage of these industrially fabricated LW-VCSELs is in covering the full ITU-T
spectral range from O-band to U-band. Concerning MWP, an important feature of LW-
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VCSELs is their adaptability with future silicon-based photonic integrated circuits, which
should provide many advantages when implementing microwave photonic devices and
techniques. Investigations of VCSEL-based MWP devices enabled to find and exploit unique
features of LW-VCSELSs, for example, excellent compatibility with optical injection locking
techniques to enhance key dynamic features (modulation bandwidth, extinction ratio, SFDR)
[9]. A specific benefit of LW-VCSELSs is the suitability for silicon large-scale integrated technol-
ogy where it could effectively be used as source and modulator for optical interconnects [10].

In this chapter we will describe benefits of long wavelength wafer-fused VCSEL compared
with other types of optical sources, double fused LW-VCSEL design and fabrication, procedure
and results of Telcordia-grade reliability testing, metrology and characteristics of the devices,
VCSEL-based devices processing of microwave signals and future trends in long wavelength
VCSEL photonics.

2. Benefits of Long Wavelength Wafer-Fused VCSEL

The ongoing success of VCSELs is particularly due to the intrinsic advantages of this laser type
as compared to the edge-emitting laser diodes. The most important features of VCSELs are
their low beam divergence leading to relaxed fiber alignment tolerances, the small threshold
currents and high slope efficiencies leading to low electrical power consumption, and their
potential for integration to 1D and 2D laser arrays. Additionally, VCSELs are usually longi-
tudinal single-mode [11].

All the short wavelength VCSEL features hold for the VCSELs operating at long wavelength
range beyond 1.3 pm. In addition, for geometrical reasons, the longer wavelengths make the
transverse mode and polarization control easier so that true single-mode devices with a stable
polarization may be achieved even for rather large current aperture diameters of around 5-7
um [12, 13]. Accordingly, long-wavelength VCSELs have a tremendous meaning for a wide
variety of applications, ranging from short to long range optical communications, parallel data
transmission as well as optical measurement and gas sensing. In many of these applications,
therefore, long-wavelength VCSELs turn out to be cost-effective and superior performance
substitutes for conventional Fabry-Perot or distributed feedback (DFB) lasers [2, 10]. As
compared with edge emitting technology, the main advantage is the fact that devices can be
fully tested on wafer, without the need to form laser resonator by cleaving. In fact VCSEL
technology is similar to LED technology that is yielding light emitting devices with the quality
of beam much superior as compared with the beam of edge emitting laser.

For ICT, for example, in [14] it was demonstrated an order of magnitude better efficiency for
a VCSEL in comparison to that for a DFB laser for radio frequency (RF) to optical power
conversion. The performance of optical link comprising wired and wireless circuits with direct
modulation have confirmed the viability of VCSELs as power-efficient optical sources.
According to the results of detailed investigation of VCSEL-based optoelectronic frequency
converter and novel sub-harmonic frequency multiplicator for the circuitry of RoF’s systems
[15], the potential of long wavelength VCSEL based MWP devices for the application in future
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equipment for ultra-wide band telecom and radar systems and in measurement techniques is
demonstrated.

3. Design and fabrication.

As stated above, the development of LW-VCSELs has converged to only a few technology
solutions for fabrication of devices with performances matching and even surpassing state of
the art short-wavelength VCSEL. Three main common elements of these few technology
solutions should be outlined. First, the strained InP/InAlGaAs quantum wells for high optical
gain at high temperatures. Second, GaAs/AlGaAs or dielectric distributed Bragg reflectors
(DBR) for high mirror reflectivity. Third, the tunnel junctions for intra-cavity contacting to
reduce mirror opticalloss. In Table 1[2] itis presented a summary of the three main approaches
that are currently being used in LW-VCSEL design, as well as the resulting device performance.

Aperture type  Mirror design SMP,,, 20°C SMP,,, 80°C

Undercut QWs Top and bottom as-grown DBRs: InAlGaAs/InAlAs, or 1.6 mW 0.5mW @70
AlGaAsSb

Buried TJ One as-grown InAlGaAs /InAlAs DBR; one dielectric DBR 4.3 mW 1.4 mW

Regrown TJ Both wafer-fused AlGaAs/GaAs DBRs 6 mW 25 mW

SMP,... 20 (80 )°C, single-mode maximum power output at 20 °C (80 °C); TJ- tunnel junction; QW-quantum well

Table 1. Performances of LW-VCSELs fabricated by three main approaches.

In the approach based on undercut quantum wells (QW) all laser cavity parts (DBRs and
QWs) are fabricated epitaxially in InAlGaAs/InAlAs(InP) material system, and are grown
in a single epitaxial run. In this material system it is possible to define device aperture by
undercut selective chemical etching of a part of the QWs. The best devices fabricated
following this approach have demonstrated quite low single-mode output of 0.5 mW at
70°C, that is rather low, mainly because of too poor thermal dissipation from the active
region both in the lateral direction (through air gap) and in the vertical direction (through
quaternary layers of DBR), as thermal conductivity of the InAlGaAs layers is much lower
as compared with AlGaAs layers in GaAs based DBRs, normally used in the well-establish-
ed short-wavelength VCSEL technology.

Further progress was made possible by introducing buried tunnel junction (T]) for current and
optical localization and a dielectric DBR. Even though the thermal dissipation is still inefficient
in the vertical direction, it is considerably improved in the lateral direction because of the
relatively good heat transfer through the regrown InP. This improvement enables the device
to reach a single-mode output power of about 1.4 mW at 80 °C.

It turns out that the above mentioned two approaches do not show good performance devices
in O-band (1300 nm wavelength range), especially at the shorter wavelengths of 1270 and 1290
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nm, as compared with the performances in C-band (1550 nm waveband). On top of poor
thermal characteristics, the optical properties of InP based DBRs for this wavelength suffer
from the low refractive index-contrast of the 1310-nm wavelength DBR that needs to be set
lower to exclude the edge-band absorption in InAlGaAs quarter-wavelength layers.

The best performances of long-wavelength VCSELs (single-mode output powers as high as 6
mW at room temperature and 2.5 mW at 80°C) are demonstrated with devices that have a
regrown T] aperture on the InAlGaAs/InP active cavity and AlGaAs/GaAs DBRs attached to
this cavity using wafer fusion (Figure 1a). The results comes with enhanced thermal dissipation
from the active region in both lateral (through InP spacers) and vertical directions (through
GaAs based DBRs) as well as with high reflectivity and thermal conductivity of the AlGaAs/
GaAs DBRs. With such performances VCSELs may be used in both single- and multi-channel
applications. Wafer fusion for LW-VCSEL fabrication was pioneered by the group at the
University of California in Santa Barbara in 1995, but without regrown tunnel junction (current
localization were performed by introducing an oxide aperture in the same way as for 850-nm
wavelength VCSELSs).

top DBR 4 =
;:-cnntaﬁt __________:]_,: &
nq:nrlt.nﬂ\! o i
n ,L E:
hoftom DER T
GaAs substrate d; Ry
R [pm)
(a) (b)

Figure 1. (a) Schematic sectional presentation of the wafer-fused VCSEL; (b) Radial gain and optical field distributions
of a device with 3um TJ mesa radius (R;)

VCSEL'’s wafer fabrication is schematically depicted in Figure 2. Below is the description of
the details of double fused LW-VCSEL design and fabrication process as described in [8]. The
VCSEL has an InP-based 5/2A-active cavity. Un-doped AlGaAs/GaAs DBRs are wafer fused
on both side of this cavity, as schematically depicted in Figure 1a.

Four to six compressively strained quantum wells are inserted in this InAlGaAs/InP active
region, as well as a p++/n++ InAlGaAs tunnel junction. All epitaxial material for the double
fused wafers is grown by low pressure metal-organic vapor phase deposition (MOVPE) on 2-
inch (100) wafers. The mesa-structures of 3-3.5 um radius is formed in the tunnel junction layer
after first growth run, and then is re-grown with n-type InP layer. This regrown structure
serves for carrier and photon confinement. The top and bottom intra-cavity n-InP layers are
used for electrical contacting that allows using un-doped top and bottom DBR mirrors. It is
important to note the possibility to introduce InGaAsP cavity adjustment layers in the InP
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based epi structure. Such layers on both sides of the active cavity help for precise adjustment
of the emission wavelength. Numerical simulations of such a structure [16] indicates (Figure
1b), that in normal operation conditions in the device, operating predominately in the
fundamental mode, the gain and mode profiles spread outside the active region defined by
the tunnel junction mesa by about 1-1.5 um.

GaAs-based DBR mirrors InP-based active Mirrors

GaAs based

1%t fusion Substrate removal 2% fusion

Subsirate removal Active
l InP based

Figure 2. Fabrication of wafer-fused VCSEL

The details of fabrication process are presented in Figure 3, starting from mesas etched in the
tunnel junction (a), then after re-growth (b). One can see that before first fusion step (c), and
after the first fusion step (d) the surface is not flat. After re-growth the mesas have elliptical
shape and a size that exceeds 2-2.5 times the initially round shaped mesas. This slight
elongation of the mesas and planarization is occurring during re-growth by MOVPE. The
elliptical shape of the re-grown mesa is a strong factor for discrimination of polarization modes.

The oblique line in Figure 3c depicts the border between two regions on the wafer with different
cavity lengths. In wafer fusion process it is possible to have different cavity lengths on the
same wafer. For this purpose, before the first fusion process, the InGaAsP cavity adjustment
layer is selectively etched.

For bonding, the 2-inch wafers of InP-based active region and GaAs-based DBR are brought
into contact. The parameters of the process are: vacuum better than 10° mBars, 600°C and a
force of 7000 N for 30 min. The process is performed in an industrial custom-built wafer-
bonding machine. At these process conditions, both wafers undergo a slight plastic deforma-
tion and a uniform contact on a nanometer scale is achieved and the strong covalent bonds are
formed between atoms at interface of fused wafers. During cooling to room temperature, the
wafer is bowed with a radius of curvature of about Im due to thermal expansion coefficients
mismatch between GaAs (lattice parameter of 0.5653 nm, thermal expansion coefficient
5.8x10% K™) and InP (lattice parameter of 0.5868 nm and thermal expansion coefficient
4.8x107¢ K™M).

The selective etching the InP substrate is the releasing the strain that was bowing the fused
stack, the remaining GaAs substrate with thin InP based layered active region re-gains its
planarity. The second DBR is then bonded to the InP-based active cavity in the second fusion
process under the same conditions as during the first fusion. After the second fusion the fused
stack is no longer bowed. SEM and TEM micrographs of the double-fused VCSEL hetero-
structure are depicted in Figure 4. High resolution SEM and TEM images indicate that the
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Figure 5. a) Map of a wafer. Cavity adjustment was performed on half of the wafer; b) Histograms of the cavity wave-
length across the wafer shown in Figure 2. a)

misfit dislocations resulting from the lattice mismatch of GaAs and InP are well confined only
at the fused interface and do not propagate inside the VCSEL structure. As presented in [17],
the high quality of bonding process was attested by reliability tests of fabricated devices. Figure
5, a, depicts the cavity length distribution obtained from photoluminescence emission spectra
mapping on the double-fused wafer under optical pumping with a 980-nm laser pump spot
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of 5 um diameter with 0.1 mm step. One can observe two regions with different emission
wavelengths resulting from the cavity engineering performed before the first fusion, as
described above. In this way one can perform wavelength control in fabrication of wafer fused
VCSELs by applying a nanometer precision cavity adjustment. In more details the procedure
and results of cavity length adjustment is presented in [18] and is described shortly below.

The strategy for increasing the yield of wavelength setting in wafer-fused VCSELSs consists in
working with batches of identical wafers (at least 3 batches, see Figure 2) of InP-based active
cavity material and DBR. After fabricating the first double-fused VCSEL wafer and measuring
the emission wavelength distribution, it is possible to introduce corrective actions when
fabricating the next wafers for improving the emission wavelength setting yield. For the
situations when the emission wavelength distribution is shifted to longer wavelengths relative
to the requested wavelength slot, a nanometer precision cavity trimming technique [18] was
developed. According to this technique, several oxidation-desoxidation calibrated steps (that
removes one nanometer at one step) were performed in order to decrease the effective cavity
length. Figure 5a depicts the cavity mode wavelength mapping of a VCSEL wafer on which
half wafer has undergone 4 of such cavity etching steps before fusing to the bottom DBR. As
one can see from Figure 5b, the distribution peak of cavity wavelength on the adjusted part of
the wafer is shifted by 4 nm relative to the cavity distribution on the non-etched part.

Figure 6. a) Microscope picture of the VCSEL wafer under test, b) VCSEL chip with electroplated contact pads, c)
250x350um VCSEL chip mounted on header.

The processing of the double-fused VCSEL wafer includes (i) reactive ion etching of the top
DBR, (ii) selective chemical etching steps in the InAlGaAs/InP active cavity region, (iii)
dielectric deposition, (iv) dry etching steps and (v) e-beam deposition of metals for contacts.
The processed VCSEL wafer (Figure 6) offers on-wafer testing possibility that decrease
manufacturing cost as compared to edge emitting lasers. Full wafer electroplating for bond
pads allows depositing thick metal that is a benefit for wire bonding.

The industrialization of above presented VCSEL technology was started for wavelength
division multiplied (WDM) optical fiber communication applications. In ref. [19], it was
demonstrated that devices with single-mode emission power in excess of 1.2mW in the
temperature range of 20-80°C at operating voltage below 2.5 V, single-mode emission with 40-
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dB side mode suppression ratio are in compliance with the requirements of the 10 GBASE-LX4
IEEE.802.3ae standards. The progress in 1300 nm wavelength wafer-fused VCSELs was backed
by the progress in 1500 nm wafer-fused VCSELSs [20]. The recent status of wafer-fusion VCSEL
technology [21], as compared with its status presented earlier [2], is a result of the dramatic
improvement of the quality of the final double fused-wafer as well as of the processing steps
that allows a successful demonstration of their reliability.

In Figure 7 [22] are presented examples of the VCSEL chip SEM cross section overview (a) and
high resolution SEM of TJ region.

Top DBR
T) mesa

Top fused interface

Bottom fused int

Botom DBR

Figure 7. SEM of VCSEL chip cross section overview (a) and high resolution SEM of T] region (b)

4. Telcordia-grade reliability testing

For the reliability tests, VCSELs were assembled onto hermetically sealed standard headers.
A burn-in (BI) procedure has been designed and applied in order to exclude any early period
failure. Reliability tests were performed according to the GR-468-CORE Telcordia Generic
Reliability Assurance Requirements for Optoelectronic Devices [23]. Overall, the tests have
demonstrated that wafer-fused VCSELs behave like any other all-grown laser devices. The
emission power in time of a qualification lot of 11 devices at 10 mA and ambient temperature
of 90°C that correspond to a junction temperature close to 120°C and to a current density
through the tunnel junction of 26 kA/cm? is depicted in Figure 8. One cannot see any visible
degradation at these operating conditions during 5000 hours of operation. Four more groups
of devices from the same VCSEL wafer were tested for accelerated wear-out at higher values
of junction temperature and current densities, as shown in Figure 8. The performance of
devices was periodically tested at room temperature. Figure 9 depicts evolution in time of
emission power at 9 mA (left graph) and threshold current (right graph) of a group of 8 devices
under aging test at 10 mA and temperature 150°C. Under these test conditions one can observe
devices with small changes (for example, devices 32, 35, 37) in output power and threshold
current and devices that show more pronounced gradual degradation, like devices 30, 31, 33
and 36. Based on the statistical distributions of the totality of accelerated lifetime test (ALT)
data, VCSEL aging parameters were calculated: activation energy value of E,=0.67 eV and
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current exponent factor N=3.93. The value of activation energy of 0.67 eV is close to 0.79 eV -
the activation energy of 1550 nm VCSELs with active region in the same (InAlGaAs/InP)
material system grown by MOVPE [24], even though devices with undercut apertures
investigated in [24] do not exhibit gradual wear-out in time during ALT tests. Predicted
operation lifetimes are calculated based on the accelerated life-time data and applying the
acceleration factors and the pass-fail condition of 2-dB change. The maximum driving current
for VCSELs is set 9 mA which is quite sufficient for high-speed modulation at 8-9 mA bias
current and the maximum ambient operating temperature is set to 70°C according to telecom
industry requirements.
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Figure 8. a) Accelerated aging test matrix and b) Emission power in time of 11 devices operating at 10 mA driving
current and ambient temperature of 90°C
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Figure 9. left: Evolution in time of emission power at 9 mA ; right: Threshold current of 8 devices under ALT test at 10
mA and temperature 150°C.

Figure 10 shows the scaled data from all ALT conditions on lognormal plots. The extracted
time to 1%-failure is of 291 years at 25°C and 18 years at 70°C. With decreasing the driving
currents to 8 mA and 7 mA the time to 1%-failure at 70°C increases to 30 years and 50 years
respectively. These lifetime values meet the telecom industry requirements for the time to 1%-
failure of more than 10 years at 70°C. In real-life applications actual lifetimes are expected to
be longer since the devices spend most of the time in less demanding operating conditions. In
addition, the wafer fused VCSELs have successfully passed all mechanical and electrical
Telcordia qualification tests.
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Figure 10. Lognormal plots of lifetimes (left: 25°C, right: 70°C) from the totality of test conditions scaled to an operat-
ing condition of 9 mA.

5. LW-VCSEL characterization

Below we will present typical DC and dynamic characteristics of the wafer-fused LW-VCSELs
used further for processing of microwave signals. The VCSELs considered here have a device
structure and performances similar to those reported in [8, 25, 26] and references therein.

5.1. Light — current characteristics

Figure 11 shows the typical light-current characteristics of the wafer fused LW-VCSELs
emitting in the fundamental mode in the temperature range from 0 to 110°C. For the devices
under test, the room-temperature threshold current varied from near 2 mA at 1.3 um to less
than 4 mA in 1.55-pum spectral band, and a quasi-linear dependence of optical power vs. current
was observed up to 5 mW at 20°C and up to 3 mW at 70°C. Besides, room-temperature electric
power consumption in quasi-linear mode is as low as 20 mW at 1.3 pm and 15 mW in 1.55-um
spectral band.

5.2. Spectral characteristics

In Figure 12 it is presented the spectral evolution of the 1560-nm VCSEL emission with current
and temperature. A remarkable single-mode behavior at any of these operation conditions is
observed (see also the inset of Figure 11b showing the emission spectra at room temperature
and current 15 mA). As it can be easily observed, right combinations of temperature and
driving current allow adjustment of the emission wavelength at any value between 1562 nm
and 1572 nm. On a full wafer, VCSEL inventories of specified wavelengths can thus be selected
in a quite wide spectral range of 40 nm (1550 nm to 1590 nm). A typical VCSEL spectral line
shape for a 1565 nm, at 20°C and emission power 2mW is depicted in Figure 12b. As one can
see, a full width at half maximum (FWHM) is as narrow as 4.5 MHz that allows VCSEL to be
used effectively even in coherent fiber-optic systems.
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Figure 11. Light-current and volt-current characteristics of the VCSELs emitting at 1.3 um (a) and at 1.55 um (b)
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Figure 12. (a) Emission spectra of a 1560 nm VCSEL; (b) line shape of a 1565 nm VCSEL at 20°C and 2 mW emission
power.

5.3. Relative intensity noise (RIN)

Figure 13 summarize the measured RIN-current characteristics of the LW-VCSELs tested at 1
and 6 GHz for the ambient temperatures of 20 and 70°C. Clearly, the RIN values decrease with
increasing current and increase with increasing temperature and modulation frequency, as
expected. Besides, at room temperature the RIN is as low as -160 dB/Hz (noise floor of the test
setup employed) when the DC current of the laser under test is only 4.7 mA, at a modulation
frequency of 1 GHz.
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Figure 13. RIN characteristics of the wafer-fused LW-VCSELs

5.4. Small signal modulation

Figure 14 presents the small-signal transmission gain (TG) of an optoelectronic pair comprising
the LW-VCSEL under test and a reference photodiode (40 GHz bandwidth, 0.6 A/W respon-
sivity). As one can see, at lower modulation frequencies the TG value is 30 dB and the -3dB
bandwidth of the LW-VCSEL under test is more than 9 GHz at 10-mA bias current.
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Figure 14. Small-signal transmission gain characteristics of wafer-fused LW-VCSELs

5.5. Large signal modulation

As well known, the most obvious way to assess the linear properties of an active device, in this
case a semiconductor laser, is to determine its input intercept point (IIP) [27]. This parameter
is most accurately determined graphically by comparing the amplitude characteristics of the
laser fundamental tone and the intermodulation distortion (IMD) of corresponding order. The
advantage of this parameter is the ability to compare different devices, regardless of the power
of the modulating signal P,. Simplified assessment of the third-order and fifth-order IIP (IIP3
and IIP5) values can be carried out using the following formulas:
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1IP3 =P, +IMD3/2 1)

IIP5=P +IMD5/ 4 (2)

Figure 15 depicts a typical example of IMD measurements of the tested LW-VCSELSs obtained
by the procedure described in [28]. Based on the measurement data and the above formulas,
calculated data of IIP3 and IIP5 for the LW-VCSEL under test in the modulation frequency
slots of 1 GHz and 6 GHz are listed in Table 2. The power of each of the input signals is P; =
8dBm in the first frequency slot and P, = 6dBm in the latter one.
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Figure 15. Measured intermodulation distortions of the wafer-fused LW-VCSELs at bias current of 9 mA in the vicinity
of 1 GHz (a) and 6 GHz (b). Markers 1, 2 are the fundamental tones; markers 3, 4 are the corresponding IMD3 tones;
the two extreme right and left peaks are the IMD5 tones.

Frequency [GHz] IIP3 [dBm] IIP5 [dBm]
26 20
6 20 17

Table 2. Results of calculation of IIP3 and IIP5

It follows from Table 1, that the level of IIP, and, therefore, the linearity of the LW-VCSELs
under test, decreases with increasing modulation frequency, which agrees with other reported
simulations and experimental results [28].

As mentioned above, a general figure of merit for multichannel analog optical fiber links is the
SFDR that quantifies the combined effects of noise and nonlinear distortions. As shown in [29],
third-order SFDR

SFDR = %[11133 ~ EIN -10log(BW)] (3)

where BW is the system bandwidth and EIN is the equivalent input noise. Considering RIN as
a predominant noise source,
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EIN =RIN -TG 4)

where TG is the transmission gain of the laser-photodiode pair (see Figure 14). The third-order
SFDR is usually expressed in dBeHz??. In accordance with Figure 13, for the bias current of 10
mA that is still inside the quasi-linear regime of the light-current characteristic (Figure 11), the
room temperature RIN values of the LW-VCSEL under test are below -160 dB/Hz at 1 GHz,
and near -148 dB/Hz at 6 GHz. Referring to Figure 14, we find TG=-30 dB for both modulation
frequencies. Using the above data and formulas, we calculate the third-order SFDR as 104
dBeHz?? for 1 GHz and 93 dBeHz?? for 6 GHz. These values are within the requirements of
radio-over-fiber applications [29] in the bandwidth of 1-6 GHz, in accordance with 3GPP
standard (GSM, WiFi, Bluetooth, WiMAX).

6. VCSEL-based microwave signal processing

In this section we demonstrate several examples of the application of wafer-fused LW-VCSELs
for microwave analog signal processing that we have explored using VCSELs from a batch
with parameters and characteristics similar to those presented in previous section.

6.1. Optoelectronic microwave signal oscillator

An optoelectronic oscillator (OEO) studied in this section is the most valuable example of
microwave photonics breakthrough. As a matter of fact, OEO opens up new horizons of highly
stable RF oscillators in a frequency range from 100s MHz to 100s GHz [30]. OEO has a key
advantage of higher spectral purity in comparison with traditional RF and microwave
oscillators [31].

The state of the art for OEOs is currently considered to be a single-frequency (within the X-
band) OEO product from OEwaves Inc. [32] with a class leading phase noise level of -163 dBc/
Hz at a 10 kHz offset from the carrier. The enhanced spectral purity of an OEO’s central mode
occurs due to its well-known feature of improving with delay time, and very long delays can
be easily achieved with a nearly lossless optical fiber line extending for several kilometers. At
the other hand, OEO is able to combine successfully higher spectral purity and extremely wide
frequency range of carrier tuning within the limits of some octaves [33] that is impossible for
traditional microwave transistor oscillators.

Up-to-date in the most publications devoted to OEO a circuit arrangement with unmodulated
laser source and feedback on Mach-Zehnder external modulator has been studied. But recently
a version combined the functions of optical emitter and feedback control in one vertical cavity
surface emitting laser (VCSEL) preferred by potential low cost, power consumption, and
integrability has been also investigated [34]. Thus, there exists a need for detailed comparison
of the above OEO design approaches. Following this, below spectral and phase noise charac-
teristics of two microwave-band OEO layouts based on an unmodulated distributed feedback
(DFB) laser and an external Mach-Zehnder intensity modulator (MZM), or based on a direct
modulated VCSEL will be researched and compared.
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6.1.1. OE-CAD modeling

The typical layout of an OEO scheme with external modulator [35] is presented in Figure
16a. The OEO consists of two principal sections: optical and electrical. The optical section
includes semiconductor laser module (SLM), electro-optical modulator (EOM), optical fiber
line (OFL) and photodetector module (PDM). To ensure a reliable operation of the OEO with
low laser noise levels and low loss for the optical section an optical isolator (OI) and polari-
zation controller (PC) are introduced into the scheme. The electrical section includes a low-
noise RF amplifier (LNA), tunable band-pass filter (BPF), power amplifier (PA), and electrical
coupler (EC). The operating principle of the OEO is based on the conversion of the continuous
optical radiation energy emitted from the SLM into periodical discrete energy bursts in the RF-
band. To achieve this, the EOM is controlled by a positive-feedback optoelectronic loop (see
Figure 16a). A current OEO carrier frequency in the RF band is determined by the BPF’s band
pass, while the overall energy storage time of OEO depends on the fiber delay. The phase and
amplitude balance for self-sustained oscillations can be ensured by managing the fiber length
and gain of the LNA and PA for a given circuit. The electrical section of the VCSEL-based OEO
being simulated (Figure 16b) is similar to the same one of OEO with external modulator. But
in optical section VCSEL is modulated directly by injection current from EC so the layout is
far simpler.
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Figure 16. External EOM-based (a) and LW-VCSEL-based (b) OEO layouts

Previously we worked out in detail optoelectronic computer-added design (OE-CAD) based
OEO model [33] by VPI System’s VPI Transmission Maker software tool [36], which due
to its self-excitation and large-signal steady-state operation modes allows simulating
spectral and phase-noise characteristics. A single-loop EOM-based and VCSEL-based OEO
computerized models are shown in Figure 17a and 17b respectively. In both cases the
simulation is performed with aperiodic boundary conditions that allow concurrent
simulation of the RF and optical elements of the OEO in object-oriented environment. Note
that the library VCSEL model based on the rate equations does not work correctly in OEO’s
divergent oscillations regime, so we substituted it for a combination of equivalent laser
model and ideal optical intensity modulator.

In the layouts of Figure 17 all the elements of Figure 16 have a specific interpretation. For
example, the SLM is represented by single-mode rate equations-based DFB laser model, the
EOM is based on a differential Mach-Zehnder interferometer model, OFL is constructed by a
combination of an optical attenuator and a delay line. The spectrum of the OEO output signal



Long Wavelength VCSELs and VCSEL-Based Processing of Microwave Signals
http://dx.doi.org/10.5772/60480

extracts by a spectrum analyzer library model. The specific schematic realization for simulating
in VPI Transmission Maker OEO’s phase noise characteristics in the bandwidth of 100 Hz at
offsets of 10 kHz, 100 kHz and 1 MHz from the carrier, is presented in Figure 18.

- S OFL PDM
-
= ’ = vk | OC bins VCSEL OFL POM
- ! I )
P — e - =@ || g | 7 p—[v4]
SLM = ('\. ML [
o EC PA BPF LNA TP vl
. 3 i 1LE 8 Lo, O .
Bun — - L _‘ . " .J, 1| a -. | -
: = Outpaut o E'CI S L

e
. PR u .. . P bt o ot SE 5
LEENEY D <RRas I N Nl LoF2 .
_"[._. St T Nt _-" . -
x}_._ T | ke L
D .-'5(- R o apeangho baman S
sl DR - [ |: [T
Laet 4. 1.2
I [P |
L b oo | ﬂ{ _FF 1
R T P T

Sozdrzturs =hit
Figure 18. Arrangement for simulating OEQ’s phase noise measurement in VPI Transmission Maker

The simulation results of spectral and phase noise (in the bandwidth of 100 Hz) characteristics
of EOM-based (a, b) and VCSEL-based (¢, d) OEOs at operation frequency near 3 GHz and 65
m of OFL length are showed in Figure 19. As one can see, the both versions of OEO show
comparable output powers and side-mode suppression ratios but the values of phase noise
spectral density of the VCSEL-based OEO are somewhat higher.

6.1.2. Experimental verification

Experimental verification of the simulated results was performed using a prototype of the
layout presented in Figure 16b. The elements employed in the optical section were: the tested
wafer-fused LW-VCSEL and a pin-photodiode XPDV3120R (wavelength range 1300-1620 nm,
responsivity 0.6 A/W, 3-dB bandwidth 75 GHz) from u2t Photonics, Inc. as the PDM. For the
electrical section, a tunable band pass YIG-filter (tuning range 2.5-15 GHz, insertion loss 5 dB,
3-dB bandwidth 11 MHz at 2.5 GHz), from Magneton, Inc., was used as the BPF. Besides, a set
of two microwave amplifiers (total gain of near 50 dB, noise figure 3.5 dB, frequency band 2.5-8
GHz) was employed.
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Figure 19. EOM-based OEO spectral (a) and phase noise (b) characteristics and VCSEL-based OEO spectral (c) and
phase noise (d) characteristics simulated in VPI Transmission Maker OE-CAD

The examples of the experimental results of EOM-based OEO spectrum and phase noise
characteristics at the oscillation frequency of 3 GHz are presented in Figures 20a and 20b [37].
In addition, the VCSEL-based OEO spectrum and phase noise characteristics at the same
oscillation frequency are showed in Figure 20c and 20d.
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Figure 20. Measured EOM-based OEO spectrum (a) and phase noise (b) characteristics and VCSEL-based OEO spec-
trum (c) and phase noise (d) characteristics.

Experimental results represented in Figure 20 are closely matched with the simulation data of
Figure 19 and confirm the feasibility of the proposed OEO models in VPI Transmission Maker
software tool.

Table 3 presents a comparison of the VCSEL-based OEO and the one based on a distributed
feedback (DFB) laser and external Mach-Zehnder intensity modulator [34, 37]. As one can see,
the LW-VCSEL-based OEO exhibits similar parameters as compared to a typical EOM-based
layout (except the phase noise near the carrier frequency), but also offers advantages in terms
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of potential integrability, low cost and low power consumption. We believe that the most
probable cause of higher phase noise of the VCSEL-based OEO is the increased relative
intensity noise of the directly modulated VCSEL versus the externally modulated DFB laser.
Note that a fully electronic microwave counterpart to the proposed optoelectronic solution is
a phase lock loop (PLL) synthesizer. To validate the benefits of the OEO design presented here,
Table 2 also lists a brief technical comparison of the OEO prototypes with IC ADF4350, an
advanced wideband synthesizer with integrated voltage-controlled oscillator from Analog
Devices, Inc. It is clear from the table that the LW-VCSEL-based OEO prototype provides a
remarkably wide tuning range (1.5 octaves) with a comparable output power, much stronger
parasitic suppression and a 14 dB lower phase noise at 10-kHz offset from the carrier.

Thus, simulating and experimental investigation of two versions of the microwave-band
optoelectronic oscillator reveals that directly modulated VCSEL-based OEO, which offers a
number of obvious advantages such as integrability, low cost and power consumption, has
commensurable parameters compared to a typical external modulator-based layout excluding
near-to-carrier phase noise. We predict that most probable cause of this defect lies in an
increased radiation noise of VCSEL vs. DFB used in typical OEO layout. Another bottleneck
of a VCSEL-based OEO might be the relatively limited tuning range that is referred to more
narrow modulation bandwidth of the VCSEL (see Figure 14) in comparison with the same of
the Mach-Zehnder modulator.

MZM - VCSEL - based ADEF350
based OEO OEO (fundamental mode)
Frequency, [GHz] 2.5-15 25-6 22-44
Output power, [dBm] 9 7 5
Side-mode suppression, [dB] 46.5 50 13

Phase noise at 3 GHz at Offsets, [dBc/Hz]

10 kHz -125 -106 -92
100 kHz -128 -116 -111
1 MHz -138 -136 -134

Table 3. EOM-based vs. VCSEL-based OEO comparison

6.2. Optoelectronic frequency converter and multiplicator

The microwave-band frequency conversion is usually based on the non-linear conversion
features of optoelectronic devices [38], employing direct modulation of a laser [39], external
modulation of passive electro-optic modulator [40, 41], semiconductor optical amplifier [38],
p-i-n photodetector [42], and a combination of these components [43]. High cost and low
conversion efficiency are the common drawbacks of these devices as compared with electronic
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counterparts. We have analyzed the above publications and came to the conclusion that the
most parametric/cost-effective technique in the case of fiber-wireless applications is direct
intensity modulation of semiconductor laser, low cost emitter as LW-VCSEL, being the best
candidate.

In this section, first, the details of simulation and test of VCSEL-based optoelectronic frequency
mixing process are presented. Then, results of simulation and experiments of novel version of
long wavelength VCSEL-based microwave frequency converter for the fiber-wireless (FiWi)
base stations such as an optoelectronic sub-harmonic frequency multiplicator recently
proposed [15] are presented as well.

6.2.1. Optoelectronic microwave frequency mixer

The layout of the optoelectronic frequency mixer (OE-FMX) under test realized by optical fiber
means is drawn in Figure 21. Input signal (RF) and local oscillator (LO) signal are mixed in
passive power combiner (PC) and directly modulate emission power of the VCSEL. An optical
isolator (OI) in the layout was essential for the reliable operation of the OE-FMX with low laser
noise level. Short fiber-optic patchcords, p-i-n photodiode (PD) and band-pass filter (BPF) are
the main elements of optical path for optical emission (modulated by the complex RF+LO
signals) propagation, detection and converted frequency output selection, respectively.

R?{ PC || VCSEL [-m)(m-| OI | -m
Tbias
i . AR

biasT

Figure 21. Layout of the long wavelength VCSEL-based optoelectronic frequency mixer under test

A modeling of the parameters of both devices characterized in the section was also performed
by the same OE-CAD as for OEO. In this tool the library VCSEL model is addressed to single-
mode rate equations and calibrated based on the measured light-current and small-signal
modulating plots (see Figures 11, 14). A schematic layout of the computerized model is
depicted in Figure 22 for the OE-FMX block diagram shown in Figure 21. For better visuali-
zation, the circuitry does not include a model of BPF with a central frequency of 2.5 GHz.
Simulation details are reported in [15, 44].

The conversion efficiency (CE) is studied by simulation. In this case this is the difference (in
dB) between IF signal power on the BPF (or PD) output and the RF signal power on the VCSEL’s
modulating input. Figure 23 presents the simulated (a) and PSA-measured (b) OE-FMX output
spectra with up-conversion of L to S microwave bands. In both cases the input RF signal had
a power of -20 dBm at 1 GHz and LO signal had a power of 6 dBm at 1.5 GHz.
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At VCSEL DC bias current of 7 mA an output (IF) signal power near -55 dBm at a frequency
of 2.5 GHz, i. e. CE of -35 dB was measured. The good fit of the experimental and simulation
results confirm the feasibility of the proposed OE-FMX model.
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Figure 22. OE-CAD model of the OE-FMX under test
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Figure 23. Simulated (a) and PSA-measured (b) OE-FMX output spectra with up-conversion of L to S microwave bands

It is clear that CE vs. frequency plot of this device is in line with the modulation characteristic
of the tested VCSEL (see Figure 14). The results of prototyping the rest inherent characteristics
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of long wavelength VCSEL-based OE-FMX under test such as CE vs. input and local oscillator
power, second-order and third-order IIP, and VSWR, are depicted in Figures 24-27.

The outcome of Figure 24 is that the input linearity threshold (P_3) is near 2 dBm, that is
comparable with standard transistor microwave mixer. Besides, Figure 25 shows the conver-
sion efficiency to be remarkably local power-selective and its maximum value is near -33 dB
atpower as low as 3 dBm. To complete checking in accordance to traditional microwave mixers
the tests of input second-, third-order intercept points (IIP2, IIP3) and voltage standing wave
ratios (VSWR) for the OE-FMX prototypes are demonstrated (Figure 26). At the result, IMD
values coincide exactly with the same for intrinsic VCSEL measurement (see Figure 15, Table
2), that makes clear that VCSEL is the most nonlinear element of OE-FMXlayout. Additionally,
VSWR values for RF and LO inputs and IF outputs (Figure 27) are lower than 1.7 within the
bandwidth of 0.5-8 GHz.

6.2.2. Optoelectronic microwave frequency multiplicator

In ref. [15] we have proposed and investigated a simplified version of OE-FMX, the optoelec-
tronic frequency multiplicator (OE-FMP) with the goal of achieving higher cost-efficiency of
the VCSEL-based OE-FMX. Its block diagram is similar to that of Figure 16, but without power
combiner and local oscillator. The principle of the approach is based on using the effect of a
period doubling [45] under modulation of a semiconductor laser by a power RF sinusoidal
signal. For this purpose, the laser should be modulated in super large-signal mode with an
injection current cutoff similar to a class C regime in electronic amplifier. To reach this regime,
the laser bias current has to be set in a near-threshold (but higher) area or in the onset of quasi-
linear zone of the laser’s light-current plot. In this regime inside the laser optical emission
spectrum some sub-harmonics and the products of their mixing with the above tones are
generated, in addition to fundamental frequency and its higher harmonic tones. In simulation
we succeeded in identification of such a regime of semiconductor laser, where the signal levels
of a fundamental modulation frequency F, a sub-harmonic tone 0.5F, and a component at 1.5F
would be near equal and enough to secure the signal-to-noise ratio needed for wireless
communication systems.

0 5 2 -5 10 5 _0 5
P..[dBm

Figure 24. Conversion effectiveness vs. RF signal power (P;,=6 dBm)
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Figure 25. Conversion effectiveness vs. local oscillator power (Ps=-20 dBm)
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Figure 27. Input and output voltage standing-wave ratio (VSWR)

6.2.2.1. Formal-oriented VCSEL model in super large-signal mode

As it is well-known, for example, see [46], a system of rate equations is used to address the
dynamic operation of a single-mode MQW semiconductor laser, in our case, of a VCSEL. The

149



150 Optoelectronics - Materials and Devices

main issue is in identification of the necessary operating range for the VCSEL under investi-
gation, because the nonlinear rate equations do not always converge to the desired solution.
To address this issue, a preliminary computation by MathCAD tool was performed, with a
restrictive condition that the difference of fundamental and nearest sub-harmonic or mixed
tones must be below 10 dB. The results are depicted in Figure 28. The area with horizontal
hatching is of the operation area of VCSEL’s effective functioning in the sub-harmonic
multiplication regime.

Freguency Ralio

todulation index

Figure 28. Diagram for the validating the VCSEL'’s effective functioning in the sub-harmonic multiplication regime

The terms “Frequency ratio” and “Modulation Index” (Figure 28) mean an input RF frequency
normalized by the laser’s small-signal resonance one, and AC modulation current amplitude
normalized by the laser’s DC bias current, respectively. As one can see, effective process of
generating nearest to fundamental frequency sub-harmonic or mixed tones is obtained when
a modulation frequency is higher than a laser’s relaxation frequency (RFQ) and even higher
than its 3-dB direct modulation bandwidth as well as when the current modulation index is
more than 0.7; in good agreement with known data. The simulation results of the period
doubling effect for an edge-emitted laser [45] (Figure 28, vertical hatching) show large
overlapping of the areas with horizontal hatching, that confirms validity of the developed
model.

6.2.2.2. OE-FMP’s object-oriented modeling, verification and example of realization in FiWi network

Simulation data presented in Figure 28 became the basis for the modeling of optoelectronic
microwave frequency multiplicator by the same OE-CAD tool as for OE-FMX. The developed
object-oriented model is presented in Figure 29. All labels are the same as for Figure 22. A
number of simulation experiments were performed on this model with a goal of choosing the
optimal regime for each given device. The simulated (a) and PSA-measured (b) OE-FMP
output spectra together with input microwave-band frequency are presented on Figure 30. For
both procedures the input RF signal was kept at 0 dBm power level at a frequency F=3 GHz
and VCSEL DC bias current was set at 3.2 mA. As one can see, the experimental results fit well
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with the simulation results thus validating the proposed OE-FMP model. The rest of the

parameters of the OE-FMP prototype coincide with the same ones for the OE-FMX.
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Figure 29. VPI transmission Maker™ object-oriented model of the OE-FMP
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Figure 30. Simulated (a) and measured (b) output spectra of VCSEL-based OE-FMP.
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Since a practical application of the developed OE-FMP is not as clear as a microwave-band
optoelectronic frequency mixer, below a version of its effective realization in an advanced
telecom system based on Radio-over-Fiber (RoF) technology is exemplified [47]. Hybrid Fiber-
Wireless (FiWi) access network is a novel backhaul network architecture that integrates the
next-generation WLAN-based wireless mesh network and Ethernet passive optical network
(EPON). Its major feature lies in squeezing the cell diameters up to picocell (10s - 200 m) or
femtocell (10s cm — 10s m) [48]. As a result the base station equipment must satisfy extremely
rigid requirements related to the cost-effectiveness. To meet this issue we propose to use OE-
FMP described beyond in the base station’s uplink channel that is much simpler than the
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known methods using a microwave local oscillator or remote delivery of a reference oscillator
signal [49]. Figure 31 shows an example of uplink circuitry realization by the OE-FMP in the
popular X-band. The rest elements of the layout are: 1 - receiving antenna, 2 — sub-harmonically
pumped mixer, 3 - IF filter, 4, 7 — amplifier, 5 — coupler, 6 — uplink laser, 8 — carrier recovery
unit. The main benefits of the layout proposed are: (i) in realistic simplification of the base
station arrangement without the concurrent complication of a central office architecture or
remote delivery of oscillator signal as in known approaches; (ii) in improvement of a base
station’s cost features; (iii) in coarser demands to local oscillator frequency stability.

12Ty,
BPSK

Central
Office

4,5 GHz (1,5r)
Figure 31. Example of OE-FMP application in uplink channel of FiWi network

Above, a detailed investigation of two low cost VCSEL-based microwave photonics devices:
known optoelectronic frequency mixer and novel sub-harmonic frequency multiplicator for
the circuitry of FiWi’s base stations is presented. The main advantage of using optoelectronic
approach in general and VCSELSs in particular is in:

* Large bandwidth, that is limited by the bandwidths of laser and photodiode solely,
* Application versatility, the same block diagram for up-converter and down-converters

* Losses do not depend on a position of microwave frequencies inside the operation band, as
compared with the inherent effect of increasing conversion loss with a super wide frequency
of a microwave transistor mixer.

* Design simplicity (practically decoupled input and output),
* Lower power consumption (5-10-fold lower than edge-emitting laser), and

* Lower required output power of the local oscillator (only some dBm instead of 15-20 dBm
for edge-emitting laser).

Table 4 lists a summary of the results referred to demonstrated LW-VCSEL-based devices for
frequency converting microwave signals [44]. As seen, simulation and experimental values
are rather close.

Altogether, the microwave photonics frequency conversion devices based on LW-VCSEL
demonstrate a remarkable potential for the application in future equipment for ultra-wide
band telecom and radar systems. (in phased-array antenna systems, measurement techniques,
to name only a few). The work is in progress for decreasing conversion losses in these devices.



Long Wavelength VCSELs and VCSEL-Based Processing of Microwave Signals
http://dx.doi.org/10.5772/60480

Operating LO power Conversion  P-1dB I1P2 IIP3 [dB] IIP5 [dB]
bandwidth [dBm] efficiency [dBm] [dB]

[GHz] [dB]
OE-FMX Theory 6 6 -36 - - 25,5 19,2
Experiment 55 4 -33,2 2 26 26 20
OE-FMP  Theory 1,2.2,5 - -42,0 - - 25,5 19,2
Experiment 1,4.2,4 - -45,0 - 26 26 20
VSWR Input/output isolation [dB] NF [dB]

RF input LOinput IF output LO-IF  2RF-IF RF-IF LO-RF

OE-FMX Theory 1 1 1 26 44 25 oo’ -
Experiment 1,5 1,3 1,3 33 39 32 15 34

OE-FMP  Theory 1 - 1 - 48 41 - -
Experiment 1,7 - 1,3 - 52,3 44,2 - 44

*Ideal elements were used

Table 4. Summary of the results referred to developed LW-VCSEL-based devices for frequency converting microwave
signals

7. Challenges in LW-VCSEL photonics

In the sections above we have demonstrated the potential of the long-wavelength low power
consumption VCSELs for microwave photonics applications. Further development will make
available such VCSELs with increased performances and lower power consumption thus
allowing implementation of VCSELs in optical integrated circuits [10] and realization of new
functionalities as VCSEL-based optical frequency combs [51]. Altogether such development
will pave the way to photonic microwave transistor [52]. At the same time, a major shortcoming
of VCSEL compared with DFB laser is its relatively low emitting power that constrains its
penetration, for example, into telecom multi-branch passive optical networks (PON), and into
transmission units of processing circuitry with external modulation by higher loss MZM. One
of possible solution to overcome it is using vertical external cavity surface emitting lasers
(VECSEL). Besides obvious fiber-optics applications in optical communications and optical
clocking in supercomputers, VECSELs emitting in this wavelength range presents interest also
in MWP [53]. Very recently, two-color tunable VECSEL with various gain chip configuration
have demonstrated a wavelength separations ranging from nearly zero to more than two
hundred nanometers [54]. Watt-level semiconductor disk lasers (SDL) emitting in the 1300 nm
band were demonstrated using the wafer fusion fabrication technique [55, 56]. In [58] it is
reported the state of the art in design and performance of electrically pumped VECSEL in 14XX
nm band produced by the wafer fusion technique that exhibits 6.2 mW output power in
continuous wave operation.
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8. Conclusion

In this chapter anumber of author’s original works in the area of long-wavelength wafer-fused
vertical channel surface emitting laser design, fabrication, and application is reviewed.
Specifically, design, fabrication, DC and dynamic performances and a special benefit of wafer-
fused LW-VCSELs for microwave photonic devices are highlighted. As described, wafer fused
LW-VCSELs exhibit the above-listed unique features that might pave the way for their
exploitation in future telecom and radar modules based on microwave photonics technology.
The validity of this statement is supported both through the proper transmission characteris-
tics of the wafer-fused LW-VCSEL itself and by simulation and experimental results of a
number of basic microwave photonics devices presented here: an optoelectronic microwave-
band oscillator, two versions of optoelectronic microwave-band frequency converters. Besides
the above-described applications, some other examples of important microwave photonic
devices based on LW-VCSELs have been published, for example in heterogeneous silicon
photonic integrated circuits [10], coherent transmission module of the PON’s upstream
channel [50], and optical frequency comb generators [51]. Also, as a newer trend of VCSEL
photonics, some recent author’s investments referred to vertical external cavity surface
emitting laser (VECSEL) are discussed. All these examples clearly testify that LW-VCSELs
themselves and microwave photonics devices based on them have a great potential in future
telecom and radar systems both for civil and for military applications.
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Abstract

In the present chapter, we describe two new photoelectric-measurement-based
methods that can be used for characterization of the diffusion process of charge
carriers either in mercury-cadmium-tellurium (MCT) films intended for fabrication
of infrared focal plane array (IR FPA) detectors or in the absorber layers of ready MCT-
based photovoltaic IR FPA detectors. First-type measurements are photocurrent
measurements to be performed on special test structures involving round photodio-
des provided with coaxial light-shielding cap metal contacts. Second-type measure-
ments are spot-scan measurements of MCT photovoltaic 2D IR FPA detectors
traditionally used for measuring the crosstalk value of such detectors yet implement-
ed atlow and high levels of registered diode photocurrents. Both methods permit the
determination of the bulk diffusion length of minority charge carriers in MCT
material. The second method, in addition, permits the determination of the local
effective diffusion length of minority charge carriers in the absorber-layer region
under FPA diodes. The values of the bulk diffusion length of minority carriers
obtained in MCT films and in the MCT absorber material of the examined middle-
wave and long-wave IR FPA detectors were found to be in good agreement with
previously reported relevant data. The estimated value of the local effective diffusion
length of minority carriers in the film region under back-biased FPA diodes proved

to be consistent with a theoretical estimate of this length.

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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1. Introduction

In infrared (IR) imaging and detection, cooled hybrid mercury-cadmium-tellurium (MCT)
photovoltaic IR focal plane array (FPA) detectors have found widespread use [1, 2]. Collection
of photogenerated charge carriers by FPA diodes in the photodiode arrays of such detectors
is a process essentially mediated by the diffusion of minority carriers in the MCT film. That is
why the performance characteristics of MCT IR FPA detectors and their figures of merit depend
on the distances the excess carriers diffuse over in the photosensitive film (PF) of such detectors
[3, 4]. Among the parameters that govern the diffusion process, of primary interest is the bulk
diffusion length of minority charge carriers /, in the absorber material of the detector as this
length characterizes the properties of the material irrespective of a particular FPA design,
including the pixel architecture and array structure. Knowledge of I, is significant for quanti-
tative analysis and numerical modeling of FPA detectors. With known mobility of minority
carriers, this knowledge also permits evaluation of the lifetime of excess carriers in MCT, which
is often hard to measure because of its small value. Finally, the length [, is generally regarded
as a key parameter that defines the crosstalk value of FPA detectors [5-9].

In view of the aforesaid, of considerable interest are new experimental techniques and analysis
methods that can be used for determining the length [; in the MCT material of MCT-based
films and diode hetero-epitaxial structures.

In the present chapter, we describe two new photoelectric-measurement-based methods that
can be used for characterization of the diffusion process of charge carriers either in MCT films
intended for fabrication of IR FPA detectors or in the absorber layers of ready MCT-based
photovoltaic IR FPA detectors. Both methods permit the determination of the bulk diffusion
length of minority charge carriers /; in MCT material.

First-type photoelectric measurements can be performed on special test structures involving
round photodiodes of radius r, provided with coaxial light-shielding cap metal contacts of
different radii R, > r,. The contacts shield the vicinity of the photodiodes from the excitation
radiation falling onto the front surface of the test structure. In the shielded region, the optical
generation of excess charge carriers is nearly zero, and the diode photocurrents are therefore
formed by those minority carriers that reach the diode via diffusion across the shielded annular
region of width R; - r,. Numerically solving an appropriate 2D diffusion problem, we can
preliminarily calculate the diode photocurrents I; as a function of /, for several experimentally
implemented values of R; - r,. To avoid the necessity of performing absolute measurements
and calculations, photocurrent ratios I,/1,, I,/1;, 1,/1,, etc. for diode pairs with different contact-
to-diode size ratios can be calculated. Then, the calculated curves I,/I; (I;) can be used as
reference dependences allowing the determination of the length [, in the MCT film under study.
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Second-type measurements are spot-scan measurements of MCT photovoltaic 2D IR FPA
detectors traditionally used for measuring the crosstalk value of such detectors, yet imple-
mented at low levels of registered diode photocurrents j,,. Low photocurrent levels can be
achieved by lowering the gate potential V, of input field effect transistors (FETs) in the readout
circuits of the photoelectric cells of the detector. The requirement for low values of the
photocurrents j,, extracted by the readout circuits out of the photosensitive film of the detector
arises as a condition for minimization of the influence of readout circuits on the lifetime and
the effective (at j,;, # 0) diffusion length of photogenerated minority carriers in the photosen-
sitive film [, .. The effective diffusion lengths I, ,; can be extracted from broadened spatial
diode photoresponse profiles S(x) registered on successive reduction of the level of registered
diode photocurrents. Then, the bulk diffusion length of minority charge carriers in the
photosensitive film [; can be found as the extreme value of [, ,; as j,,— 0. For revealing the
asymptotic behavior of [, s —1, for j,,—0, a special diffusion model with zero PF thickness was
developed. This model was subsequently used to analyze the charge-carrier diffusion process
at normal operational regime of the detector with large diode photocurrents j,,. The latter
analysis has allowed us to evaluate the local diffusion length of minority charge carriers in the
PF region under the back-biased FPA diodes I, ,+. The obtained value of this length proved to
be in good agreement with a theoretical estimate of this length. As a result, an experimental
approach enabling a comprehensive spot-scan characterization of the charge-carrier diffusion
process in the absorber layers of MCT IR FPA detectors at arbitrary levels of diode photocur-
rents has been developed.

2. A method for determining the diffusion length of minority charge
carriers in MCT films with band-graded surface layers

The method for determining the diffusion length of minority carriers in MCT films [, (or L,,
for electrons in p-type semiconductor) is based on the previously mentioned fact that this
length presents an important parameter that defines, among other characteristics, the quantum
efficiency of lateral diode structures prepared on such films [4].

2.1. Essence of the method

Methods for determining the lateral optical collection length of charge carriers [,,,in MCT films
based on quantum-efficiency measurements of lateral diode structures comprising variable-
area diode arrays have previously been reported in the literature (see, for instance, [10, 11]).
The procedure for determining the length [, in those methods is based on the fact that
measured quantum efficiency of back-biased photodiodes in such structures is essentially
defined, first, by the diffusion length of minority charge carriers [, and, second, by the diode
radius. However, measured length [, presents only a rough estimate to the diffusion length
of minority carriers in the film.

In [12], we have proposed another method for determining the length [, in photosensitive
semiconductors. That method was subsequently implemented to perform measurements of
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the electron diffusion length L, in p-type MCT-film-based hetero-epitaxial structures [13]. The
proposed method uses the fact that measured photocurrent produced by an illuminated p-n
junction capped with a coaxial light-shielding metal contact varies in magnitude as we change
the radius of the n-type region of the diode r, and/or the radius of the cap contact R. Of course,
the radius 7, is always smaller than R. A schematic of such a photodiode is shown in Fig. 1.
The method works as follows. First, we measure the ratio between the photocurrents produced
by two photodiodes having different values of R-r,. Preliminarily, the photocurrent ratio is
theoretically calculated to be plotted versus the electron diffusion length L. Then, with the
measured photocurrent ratios at hand, we can use the theoretically calculated curves as
reference dependences from which the length L, can be determined.

4 3 5 4

3

Figure 1. Schematic of a photodiode provided with a coaxial light-shielding cap contact. 1 — p-type MCT film, 2 — n-
type diode region of radius r,, 3 — substrate, 4 — shielding contact of radius R to the n-type region, 5 — peripheral con-
tact to the p-type MCT film, 6 — dielectric, 7 — illumination.

2.2. Calculations

The photocurrent produced by a p-n photodiode was calculated by numerically solving the
2D stationary continuity equation for excess electron concentration in an axisymmetric quasi-
neutral p-type region in the vicinity of the p-n diode illuminated, from the side of the cap
contact, with an IR radiation flux that modeled the radiation flux used in the experiment. With
the electron mobility and the electron lifetime assumed constant, the continuity equation has
the form

n lon  on 1 g(z,7)
-t -t ——— . =—
o ror o L D

M

n

In Eq. (1), the z axis is directed along the symmetry axis of the photodiode normally to the p-
type absorber layer, and the r axis is directed along radius; n” = n - n,, is the concentration of
minority carriers in excess of their equilibrium concentration 1, D, is the electron diffusion
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constant in the p-type absorber material, and g(z,7) is a function that describes the rate of
photogeneration of charge carriers in the illuminated film with allowance for the shielding
action of the cap contact:

A

8(z, N=F0)[a1)QWexp(-az)in

0

27c
. . .. T)= s th e
Here, a(A,z) is the absorption coefficient, Q(A, T,) 1 4[exp( e | AKT)-1] is the Planck distribu

tion function for the blackbody emissivity at temperature T, (see, for instance, [1]), A; =20 um

is a wavelength far exceeding the long-wave cutoff wavelength A of the p-type MCT absorber
layer, and F(r) is the shielding function (in a simplest model, F(r)=0 for r < R and F(r)=1 for r >
R). Since, in what follows, ratios of diode-produced photocurrents will be calculated, then the
knowledge of the absolute value of the radiation flux (which depends on the aperture angle
and on the coefficient of radiation reflection from the surface of the test structure) is not
necessary. The absorption coefficient & depends on the coordinate across the photosensitive
film since, starting from a distance 0.4 pm from either the lower or upper surface of the film,
the cadmium content of the MCT material and, hence, its bandgap energy in the test structure
gradually increase in value toward the surface. The graded-band MCT surface layers were
used to suppress the surface recombination of excess carriers at the surface boundaries of the
p-type MCT film [14]. The computational domain in which Eq. (1) was solved is shown in Fig.
2. This domain is the region referring to the coordinate ranges r=0+R, and z=0+H; the
Cd,Hg,..Te material in this domain has fixed composition x.

Z R R

ph

d L

rnype

prtype

non-illuminated  illuminated

|
1
|
!

0 r

Figure 2. Computational domain.

In solving the continuity equation, the following boundary conditions were adopted [15]:
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a. Jn
% =0 for r = 0 and on the lateral cylindrical surface of the computational domain at r =

R,,=1,+5L, 0y where L, .. is the maximum value of L, for which the computations were
performed, and 7, is the radius of the p-n junction.

b. n'=np0(exp(qV [kT)-1) - on the lateral and planar surfaces of the p-n junction; here, V
is the voltage bias across the diode, g is the electron charge, k is the Boltzmann constant,
and T is temperature. In calculating the photocurrent, the bias voltage was assumed
to be zero.

c on' ,
Dn£ =5,n —on the upper and lower boundaries of the base layer at z=0and z=H, where

S, is the effective rate of recombination of minority carriers at those surfaces.

With regard to the data of [16], the electron mobility value p,=6x10* cm?/Vxs for p-type
Cd,Hg;,Te with x=0.223 was adopted in the calculations. The bandgap energy E, and the
intrinsic concentration of charge carriers 7, in the MCT material were calculated as functions
of MCT-material stoichiometry and temperature by the formulas borrowed from the
monograph [1]. The MCT absorption coefficient was calculated using the formulas reported
in [17]. In the calculations, the length L, was varied by changing the electron lifetime 7,
according to the formula L.=(D, 7,)"* Equation (1) was transformed in a finite-difference
equation to be solved, by the sweep method, on a grid with variable step over the p-type
region. The total number of applied iterations reached 1%(})100. The photoc;qlrrents across the
planar and lateral surfaces of the p-n junction, jy=¢D,5-andj, =D, 5, were calculat-
ed via numerical differentiation of the obtained solution n’(r,z). The integral diode
photocurrent I was calculated by numerical integration of photocurrent density over the p-
n junction surface.

2.3. Experimental

For experimental implementation of the method, a test photodiode structure whose fragment
is shown in Fig. 3 was fabricated.

In the fabricated structure, the radius of the p-n junctions was fixed, equal to r=6.5 pm,
whereas the radius of the shielding contacts varied in the range from 10 to 100 um (see
Fig. 3 and Table 1). The distance between neighbor diodes was chosen to be sufficiently
large, so that their contacts exerted no influence on the photocurrents produced by the
neighbor diodes. At the periphery of the lateral diode structure, a second contact (to the
p-type absorber layer) was provided. Diode photocurrents were determined from meas-
ured current-voltage characteristics of illuminated and nonilluminated diodes. The
characteristics were measured with the help of a thin probe brought in contact to the diode
caps. The structure of each individual lateral photodiode involved a peripheral metal-
insulator-semiconductor (MIS) region formed by the cap metal contact, by the dielectric,
and by the p-type MCT material (see Fig. 1). For avoiding the formation of surface inversion
layers in the vicinity of the diodes, a sufficiently thick dielectric layer without a noticea-
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Figure 3. Fragment of the test structure. The test structure comprises photodiode sets with different diameters of cap
contacts. In the photo, the structure is shown as viewed from the side of the cap contacts, which appear as light round
regions.

ble positive built-in charge and, also, a metal with a work function value close to that of
the semiconductor need to be used, and measurements are to be performed on diodes biased
with a sufficiently low bias voltage. In the test structures used in our experiments, a 0.15-
um thick double-layer SiO,/Si;N, dielectric and indium metallization, allowing one to meet
the above-formulated requirements, were used. In the experiments, a test structure
fabricated on a variband MCT film grown on a GaAs substrate was placed on the surface
of a corundum ceramic plate. The plate was cooled down to T=78 K, via a copper cylin-
der, by liquid nitrogen into which the copper cylinder was immersed. The ceramic plate
was necessary for preventing the reflection of IR radiation having passed through the thin
MCT layer and through the transparent GaAs plate, from the metal surface of the cylin-
der. Such reflection could otherwise entail additional absorption of reflected radiation in
the MCT material under the shielding contact, which was neglected in our calculations,
and, hence, it could result in an increased value of measured photocurrent. The latter in
turn could induce an additional inaccuracy in the found value of L,. The illumination of
the test structure was performed from the side of the cap contacts by exposing the sample
to 293-K thermal background radiation passing through an aperture angle of 32°. The test
structure was fabricated on sample 1-MCT130607 with the following characteristics of the
p-type MCT film: thickness 8 um, stoichiometric coefficient x=0.223, hole mobility u,= 540
cm?/Vxs, hole concentration p=6.7x10" ecm?. As illustrated by Fig. 4, thin graded-band MCT
layers were provided on both sides of the grown MCT film to suppress the surface
recombination of charge carriers at its boundaries.
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Figure 4. Composition of MCT material over the film thickness.

2.4. Experimental results
Current-voltage characteristics of the diode pairs involving neighbor diodes with different
radii of cap contacts were measured, and the photocurrent values were determined from

measured data. Results obtained for a diode pair with cap-contact radii R; = 10 pm and R; =70
um are illustrated in Fig. 5.

] non-illuminated
L=y

/_"7

Nk

{illuminated 1
X /

010  -005 000
Bias voltage, V

Current, nA
S

1
)
o

Figure 5. Current-voltage characteristics of a diode pair with cap-contact radii R;= 10 um and R; =70 ym.

Evidently, the photocurrents I; and I; remained roughly constant throughout the interval of
low bias voltages till the bias voltage -150 mV. In addition, we have I;>>I;, which relation proves
that the peripheral MIS regions of the photodiodes induced no substantial contribution to
measured photocurrent values. Typically, photocurrents were calculated at a bias voltage of
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-50 mV. A bar chart of photocurrents I; and I, for seven diode pairs with cap-contact radii 10
and 70 pm is shown in Fig. 6. Here, the average photocurrent ratio I,/I; equals 9.84.

2; )
] _g | i
77?,//7
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1 2 3 4 5 7
Number of diode pair

Figure 6. A bar chart of measured photocurrents for diode pairs comprising photodiodes with cap-contact radii 10 and
70 pm.

The theoretically calculated ratios of the photocurrents produced by a diode with the k-th
shield (k = 2+6) (see Table 1) and by a diode with shield 1 are shown in Fig. 7; as explained
above, the photocurrent ratios were calculated by solving Eq. (1). For the dimensions of the p-
n junctions, the following values were adopted: radius r=6.5 um, inward extension of the p-
n junction in depth of the MCT film z/~2 pum. The thickness of the p-type absorber film was
assumed to be H=8 pum. The effective rate of surface recombination of excess carriers on both
surfaces of the MCT film was assumed to be zero due to the presence of band-graded MCT
layers on those surfaces (see Fig. 4). The absorption of IR radiation in the band-graded MCT
layers was neglected.

k Ry, pym L/I, L,, ym
1 10 1

2 17 1.2 22.745.3
3 24 1.55 20.4+2.1
4 40 2.88 20.2+0.9
5 70 9.84 20.5+0.8
6 100 23.8 22.8+0.3

Table 1. Measured photocurrent ratios for diode pairs comprising diodes with different cap-contact radii and the
determined diffusion-length values L,.
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Figure 7. Calculated photocurrent ratios I,/I, versus the diffusion length L,.

Each of the curves in Fig. 7 has an abruptly descending portion appropriate for determining
diffusion-length values in a particular interval of L,.

2.5. Determination of the diffusion length L,

With reference to the properly chosen curve in Fig. 7, the experimentally measured photocur-
rent ratio I;/I; = 9.84 translates into a diffusion-length value 20.5 pm. Photocurrent ratios I,/I,
for the diode pairs which comprised diodes with other values of cap-contact radii have also
been measured. The values of L, obtained from the comparison of measured with calculated
photocurrent ratios for those diodes are listed in Table 1. The inaccuracy in determining the
length L, can be evaluated considering the scatter of measured ratios I;/I, for used photodiodes,
whose total number for each shield radius R, typically amounted to 7. It is seen from Table 1
that very close data with average values of L, ranging from 20.2 pm to 20.5 um were obtained
for the diode pairs with cap-contact radii 10 and 24, 10 and 40, and 10 and 70 pm. Here, the
data obtained from the photocurrent ratios I,/I, and I,/I; are the least accurate results since the
curves in Fig. 4 for those diode pairs exhibit a gently sloping behavior in the range of L, -value
around 20 pm.

Application of the largest shield with R, =100 um yields somewhat overestimated values of L,
due to the absorption, in the shielded region, of the radiation having passed through the MCT
film and having been partially reflected from the lower surface of the GaAs substrate. Let us
evaluate the effect due to the latter reflection. In the case of an 8-pum thick MCT film, one can
readily obtain that, for a=2200 cm”, the radiation flux reaching the MCT film-substrate
interface at wavelength A=0.91, will amount to 17 % of the incident radiation flux. For
reflection-coefficient value 0.27 at the air—-GaAs interface, for the reflected radiation we obtain
a value amounting to 3.8 % of the total flux initially incident onto the structure. Evaluation
yields an additive to the photocurrent I, approximately equal to 0.05 I;. The larger value of I,
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will entail a smaller calculated value of I,/I;, and, hence, a larger value of L, extracted from the
graph of Fig. 7. Clearly, the contribution due to the mentioned additive to the photocurrent
produced by the diode with the k-th shield can be neglected providing that 0.05 I,<< I,, or I/I,
<< 20. From Table 1, we see that the above condition was obviously violated for k=6.

To summarize, our measurements of the electron diffusion length in the fabricated test
structure performed on the diodes with cap contacts considerably differing in size have yielded
an average length value <L,>=20.2-22.8 um. A similar analysis performed for the optimum
diode pairs with the photocurrent ratios I,/I; and I,/I,, whose dependences on L, as revealed
by calculations proved to be much more steeply sloping in the interval of L -values around
L~20 um, has yielded for the length L, values ranging in the interval from 19.3 to 21.3 um
(with allowance for the scatter of photocurrent-ratio values obtained for 14 measured diode
pairs).

3. Determination of the bulk and local diffusion-length values of charge
carriers in the photosensing film of ready MCT IR FPA detectors

Below, we present an analysis of the charge-carrier diffusion process in a photosensing film
of MCT 2D IR FPA detectors based on spot-scan measurements of such detectors. The analysis
was performed with due consideration given to the fact that the extraction of minority carriers
by FPA diodes out of the absorber layer, generally speaking, reduces the lifetime of excess
carriers in the photosensitive film of the detector in comparison with the “bare” (without FPA
diodes) MCT film, making the diffusion length of those carriers in the film regions with
photocurrent suction a shorter effective diffusion length [, .. If the length [, , whose magnitude
depends on the level of diode photocurrents, does not exceed the lateral sizes of the FPA
diodes, we may speak of a local effective diffusion length of photogenerated charge carriers in
the film region under the photodiodes. Below, we show how the bulk and local diffusion-
length values of charge carriers in different parts of the FPA structure can be evaluated using
the spot-scan data measured for FPA detectors at different levels of diode photocurrents.

3.1. Essence of the method

For evaluating the diffusion length of charge carriers in the photosensitive film of FPA
detectors, the spot-scan technique was often used [5-9]. In a spot-scan procedure, the charge-
carrier diffusion-length value is deduced from spatial diode photoresponses S(x) measured in
the vicinity of alocal illumination spot shined onto the FPA (see Fig. 8). However, the important
fact that the spot-scan procedure itself largely modifies the distribution of minority carriers in
the photosensitive film under measurement conditions with relatively high diode photocur-
rents has not been given due consideration in previous implementations of spot-scan meas-
urements. It should be additionally mentioned here that not only the scanning diode but also
its neighbor FPA diodes, which also produce their own photoresponses during scanning,
seriously affect the distribution of photogenerated charge carriers in the scanned region. Like
the scanning diode does, in performing scans, the neighbor diodes also continuously change
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their position with respect to the excitation spot. The latter circumstance hampers the treatment
of spot-scan data if one attempts introducing corrections to gained data for photocurrent
suction.

MCT film

GaAs
substrate

IR radiation

Figure 8. Scanning of a thin-line illumination spot with an FPA photodiode (V, is the gate potential of the photoelec-
tric-cell input FETs with respect to the frame electrode of the diode array, S is the registered photosignal, C is the stor-
age capacitor, and V. is the readout integrated circuit (ROIC) supply voltage).

A good strategy toward diminishing the influence of measuring circuits on the distribution of
charge carriers in the absorber layer consists in decreasing the level of registered diode
photocurrents j,,. By following this strategy, we have recently proposed a new method for
determining the bulk diffusion length of charge carriers [, in the absorber layer of MCT IR FPA
detectors [18]. In the new method, the spot-scan technique was implemented at low levels of
diode photocurrents j,, and the bulk diffusion length of charge carriers in the photosensitive
film [, was proposed to be determined as the extreme value of their “spatially averaged”
effective diffusion length [, for j,, — 0. Thelengthl; ; atlow diode photocurrents j,, having
been sufficiently large, the diffusion of photogenerated charge carriers in the photosensitive
film of examined detectors was analyzed in [18] within a continuum approach. At a high level
of diode photocurrents j,, however, the latter approach becomes invalid because of a de-
creased value of [ . In the present paper, we extend the analysis [18] of the diffusion process
of charge carriers in the photosensitive film of FPA detectors to the case of large diode
photocurrents j,,. We show that, following the determination of the length [, by the method
[18], treatment of spot-scan profiles S(x) measured at large diode photocurrents within a simple
2D diffusion model makes it possible to determine the local effective diffusion length I, . of
minority carriers in the film region under FPA diodes in normal operational regime of the
photodetector. In this way, we for the first time give a complete analysis of the charge-carrier
diffusion process in a photosensitive film of MCT IR FPA detectors at arbitrary diode photo-
currents.
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3.2. Experimental

In our experiments, two 320x256 Cd,Hg; Te n-on-p photovoltaic detectors with long-wave
cutoff wavelengths ~5.4 (x = 0.30) and ~10 pm (x = 0.225), hereinafter to be referred to as
detectors D-1 and D-2, were used. In both detectors, the diode pitch was p =30 pum, the nominal
size of FPA diodes (as defined by the implantation window size in the dielectric) was 10x10
pm, and the thickness of the continuous p-type Hg vacancy-doped MCT photosensing layer
was about 10 um. The concentration of acceptors in the absorber layer was N, = (7+10) x 10
cm?® The diode arrays in our detectors were fabricated using boron implantation. Both
detectors contained graded-gap wideband MCT layers grown on both sides of the MCT film
to ensure surface insulation of FPA diodes and suppress the recombination of charge carriers
at the film boundaries [14]. The MCT film of the D-2 detector additionally contained a heavily
doped n-type MCT layer with a larger bandgap energy provided to it for suppressing the
debiasing effect in the diode array [19, 20].

The scanning procedure and the experimental setup used in our experiments are schematically
illustrated in Figs. 8 and 9. Different decreased levels of diode photocurrents were imple-
mented by varying the gate-potential value V, of input field effect transistors (FETs) in the
photoelectric cells of the detectors (see Fig. 8). The scans were performed at a 1-um step by
translational displacements of the objective lens installed on a high-precision PC-controlled
motorized XYZ-stage. The photoresponse S was registered with the help of a shutter controlled
by the same personal computer; usually, the photoresponse values were obtained by subtract-
ing the average of typically 10-20 frames taken with closed shutter from the average of the
same number of frames taken with open shutter.

I, F~10cm

Figure 9. Experimental setup: 1 — globar, 2 — collimator, 3 — PC-controlled shutter, 4 — monochromator, 5 — deflecting
mirror, 6 — focusing lens mounted on a motorized XYZ stage, 7 — cryostat with the mounted FPA detector, 8 - electron-
ic equipment controlling ROIC operation and measuring the photoelectric signals, 9 — personal computer.
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For diminishing the chromatic aberrations in the objective lens, as the secondary source of IR
radiation, we used the exit slit of a monochromator through which IR radiation around
wavelengths A =4.5 or 8 um (respectively, in the case of the D-1 and D-2 detectors) cut off from
the globar emission spectrum, passed. Those wavelengths were roughly at the maximum of
the spectral sensitivity of the detectors. According to [21], the IR radiation at the above-
mentioned wavelengths was absorbed in the absorber layer of the D-1 and D-2 detectors over
the characteristic optical lengths [, ~ 0.2 and 2.4 um. In the chosen optical configuration, for
typical slit-width values of 0.1-0.2 mm, the width of the focused image of the slit at the FPA
location in the geometrical optics approximation was smaller than ~8 um. The diffraction of
IR radiation caused some smearing of the slit image on the FPA. The distributions of the
illumination intensity I(x) across the excitation spot as implemented in the experiments with
the D-1 and D-2 detectors (see Fig. 10, curves 1) were calculated under the assumption that the
optical system used in our experiments was a diffraction-limited one, by summing the Airy
disc distributions centered at each point of the geometric image of the slit [22]. The manner in
which the radiation intensity I diffracted in the vicinity of a strip-like illumination spot of width
b was calculated is illustrated by Fig. 11. The calculations of I in the geometrically illuminated
region of FPA (x<b) and outside this region (0<x<b) were performed by formulas

x+b
I(x>b)= J. 2r x Airy(r, A) x {acos( )— acos(—)}dr + _[ 2r x Airy(r, A) x acos( )dr

x+b

b-x
I(0<x<bh)= _[ 2r x Airy(r, A) x {——acos(b }dr+ J‘ 7xrx Airy(r, A)dr +
T

x+b

b+x
+ _[ 2r x Airy(r, A) x {— - acos(— }dr + .[ wxrx Airy(r,A)dr,

x+b

2].(&)\?
where Airy(r, /\)=( ]15( )) is the Airy function (£= 2n5- D 60, J; is the first-kind Bessel function,

D is the lens diameter, A is the radiation wavelength, G—atan(r/R) is the diffraction angle, r is
the radius-vector in the plane of FPA, and R is the lens-to-FPA separation).

The experimental conditions that were adopted in measuring the diode photoresponse profiles
S(x) in the D-1 and D-2 detectors are summarized in Table 2. For extending, at low and high
photocurrent values, the range of photocurrents j,, implemented in our experiments, we used
such means as increasing the integration time ¢, (e.g., from 150 us to 2 ms in the case of the
D-2 photodetector while performing measurements at low currents j,,) or attenuating the
illumination intensity in the radiation spot via narrowing the entrance slit of the monochro-
mator (in cases where off-scale swings of the analog-to-digital converter output signal at high
photocurrents j,, had to be avoided).

3.3. Results and discussion

Figure 10 shows the wings of the profiles S(x) that were measured at various values of V, in
experiments with the D-1 (curve 2 and symbols 3-5) and D-2 (curve 2 and symbols 3-6)
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Figure 10. Distribution of the IR radiation intensity in the vicinity of the illumination spot (curve 1) and spot-scan pro-
tiles 5(x) registered in the D-1 (a) and D-2 (b) detectors at several values of V, (the rest data). (a) Input-FET gate poten-
tial: Vg=1.068 V (curve 2), and 0.96, 0.88, and 0.82 V (symbols 3, 4, and 5 and curves 6, 7, and 8, respectively). Symbols
3-5 and curve 2 show the measured spot-scan profiles S(x); curves 6-8 show the profiles S(x) calculated for small val-
ues of V, by the 1D diffusion model. (b) Input-FET gate potential: V,=0.95 V (curve 2), and 0.90, 0.85, 0.74, and 0.73 V
(symbols 3,4,5,and 6, and curves 7, 8, 9, and 10, respectively). Symbols 3-6 and curve 2 show the measured spot-scan
profiles S(x); curves 7-10 are the profiles S(x) calculated for small values of V, by the 1D diffusion model.

detectors. As the right and left wings in the measured profiles were slightly asymmetrical,
presumably because of some nonuniformity of the recombination properties of the absorber
material and because of a slight difference in the electrical characteristics of the neighbor FPA
diodes, Fig. 10 shows only the right wings of the profiles, from which data used in subsequent
calculations were taken. For clarity, the curves S(x) measured for the D-1 detector in operation
with V, <0.96 V and for the D-2 detector in operation with V, <0.90 V are shown in Fig. 10 in a
smoothed form. The relation between the as-measured and smoothed profiles S(x) for the
noisiest experimental curves (data for D-2 measured at V,=0.73 and 0.74 V) is illustrated in Fig.
12. Tt is seen that the case of V,=0.73 V was the noisiest experimental situation, while already
at V,=0.74 V the spot-scan profile S(x) was measured quite reliably. The profiles S(x) measured
in both detectors at V, <0.9 V are noticeably widened in comparison with the profiles taken
from the D-1 and D-2 detectors, respectively, at V, =1.086 V and V, = 0.95 V, that is, at gate-
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potential values close to the optimum ones in normal operational regime of the detectors (see
Fig. 10). On increasing the gate-potential value in excess of 0.95-1.00 V, the shape of the
registered spatial photoresponses exhibited saturation, and the normalized profiles S(x),
therefore, remained identical. Wishing to avoid dull data repetition, in Fig. 10 we do not
illustrate this fact. Below, we give an analysis to measured profiles S(x) separately for the range
of V-values in which distinct widening of the bell-shaped profiles S(x) with decreasing the
level of diode photocurrents j,, was observed (V,<0.95-1.00 V) and for the range of V,-values
in which the shape of the profiles S(x) became independent of V, (V,>0.95-1.00 V) (conven-
tionally, the cases of small and large diode photocurrents).

x=b

Figure 11. On the calculation of the distribution of the radiation intensity diffracted in the vicinity of an illumination
spot shaped as a strip of width b (0<x<b), in the region outside the spot (xb). The radiation intensity in the region 0<y<b
was calculated similarly, by summing the contributions due to circular rings and arcs.

D-1 (A=4.5 um)
Ve, b Iy, I, s, I, D, F, A, lieg P L
Vv us nA arb. units mm cm Cm cm Mm pum e
0.82 1300 0.14 1 0.1 214 3.33 10 4.9 17.5 0.24 ~1
0.88 1300 0.2 1 0.1 214 3.33 10 4.9 16 0.485 ~2
0.96 1300 0.5 1 0.1 214 3.33 10 49 13 125 ~7
1.068 1300 0.29 ~0.4 0.1 214 3.33 10 4.9 - - ~20-40
D-2 (A =8 um)
Ve, b Iy, I, s, I, D, F, 4, i+ i L
\% ys nA arb. units mm cm Cm cm Mm pm et
0.73 2000  0.00026 1 0.2 274 5 10 7.6 24 <0.1 <0.8

0.74 2000 0.0026 1 0.2 274 5 10 7.6 22.5 0.14 =0.9
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0.85 250 0.49 1 0.2 274 5 10 7.6 20 0.44 =2.5
0.90 150 1.46 1 0.2 274 5 10 7.6 14.5 1.74 =9
0.95 150 1.68 ~0.5 0.2 274 5 10 7.6 - - =20-40

Notation: V, is the gate potential of photoelectric-cell input FETs with respect to the frame electrode of the diode array,
t,,; is the integration time, I, is the photocurrent produced by a photodiode centered at the axis of the illumination spot,
1 is the IR radiation intensity in the illuminated spot (in arbitrary units different for D-1 and D-2), s is the width of the
monochromator exit slit, [=I,+, is the distance from the monochromator exit slit to the lens (see Fig. 9), D and F are the
lens diameter and focal length, A is the width of the geometric image of the monochromator exit slit at the FPA location,
l@ is the “spatially averaged” effective diffusion length of minority carriers in the PF of the FPA detector in the model
with uniform photocurrent suction, k is the value of the coefficient k found in the 1D diffusion model with uniform

photocurrent suction, and k,,, is the suction coefficient in the region under the photodiodes in the 2D diffusion model
with structured photocurrent suction.

Table 2. Conditions of the spot-scan tests of the D-1 and D-2 detectors and the obtained values of [ d effr IE, and Ky, or-

3.3.1. The case of small diode photocurrents j,,

As the IR radiation intensity reaching the n-regions of the FPA diodes was negligible, the
measured diode photoresponses were primarily due to photoelectrons excited by IR radiation
in the p-type absorber layer and sinking to the n-regions of the photodiodes. The spot-scan
data obtained at small values of V, were analyzed within a continuum diffusion model that
was developed to clarify the expected asymptotic behavior of [; 5 (j,) for j,, — 0. This model
could be used because, at the low levels of j,;, we had lieg 2 lscr/2 and lig 2 d (here I is the
separation between the depletion edges of adjacent FPA diodes and d is the PF thickness) [18].

S(x)
N
S(x)

-150 -100 -50 0 50

100 150

X, um

Figure 12. Relation between the most noisy spot-scan curves measured for the D-2 detector at V,=0.73 (a) and 0.74 V (b)
(curves 1) and their averaged counterparts S(x) (curves 2).

3.3.1.1. Continuum diffusion model. Derivation of the asymptotic L,z — 1 for j,, — 0

The modelis based on the following assumptions: (i) the lateral diffusion of the photogenerated
charge carriers proceeds in an infinitely thin film; (ii) the photoelectrons are extracted out of
the photosensitive film, instead of a discrete diode array, by alarge-area electrode continuously
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covering the entire surface of the film; (iii) the local photocurrent density j,, varies over the
diode area in proportion to the local sheet density of excess minority carriers n, with a
coefficient whose magnitude depends on V,; (iv) the total photocurrent across the diode can
be calculated by integrating the local photocurrent density j,, over the diode area, which has
an efficient size ¢. For our detectors, a value t=14 um was adopted in the calculations described
below (the nominal window size plus 2 um on either side of the photodiode) [23, 24]. In the
formulated model, the spot-scan profiles S(x) can be found by solving the 1D diffusion equation

%,
1,2x 322 —(k+1)xn,+gx1=0,

which can also be written as

n, )
ldeffZXW—ns+g><Ieﬁ=0. )

Here, 1, =1, [{1+k and 7, 7=7/(1+k) are the effective diffusion length and the effective
lifetime of excess carriers in the photosensitive film (7 is the lifetime of excess carriers in the
bulk absorber material, k is the coefficient that relates the local photocurrent density j,, to n,,
Jjw=kxn/7), and g is the rate of sheet photogeneration of charge carriers in the photosensitive
film. For the normalized profiles S(x), we then have [18]:

(7 w4

.[/[J;g(x')xexp[— » ]df]dx'
e .
_[/[Lg(x')xexp[—ldeﬂ]df]dx'

The curves S(x) calculated by formula (3) with the values of I, 4 providing the best fit of
experimental with calculated data for the central part of the bell-shaped spatial photoresponses
for V,=0.73, 0.74, 0.85, and 0.90 V (D-1) and V,=0.82, 0.86, and 0.96 V (D-2) are shown in Figs.
10(a) (curves 6-8) and 10(b) (curves 7-10). The obtained values of 1,5 Iy o are listed in Table
2;in Fig. 13, they are plotted (for fixed illumination intensity in the excitation spot) against the
photocurrent I, that was produced by the scanning diode when the diode was centered at the
spot axis (the current I, was evaluated from the maximum photosignal AV, in the registered

scans by the formula I,=C xAV/t, ., where C=1.22 pF is the photoelectric-cell charge storage

capacity and f, is the integration time).

S(x) =

int”

The curves in Fig. 13 show the dependences I,,(I,) as predicted by the model; those depend-
ences are defined by a nondimensional parameter a=(j,x1;) /G that varies in proportion to I,
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Figure 13. “Spatially averaged” effective minority-carrier diffusion length % versus the photocurrent I, registered by

the measuring diode at the maximum of the spot-scan profiles S(x). Symbols 1 and 2 are the data for the D-1 and D-2
detectors; the curves are the dependences calculated by formula (4) with a/I;=0.9 and 0.33 nA™! for D-1 and D-2, respec-
tively. The inset shows the dependence of I, on V, for the D-1 and D-2 detectors at fixed (yet different for D-1 and D-2)
levels of the IR radiation intensity in the illumination spot. Symbols 1 and 2 are the data for the D-1 and D-2 detectors,
respectively.

(here jy=1I,/(qx p?) is the average flux of photoelectrons through the spot-centered pixel area

(9 is the electron charge) and G is the rate of the sheet photogeneration of charge carriers in the
illumination spot per unit length of the spot):

2
ldeﬁ:ldx(\/az+1—a):ld~(l—a+a7+...} 4)

Formula (4) canbe derived as follows. Assuming thatn(x) ocexp(+ x /1, 5 ), putting ¢ =0 outside
the spot, and writing the coefficient k as j,/(1,x7) (here, 1, is the sheet density of photogen-
erated charge carriers in the spot), from Eq. (2) we obtain:

ld2 Joxt
Syl (5)

Considering now the problem over the scale ~ I,y and treating the distribution of illumination
intensity in the spot as a delta-function, from the condition of matching the lateral photocur-
rents that spread from the spot to the left and to the right, for the photoelectron density 1, we
obtain:

GxlI
noz#. (6)

177



178 Optoelectronics - Materials and Devices

ld eff

On substitution of expression (6) into relation (5), for x=— - we then derive a quadratic
d

equation whose solution yields formula (4).

According to the asymptotic of (4), at low currents I, the effective diffusion length [, decreases
quasi-linearly with increasing current I, in such a way that the slope a/I; defines simultane-
ously the weakly nonlinear behavior of I;,(I,). As it is seen from Fig. 13, both conclusions fairly
well agree with the experimental data. Interestingly, from the found value of /I, one can
readily obtain an estimate of G.

The 1D continuum model described above possesses the following advantageous features: (i)
in treating the withdrawal of charge carriers out of the photosensitive film, this model permits
leaving aside such things as boundary conditions for the minority carrier concentration 7,
which would be dealt with in the 3D diffusion model; (ii) the model explicitly involves a
quantity /., whose asymptotic value at low photocurrents gives the bulk diffusion length of
minority charge carriers I, in the photosensitive film; (ii) the model admits derivation of an
analytical expression for the asymptotic behavior of I, 4 (j.) as j,, — 0.

3.3.1.2. Evaluation of the length 1, in the absorber layer of the examined IR FPA detectors

Approximation of the curve [, 4 (I;) to I,=0 according to asymptotic (4) yields for I, a value of
19.5 um in the absorber material of the D-1 detector and a value of 24 pum in the absorber
material of the D-2 detector. Those values are in good agreement with relevant data that were
previously reported in the literature (see, e.g. [5, 13, 25], where the values of 19 pm [25], 20-23
pm [13], and 25-35 pum [5] were reported for the carrier diffusion length I, in p-type MCT at
78 K), and also with the diffusion-length values calculated from the lifetime and mobility data
for p-type MCT of similar stoichiometry (see, e.g. [26], where the lifetime and mobility values
1=10-15 ns and p,=6.8x10* cm?/Vxs, translating into [,=21.4-26.2 um, were obtained for a
Cd,Hg;,..Te material with x=0.20-0.23).

It would also be instructive to correlate the diffusion-length data obtained in the present study
with the available minority-carrier lifetime data for Hg-vacancy-doped MCT. According to
[27], the lifetime of excess carriers in the p-type Cd,Hg; Te material with x=0.225 and 0.30
doped with Hg vacancies to a concentration of (7-10)x10% cm? is approximately 7=2-4 and 5.5
10 ns. Evaluating the electron mobility in MCT by traditional formulas [21], we obtain the
mobility values p,=1.06x10° and 4.46x10* cm?/Vxs for such materials. Then, for the electron
diffusion length, we obtain the values of 12-17 um and 13-18 um, which fairly well compare
with the values of 19.5-24 um obtained in our detectors. Thus, the diffusion-length values for
MWIR and LWIR detectors differ little, in line with the results reported in [16]. Thus, here
again we have a good agreement with the literature.

It should be additionally noted here that, as a result of the neglect of the film thickness in the
applied approach, our analysis of the profiles S(x) yields somewhat underestimated values of
l; because, for reaching a photodiode, the photogenerated charge carriers, apart from moving
laterally, have to diffuse a distance of d across the photosensitive film. However, this under-
estimate of [, is of the order of 9 (d%/1); in the case under consideration, it does not exceed ~
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2-2.5 um and can be considered small. Another point that should be mentioned here with
reference to Fig. 10 is that for low gate voltages S(x)-data become less complicated and more
prone to be fit, in an extended range of x, with a single exponential behavior. Fitting the S(x)
data for our photodetectors with a single exponential decay constant yields values of I, that
well coincide (within ~1-1.5 um) with the values of I, obtained from the calculations based
on formula (3).

3.3.2. The case of large diode photocurrents j,, (normal operational regime of FPA detectors)

At currents [ 20.5 nA/pixel in the D-1 detector and >1.5 nA/pixel in the D-2 detector, the length
lier becomes comparable with the characteristic lateral size of the diode-array structure lscg,
making it necessary to take the nonuniformity of that structure into account in calculating the
diode photoresponses S. Moreover, at large diode photocurrents, the local effective diffusion
length of minority carriers in the region under the back-biased diodes I, ;becomes comparable
with d, and the second applicability condition of the 1D diffusion model, I, o> d, also becomes
violated. Disregarding, for the time being, the second circumstance, in our analysis of spot-
scan data we tried to allow for the discrete structure of the FPA by performing calculations of
2D distributions of the excess carrier concentration n(x,y) in our locally illuminated photode-
tectors within a 2D diffusion model with d=0 presenting an extension of the previously used
1D diffusion model to the case of two lateral dimensions.

3.3.2.1. 2D calculations

The 2D distribution of the sheet density of photogenerated charge carriers in the photosensitive
film of the IR FPA detectors n,(x,y) with g(x) cc I(x) was calculated as the solution of the 2D
diffusion equation

2 2
Zdzx[a ns(x’y)_’_8 ns(x’y)

= Gyz ]:—g(x)xr+ns(x,y)+kph x P(x,y)xn (x,y). )

In Eq. (7), the discrete structure of the diode array was taken into account via the function P(x,
), which was assumed to be unity in the region under the FPA diodes and zero in the region
outside the FPA diodes. We thereby assumed that, over the area occupied by the FPA, the local
diffusion length of charge carriers in the region outside the diodes was equal to /. In the region
under the diodes, a smaller value of the local (effective) diffusion length, I, 5, defined by a value
of kp,, to be found via the fit of calculated to experimental spot-scan data, was assumed. [Here,
we would like to remind the reader that under the local diffusion length at a point of interest,
we everywhere understand the average distance the charge carriers would move in the
absorber material if they were spreading from that point in a spatially uniform photosensitive
film with recombination properties of the absorber material being everywhere identical to the
recombination properties of the material at the point under consideration. Under the effective
diffusion length I, 5, we understand the diffusion length of charge carriers defined, in addition
to their bulk recombination in PF (which, taken alone, defines the value of [;), also by the
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disturbing action due to FPA diodes. The notion of local effective diffusion length of charge
carriers, whose meaning can be comprehended by combining the above two definitions, is a
notion pertinent to the 2D diffusion model with d=0 used in the present analysis].

The equation was solved by using the MathCad function relax in a 1024x1024-um square
domain covered by a square grid whose mesh size was 1 um. The illumination spot with the
distribution of illumination intensity I(x) stretched in the middle of the calculation domain
along the y axis. At the calculation-domain boundaries parallel to the centerline of the spot,
zero boundary conditions were adopted for the sheet density of excess carriers (n.=0). The
starting boundary conditions at the domain boundaries normal to the illumination spot were
initially taken from the solution of the related 1D diffusion problem, and then, at a second
iteration made to refine the solution, from the condition of periodicity of the solution in the
spot-parallel direction. Afterward, proper integration (over a 14x14-pm square) was used to
calculate the relative values of S for various positions of the illumination spot with respect to
the scanning diode. As an example, Fig. 14 shows the 2D plots and contour lines of the solutions
ny(x,y) obtained in calculations with k=40 for the case in which the scanning diode in the D-2
detector was at the centerline of the illumination spot (Fig. 14 (a)) and for the case in which its
center was displaced from the spot axis by 10 um (Fig. 14(b)). The purpose of our 2D calcula-
tions was to find such values of k,, at which the best coincidence between the normalized
calculated and experimental diode photoresponse profiles S(x) could be achieved for the
experimentally implemented values of V,, including those for the normal operational regime
of the detectors.

uh LD

(a) (b)

Figure 14. 2D plots and contour lines of the sheet density of excess minority carriers n, for the measuring-diode posi-
tion at the centerline of the illumination spot (2) and for the diode-center position 10 um aside from the spot axis (b).
The data were obtained for the D-1 detector in the calculation with k,;=40.

3.3.2.2. Calculated data and their comparison with the measured spot-scan profile S(x)

The found values of k,, k,, ,,» are listed in the last column of Table 2. The values of k,, ,,, found
for the D-1 detector in operation with V,<0.90 V and for the D-2 detector in operation with
V,<0.95V proved to be 4-5.5 times greater than the optimal values of the coefficient k, k, found
in the continuum model of [18] with uniform current suction. With the factor 4-5.5 being close

to the ratio between the pixel and diode areas, it can be concluded that both models, the model
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with continuous photocurrent suction and the model with structured photocurrent suction,
yield adequate descriptions to the data measured at small values of V, providing that one and
the same average photocurrent density on the area occupied by the FPA is assumed. The latter
result can be regarded as verification of the applicability of the approach of [18] to the analysis
of spot-scan data obtained for reduced potentials V. For values of V, typical of the normal
operational regime of the detectors (V,=1.086 V for D-1 and V,=0.95 V for D-2), the shape of the
spatial diode photoresponses S(x) proves to be more complicated in comparison with the
profiles 5(x) measured at reduced values of V,, with the wings of the profiles S(x) being less
prone to fitting with a single-exponential behavior (Fig. 10). A comparison between the spot-
scan profile measured at V,=0.95 V for the D-2 detector and the profiles S(x) calculated for the
same detector by the 2D model with k,, =20, 40, and 60 is given in Fig. 15. Evidently, with k,,
~20-40, a good agreement between the measured profile and the calculated spot-scan profiles
was achieved, which shows that, at least in some practically important cases, the model with
d=0 is also capable of providing a satisfactory approximation of the measured with calculated
profiles S(x) for the values of V, typical of the normal operational regime of the detectors.

0 50 100 150
X, 1m

Figure 15. Spot-scan profile S(x) in the D-2 detector measured at V,=0.95 V (curve 2) in comparison with the profiles
S(x) calculated by the 2D diffusion model with k=20, 40, and 60 (curves 3, 4, and 5, respectively). Curve 1 is the distri-
bution of the IR radiation intensity.

The above values of k, k,, o,
carriers in the region under the photodiodes |, . =1, [J1+ ko opt =3-7-5.2 um. It should be noted
here that the above-described fitting procedure yields an upper-type estimate for [, ;;because,
with increasing the magnitude of k,, over k,, ,,, = 2040, the calculated photoresponses S (and
also the shape of the profiles 5(x)) proved to be weakly dependent on k,,, exhibiting saturation
in the vicinity of the measured S-values. Yet, it can be shown that the obtained values I, ;=
3.7-5.2 um agree well with a theoretical estimate of the length I, (see below). Such an a
priori estimate of the length [, in the region under photodiodes can be obtained due to the
fact that the values of the second derivatives of the excess carrier concentration # in the lateral
direction normal to the spot axis and in the direction across the absorber layer are interrelated

= 2040, refer to the effective diffusion-length values of charge
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by the 3D diffusion equation, while some plausible assumptions about the shape of the cross-
film distributions n(z) can be adopted.

3.3.2.3. A priori estimate of the length 1, under the back-biased photodiodes

The main idea behind the spot-scan method consists in examining the spot-scan profiles S(x)
in the film region at the spot edges, where the illumination intensity I rapidly decreases to
allow the shape of the formed distributions n,(x) and S(x) to be largely controlled by the
diffusion of charge carriers. A characteristic feature of those areal parts of the photosensitive
film is that the excess charge carriers appear in those areal parts predominantly due to their
lateral diffusion out of the adjacent film regions (and not due to photogeneration). For those
film regions, an a priori estimate of 1,4, which can be used for verification of the found values
of I;,5 can be obtained.

Indeed, let us consider an extended (with a characteristic size [>>1, ;) region of an MCT film
under alarge-area back-biased photodiode. We assume that photogeneration of charge carriers
in this region is negligible, and excess carriers enter this region through its lateral boundary
parallel to anearby elongated illumination spot. At a fixed distance from the spot axis (x=const),
the function that describes the distribution of the excess carrier concentration across the film

(over the z coordinate) can be expanded in a series of sines of the type sin[di x (% +2m - n)],
eff

n=0,1..., which all satisfy the boundary conditions at the film boundaries (n=0 at z=0 and
0n/9z=0 at z=d,q). Here d, is the effective thickness of the photosensitive film in the region
under the FPA diodes (the actual film thickness d minus the sum of the inward extension of
the p-n junction in depth of the absorber layer (d,,,~2-3 um) and a length of order of the optical
absorption length of IR radiation in the absorber material [,,,,~2.4 um, see above). Solving the
3D analogue of Eq. (7) by the variable separation method, we see that each component in the
series decays exponentially in the PF plane along the x coordinate, the characteristic length of
the decay being

2
lfféc)ay =1, \/1+{dld><(72r+2ﬂxnﬂ . (8)
eff

The length I,,,, for the least rapidly decaying component with n=0, which can be expected to
dominate the whole series far enough from the source boundary, should be identified as the
effective lateral diffusion length of charge carriers in the photosensitive film [, . For several

2d
off _
p =3.,

realistic values of d 5 in the D-2 detector, d,=6, 7, and 8 um, formula (8) yields I, ,; =
4.4,and 5.0 pum, respectively (the approximate equality holdsif (I, /d,; )>>>1). The above values
of l; 1 translate into k,,=22-39 (here we can use the relation [, of =la / J1+ k,y or, alternatively,
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du?’
. on(z) n a2 o
take into account the fact that k o =l g n(z)dz=(5 x5 ) for the harmonic with n=0).
eff
0

In compliance with expectations, the length I, 4,= 4-5 um proves to be comparable with the
thickness d;. A similar estimate of the length [, 1,1, [ o1 = 4-5 um, was also obtained for the
D-1 detector. Thus, for the film region under back-biased diodes, we obtain a good agreement
between the lateral diffusion-length values I, 5, deduced from the analysis of the shape of the
photoresponse profile S(x) (namely, from the values of k,, ,,,) and the theoretical estimate of
this length.

3.3.2.4. Substantiation of applicability of the 2D diffusion model to the description of spot-scan profiles
measured in normal operational regime of the photodetectors

Below, we present heuristic considerations that explain why the diffusion model with 4=0 has
proved capable of rather adequately reproducing the spot-scan data obtained not only at small,
but also at large diode photocurrents j,,.. As it was noted above, at low diode photocurrents
the distribution n(z) flattens across the film, thus making the treatment of the cross-film
dimension unnecessary. On the other hand, at high values of j,, (when the photocurrents show
saturation with increasing the potential V), the concentration 7 in the vicinity of the back-
biased p-n junctions becomes low, and the distribution n2(z) can be no longer considered quasi-
uniform.

Substantiation of the 2D model with d=0, as used for the description of spot-scan data in the
latter case, can be obtained by integrating both sides of the 3D analogue of Eq. (7) across the
photosensitive film. For simplicity, we begin our analysis with consideration of a photosensi-
tive film covered by a continuous large-area back-biased photodiode. For the integrated
equation to be consistent with Eq. (7), it is required that the term in the integrated equation
which results from integration of the Laplacian component 1 /922 and takes the boundary
condition on the diode side of the film into account would transform to the term of Eq. (7) with
the coefficient k. In turn, for such a transformation, it is required that the gradient of n along
the film-normal direction on the diode side of the film would vary everywhere (in the film
region under the photodiode) in proportion to n,. Indeed, the local photocurrent is to be
calculated in the 3D diffusion model by integrating the film-normal gradient of n over the
diode area, whereas the 2D model with d=0 assumes that the local photocurrent density varies
in proportion to n,. If the normal gradient of n on the diode side of the film were varying
everywhere in a strict proportion to 1, then  the coefficient

ja ¥t Dxon/dzl gxt 1,2xdn/dz !

g 1, S
jn(z)dz

the whole film area covered by the photodiode, and the 2D diffusion model would then be
capable of reproducing results of spot-scan measurements as adequately as the 3D diffusion
model does. However, in reality, perfect proportionality of 01 /0z | ,_ to n, everywhere in the

would retain its constant value throughout

film is lacking because different areal parts of the film feature different distributions n(z)
formed in compliance with local conditions of the diffusion problem.
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With the aim of evaluating the capability of the 2D model in approximating spot-scan data in
the film region under a large-area photodiode, let us consider characteristic distributions n(z)
typical of different parts of the scanning interval (see Fig. 16). One characteristic case with

n(z) ocsin(%x di) was discussed above; this case will be referred to below as Case 1 (Fig.
eff

16(b)). Another, in a sense, opposite case is represented by a uniformly illuminated film region
in which excess carriers appear due to their photogeneration in a thin layer of the absorber
material at the film—substrate interface; this case will be referred to below as Case 2. Clearly,
in Case 2, the distribution of 1 across the film is given by a hyperbolic sine, n(z) oc sinh(z /1)

1, 2
(Fig. 16(a)). Similarly to Case 1, for which we have found that k;}) = (% x é) , we can calculate

d, 2-1
the value of k,, for Case 2 as well; then, we obtain: k;=(2(sinh( 2lff ))) , so that we have
d

I, 2
kG- 2(7[1) in thin films with d/,<<1. The latter value of k,, quite moderately (within a factor

&=m?/8) differs from the value of kph that was obtained for Case 1. It can be suspected that in
intermediate cases, in which photogeneration of charge carriers and their diffusion make
comparable contributions to the density 7, in the film region of interest, the coefficient k,;, will

take values from the interval between k) and k }). The near-unity magnitude of & explains

why the 2D diffusion model provides a good approximation to the 3D diffusion model in
describing the profiles n,(x) formed in the film region under a continuous back-biased
photodiode far enough from the diode edges.

(a) (b)

[T Int =)z

u,.«,,fj-u{:]d: /
%, S

=0 =d =0 =d

Figure 16. Typical distributions of excess carrier concentration across an MCT film with photocurrent suction in a uni-
formly illuminated film region (2) and in a film region where the excess charge carriers appear due to their lateral dif-
fusion over the film by spreading from a nearby illumination spot (b).

In areal FPA structure, the film area occupied by the diode array involves regions with suction
of charge carriers (under the back-biased diodes) and no-suction regions (in between the
diodes). The excess carriers, as they diffusionally spread sideways from the illumination spot,
sequentially pass those alternating regions. As a cloud of charge carriers moves, down the
gradient of n,, past a no-suction region, the distribution n(z) flattens across the film. This
flattening results in that there arises an increased fraction of sine harmonics with high spatial
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frequencies in the distribution n(z) at the edge of the next diode approached by the cloud of
excess carriers; the latter causes an increase in the local photocurrent density at this diode edge
in comparison with the value of j,, predicted by the 2D diffusion model as the latter model
disregards the evolution of n(z) across the absorber layer. In an improved 2D diffusion model,
the increase in the photocurrent density at the diode edge might have been allowed for via a
nonuniform distribution of k,, over the diode area, with an increased value of k,, occurring at
the diode edge. Apparently, the enhanced rate of withdrawal of charge carriers out of the
photosensitive film at the diode edge would result in that, during the further advancement of
the cloud in under the photodiode, the extracted local photocurrent will become smaller than
the photocurrent predicted by the initial 2D diffusion model with areally uniform value of k..
It seems that the realistic values of the coefficient k,, and length [, ., obtained by fitting the
measured spot-scan profile S(x) with the profiles S(x) calculated by the 2D diffusion model
result from partial compensation of the two above-mentioned phenomena, this compensation
occurring as the scanning photodiode “integrates” the photocurrent density j,, over its own
area during spot-scan measurements.

This consideration substantiates the use of the 2D diffusion model for approximating spot-
scan data obtained for an arbitrary level of diode photocurrents and explains why this model
yields rather realistic local diffusion-length values for the analyzed MCT IR FPA detectors.

3.3.2.5. Refined procedure for determining the length I,

With the found values k,, ,,, using the solutions n,(x,y) of the 2D diffusion problem obtained
for each value of V, implemented in our experiments, we can calculate the electron
photocurrent I, . that flows across the p-n junction of the spot-centered measuring diode.
In Fig. 17, the calculated values of I, ., are compared to the photocurrents I, ,,, that were
“measured” by the detector (in Fig. 13, the latter photocurrents, evaluated from the voltage
photosignal AV, were denoted as I). The values of I, ,,. were calculated as relative values,
and those relative values were subsequently normalized to ensure matching between the
saturation levels of the photocurrents I, ., and I, ,,, at large potentials V, (see Fig. 17). An
appreciable difference between the two photocurrents observed at reduced potentials V, for
the LWIR FPA D-2 detector (with a smaller bandgap energy of the absorber material) can
be attributed to noticeable recombination of photoelectrons with photogenerated holes in
the n-region of the diode, which approached open-circuit conditions as the potential V,
decreased. Indeed, under such conditions the built-in potential for holes in an illuminat-
ed diode loaded to a high-resistance external circuit (high FET-channel resistance) be-
comes reduced due to accumulation of photoelectrons in the n-region (which now cannot
be withdrawn into the readout circuit in sufficient amounts), and this reduction provides
conditions for a nonnegligible flow of excess holes out of the p-type MCT film into the n-
region, where the holes can recombine with photoelectrons. Under the forward-biased
junction, the related electron flux removes photoelectrons out of the cloud of excess carriers
diffusionally spreading over the p-type photosensitive film; yet, it makes no contribution
to the photocurrent “measured” by the detector. The latter circumstance (the existence of

an ambipolar flux of excess carriers into the n-type diode region out of the p-type MCT

cale
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film and subsequent recombination of those carriers in this region) violates the previous
tacitly adopted assumption that the photocurrent I, ,, always presents a good approxima-
tion to the electron photocurrent being extracted by the photodiodes out of the photosensi-
tive film. Indeed, due to a nonzero rate of “surface recombination” of excess charge carriers
on the film surface covered by the photodiode, the electron flux across the p-n junction
remains finite even as the net photocurrent through the forward-biased photodiode loaded
to the high-resistance load tends to zero. This point can be comprehended by considering

the diagram of the photocurrent components in the p-n junction shown in Fig. 18.
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Figure 17. Comparison of the photocurrent values I, ., evaluated from the measured voltage photosignals AV (1) for
the spot-centered diode with the photocurrent values I, ., calculated by the 2D diffusion model (2) for the D-1 (a) and
D-2 (b) detectors. The data for D-2 were normalized to make them refer to the same IR radiation intensity in the illumi-

nation spot.
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Figure 18. Photocurrent components in the vicinity of a diode junction at a high (a) and low (b) value of V. The dia-
gram illustrates possible occurrence, at low values of V,, of noticeable recombination of photoelectrons and photoholes
in the n-type region of the photodiode, the photoelectrons and photoholes having been generated in the p-type absorb-
er layer. The arrows show the electron and hole fluxes; the arrow sizes give a rough idea of the magnitude of the
shown photocurrent components.
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Thus, it is the photocurrent I, . that had to be plotted instead of photocurrent I, along the
abscissa axis in Fig. 13. Within the context of the present study, it is essential that the readily
stemming modification of the determination procedure for the length I, (using I, .,~values
instead of I, ,;—values in plotting the I, -vs-I, graphs) typically induces quite moderate or
even negligible corrections to the initially obtained values of ;. Indeed, for the D-2 detector
the modified procedure yields a value [; # 25.5 um, this length being rather close to the
previously obtained value of 24 um. For the D-1 detector, the modified procedure yields a
value of [, being perfectly coincident with the previously obtained estimate ;= 19.5 um.

4. Conclusions

Two novel methods for determining the bulk diffusion length of minority charge carriers in
photosensitive MCT films have been proposed.

The first method, suitable for determining the length [, in MCT films with suppressed surface
recombination of excess carriers, uses tailored diode structures with photodiodes whose
vicinity is shielded from incident radiation by a coaxial metal contact. Photocurrent measure-
ments performed on the diodes with different radii of cap contacts can be used to determine
the length [, via a comparison of measured photocurrents with the photocurrents numerically
calculated for examined diode configurations. Experimentally, for an Hg-vacancy-doped
Cd,Hg,_Te film with x=0.223 and hole concentration p=6.7x10" cm™ [ -values ranging between
19 and 23 um were obtained.

The second method, which can be used for determining the length I; in the continuous
(thickness-uniform, without mesa-isolation of diodes) absorber layers of MCT 2D IR FPA
detectors, is based on an analysis of spot-scan data obtained for such detectors at different
levels of diode photocurrents. Experimental data gained for n-on-p MCT 2D MWIR and LWIR
FPA detectors were analyzed using a 2D diffusion model taking the discrete structure of FPA
into account. The properties of the used model were discussed to show that this model could
indeed be applied to the analysis of the diffusion process under study. As a result, a general
scheme for a comprehensive spot-scan analysis of MCT IR FPA detectors has been proposed.
The performed analysis has yielded quite realistic bulk and local diffusion-length values for
charge carriers in the film regions under and outside FPA diodes in the examined MWIR and
LWIR FPA detectors. Namely, for MCT MWIR and LWIR FPA detectors with long-wave cutoff
wavelengths ~5.4 and ~10 um, for the bulk electron diffusion length the values of [,19.5 n 24
um were obtained. The latter values comply fairly well with the values obtained by the first
method, and they are in a good agreement with relevant data which were previously reported
in the literature. Simultaneously, the estimated value of the local diffusion length of minority
carriers in the film region under the back-biased FPA diodes, I, 4, = 4-5 pm, proved to be

2d
consistent with a theoretical estimate of this length I, zTeﬁ, where d,; is the effective PF

thickness.
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We believe that the newly proposed methods for determining the diffusion lengths of charge
carriers in MCT films will add to the toolkit of characterization means for MCT-based IR FPA
detectors.
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Abstract

This chapter focuses on polymer micro/nanofibre (PMNFs) waveguides and their
applications in sensing applications. The PMNFs are functionalized by doping with
dyes or blending with solvated polymers before the drawing process. Based on the
evanescent wave-coupling technique, the excitation light is efficiently coupled into
the PMNFs using silica-fibre tapers and guided along the long-length PMNF
waveguides. Due to the tight confinement, the interaction of light with PMNFs is
significantly enhanced. Intriguing advantages such as enhanced excitation efficiency,
low excitation power operation and high photostability are obtained. On the basis of
the optical response when exposed to specimens, functionalized PMNFs are used for
humidity, NO,, and NH; detection with high sensitivity and fast response. By using
a simple and low-cost nanoimprinting technique, PMNF Bragg gratings are also
demonstrated for strain sensing with a high sensitivity of -2.5 pm/pie.

Keywords: Polymer, micro/nanofibre, waveguides, sensors, evanescent wave coupling

1. Introduction

In the past few decades, nanotechnology has created a tremendous amount of excitement in
various scientific and technological areas, and it is anticipated that it will revolutionize the
world in the future. Fundamental to this revolution is the development of novel nanomaterials.
Due to size-related effects, nanomaterials exhibit unique property advantages over their bulk
forms, including in physical, chemical, optical, electrical, magnetic and other properties, which

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
open science | open minds and reproduction in any medium, provided the original work is properly cited.
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can be used to develop novel sensors [1-9]. In contrast to electrical schemes, optical sensing
offers potentials of high sensitivity, fast response, immunity to electromagnetic interference,
and safe operation in explosive or combustive atmospheres, as well as more options for signal
retrieval from optical intensity, spectrum, phase, polarization, and fluorescence lifetime.
Nanomaterial-based optical sensors can also be expected to exhibit further advantages, such
as higher-integration density and higher efficiency of energy utilization, over conventional
sensors.

Recently, polymer micro/nanofibres or nanofibres (PMNFs) have been proven to be promising
building blocks for integrating nanoscale optoelectronic devices [10-27]. Compared to those
of other glass and semiconductor nanowires and nanofibres, polymers [28] offer a number of
highly attractive advantages for sensing applications. First, gas molecules to be detected can
be either selectively bound to their surface or diffused into the polymer matrix, which is
difficult for other materials such as semiconductors and glasses. Second, polymers can be
doped with a wide range of functional dopants, from metal oxides and fluorescent dyes to
enzymes that can be used to tailor the properties of the PMNFs with greater versatility, which
offers plentiful choices for sensing schemes. Thirdly, operations including doping and drawing
are easy to carry out at room temperature, and the doping concentrations are higher than those
in glass fibres. Other advantages of polymer materials such as mechanical flexibility, biocom-
patibility, easy processing and surface modification for the attachment of active compounds
[29], and low cost, offer further opportunities for PMNFs over semiconductors and glass fibres
in optical sensing applications. Due to these advantages, various sensing devices based on
PMNFs have been demonstrated. In this chapter we will focus on the PMNF waveguides, in
which the light is coupled based on the evanescent wave-coupling technique, and their optical
sensing applications.

2. Optical guiding in PMNFs

Usually the PMNFs used have lengths of around several hundred micrometres and diameters
of around several hundred nanometres. Compared with irradiation excitation, which relies on
free-space light (Figure 1a), the optical guiding approach in wavelength-scale waveguides can
significantly enhance the interaction of light with materials [30-33]. First, the optical guiding
configuration that forces light along the length of the PMNF (~100 um) offers a much larger
absorbing length than the thickness of the PMNF (~100 nm) in the irradiation approach.
Second, in the irradiation configuration only a small fraction (less than 1%) of irradiated light
can be intercepted by the PMNFs, while the evanescent coupling technique with adiabatic fibre
taper condensation ensures high coupling efficiency (up to 50%) for transferring light into the
PMNFs much more efficiently. Experimental results show that in a 380-nm-diameter 520-um-
length RhB-PS nanofibre, enhanced emission power as high as ~2000 times greater magnitude
over the irradiation approach is observed [31]. Theoretical calculation also shows that a visible
light with input power of 1 mW is capable of generating a power density of ~1 GW/m? inside
a 500 nm diameter PMNF. Based on this approach, photodetectors [30,32,33], lasers [34], optical
sensors [35-39] and light-emitting nanofibres [31] have been demonstrated in polymer,
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semiconductor, and glass micro/nano-waveguides. Compared with the irradiation with
micrometre-scale light spot, the optical guiding scheme is best adapted for tightly confined
excitation with low cross-talk when multiple PMNFs are closely located — particularly
desirable for miniaturization and high-density integration of light-emitting devices.
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Figure 1. Schematic illustration of the optical guiding (a) and irradiation (b) configurations [30].

3. Fabrication of PMNFs

A number of different techniques, including electrospinning [23], templating [12], mechanical
drawing [21,27,36-39], and thermal evaporation methods [40] have been used to fabricate
PMNFs. Here we focus on the direct drawing method due to its advantages of simplicity, low
cost, and room-temperature operation. As illustrated in Figure 2a, a tungsten probe with a
sharp tip (with a diameter of several micrometres) fabricated using an electrochemical etching
method was used to transfer a small droplet out of the polymer solution (packed in a quartz
cuvette as shown in Figure 2b) onto a glass slide, and then was quickly moved far from to draw
a wire out of the droplet. The solvent evaporates instantaneously, leaving a polymer nanofibre
on the glass slide (Figure 2c). For example, by using a tungsten probe, polystyrene (PS, Mw =
100,000; Alfa Aesar) micro/nanofibres are drawn from a chloroform solution containing 5 wt.
% PS. Poly-(methyl methacrylate) (PMMA) nanofibres are drawn from an acetone solution
containing 5 wt. % PMMA. Polyacrylamide (PAM) nanofibres are drawn from an aqueous
solution containing 2 wt. % PAM (Mw = 5,000,000-6,000,000; Fluka). If a polymer material can
be drawn to nanofibres, a blending method can be used to fabricate composite nanofibres. For
example, camphorsulphonic acid-doped polyaniline (PANI) nanofibres cannot be drawn from
the chloroform solution, but when PS is added into the solution it is easy to draw PANI/PS
nanofibres from it. In addition, doped PMNFs can be drawn from a solution that initially
dissolves functional dopants such as pH indicators and fluorescent dyes. For example, 250 mg
of PS (Mw =100 000, Alfa Aesar) and 0.3 mg of rhodamine B (RhB, Alfa Aesar) are dissolved
into 2 g of chloroform, and then the mixture is stirred to form a uniform solution.

Using this drawing method, various functionalized PMNFs are obtained with lengths of up to
several millimetres with diameters selectable from 100 to several micrometres (Figure 2d),
which shows good wave-guiding performance that is easy to handle and has high coupling
efficiency at the range of visible and near-infrared wavelength. Figure 3 shows a typical
scanning electron microscope (SEM) image of a 310-nm-diameter PS nanofibre doped with
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Figure 2. (a) Schematic diagram of the fabrication of the PMNFs. (b) The polymer solution packed in a quartz cuvette.
(c) The polymer film and nanofibre after the solvent evaporating. (d) The drawn PMNF [31,38].

RhB, in which the excellent uniformity and sidewall smoothness is clearly seen [31]. For
individual PMNFs, the variations of diameter AD are very small. For a certain doped PS
nanofibre of a diameter of 400 nm, AD is about 30 nm over a 1-mm length. The high-resolution
SEM image (inset) shows the surface of a doped PS nanofibre clearly and no obvious defect
such as porosity is observed.

Figure 3. SEM image of a 310-nm-diameter RhB-PS nanofibre. Inset, high-resolution SEM image of the nanofibre [31].

4. Micromanipulation of PMNFs

As-fabricated PMNFs are tailored and manipulated also using tungsten probes (driven by
three-axis precision stages) under an optical microscope equipped with super-long-working-
distance objectives [31,38,41]. The tungsten probes, with tip sizes of less than 100 nm, can be
used to cut PMNFs (Figure 4a). The fibre tapers with sharp tip diameters of less than 300 nm,
fabricated from a standard single-mode silica optical fibre (SMF-28e, Corning), can be used to
pick up (Figure 1c), transfer, and deposit the PMNFs onto a low-index MgF, substrate
(refractive index ~1.39), as shown in Figures 4b and 4c.

To obtain a high-stability optical connection and a robust sensing operation, sometimes the
PMNFs need to be bonded on a substrate, or their coupling areas with fibre tapers are enclosed
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to avoid external interference. For example, in humidity sensing when exposed to high/low
RH atmosphere, the PAM nanofibre swells/shrinks slightly due to the diffusion of water
molecules, which may change the coupling efficiency between the PAM nanofibre and the
fibre taper. The fluoropolymer enclosure can isolate the coupling area from the environment,
thus eliminating this effect. For this, the PMNFs or the fibre taper to be enclosed is first placed
on the surface of the substrate and positioned using tungsten probes driven by micromani-
pulators. A micro droplet of a UV-curable fluoropolymer is picked up and cast upon the
nanofibre and/or the fibre taper, and is then cured for 10 seconds with a mercury lamp under
a nitrogen-gas atmosphere. The refractive index of the cured fluoropolymer is around 1.38
within the visible spectral range, making it suitable for optical isolation of polymer PMNFs
with considerably higher indices (e.g., index of the PS is about 1.59). For reference, Figure 4d
shows a close-up optical microscope image of a typical coupling area of a 400-nm-diameter
PAM nanofibre and a silica-fibre taper (about 550 nm in diameter), which is enclosed by a
cured fluoropolymer droplet on a MgF, substrate [38].

UV cuned fluoropalymer droplet
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Figure 4. (a) Cutting a nanofibre using a sharp tungsten probe. (b, c) Picking up a nanofibre using a silica-fibre taper
with a sharp tip size less than 300 nm. (d) Optical microscope image of a coupling area of a PAM nanofibre and a fibre
taper enclosed by a UV-cured fluoropolymer droplet on an MgF, substrate [31,38].

5. Light launching and collection

To couple the excitation light efficiently into the PMNFs, we employed the evanescent wave-
coupling technique due to its high efficiency and high compactness [31,38,41-44]. In this
approach, light is first lens-coupled into a standard silica fibre and then squeezed into a fibre
taper with tip diameter ranging from 300 to about 1 pm. The fibre taper is drawn from a
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standard optical fibre (SMF-28, Corning) by using a simple flame-heated method. Because the
fibre taper is directly connected to the standard optical fibre through the tapering region, the
evanescent coupling scheme provides perfect connection between the outer fibre system for
processing optical signals and the single micro/nanofibres for optical sensing. As schematically
illustrated in Figure 5a, under an optical microscope (Nikon 80i) equipped with super-long-
working-distance objectives and using a triple-axis micromanipulator (M-462, Newport), by
precisely placing the fibre taper and the PMNF in parallel and close contact within an overlap
of a few micrometres, optical near-fields in the fibre taper and the PMNF can strongly overlap,
resulting in highly efficient coupling. The close contact between the PMNFs and the fibre tapers
can be maintained by van der Waals and electrostatic attraction. The output signals are
collected using another fibre taper coupled to the PMNF from the right side as shown.

For active PMNFs, it is convenient to collect outputs such as photoluminescence (PL) using
microscope objectives, as illustrated in Figure 5b. The signals are directed to a spectrometer
and a CCD camera, respectively. To investigate the polarization behaviours of the emissions,
linear polarizers and emission filters are placed between the samples and the detectors.

Figure 5. (a) Schematic diagram of light coupling into a nanowire using a fibre taper. The excitation light is launched
into the nanofibre based on the evanescent wave technique, which is precisely controlled by a micromanipulator. (b)
Schematic diagram of an experimental setup for optical guiding of the single nanofibre supported with a low-index
MgF, substrate. The output and PL emissions are picked up using a long-working-distance objective. Polarizers and
emission filters are placed between the samples and the detectors (the spectrometer and the CCD) [31,38].

6. Optical guiding properties of polymer MNWs

Optical waveguides are the basic elements in optical circuits, so we first investigate the optical
guiding properties of PMNFs on the substrate. Figure 6a shows a light from a broadband
supercontinuum guided through a 440-nm-diameter PS nanofibre (refractive index ~1.59)
supported by an MgF, crystal (refractive index~1.39) [38]. It is observed that at the coupling
area the broad input light is orange, but at the output end of the nanofibre a green light spot
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is observed, indicating an obvious “filtering effect” [38,45,46]: when light is guided along the
nanofibre, the light with longer wavelength will leak a larger fraction of evanescent wave into
the substrate, inducing higher optical losses compared with light with shorter wavelength. It
is important to point out that although this filter is not helpful for low-loss optical guiding, it
can be exploited to design wavelength-dependent sensors. When the PMNF is supported on
the substrate, a short-pass filter effect is observed. When a 473-nm light is inputted into the
nanofibre (Figure 6b), a big light spot is seen at the nanofibre end and only a small spot at the
coupling area. A rough estimation shows that the coupling efficiency is as high as over 90%.

{b)

Figure 6. (a, b) Optical microscope image of launching a supercontinuum and 473-nm light into an MgF,-supported
440-nm-diameter PS nanofibre using a fibre taper, respectively [38].
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Figure 7. (a) Schematic diagram of a microchannel-supported nanofibre with two ends coupled with fibre tapers. (b)
Optical micrographs of the nanofibre guiding a broadband supercontinuum (denoted as SC) and monochromatic la-
sers with wavelengths of 488, 532, 660, and 980 nm, respectively. Scale bar, 50 pum. (c) Broadband transmission spec-
trum of a 300-nm-diameter PMMA nanofibre [38].

To enable the PMNFs for broadband optical guiding and eliminate the leakage of guided light,
we put the PMNFs across a microchannel, as illustrated in Figure 7a [38]. While the two ends
of the nanofibre are supported and coupled with fibre tapers on the surface of the substrate,
the main part of the nanofibre is placed on the channel. Figure 7b shows the optical images of
a 300-nm-diameter PMMA nanofibre (refractive index ~1.49), guiding a broadband super-
continuum and monochromatic lasers (wavelengths of 488, 532, 660, and 980 nm, respectively).
Itis observed that there are bright light spots at the end of the nanofibre, indicating broadband
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transmittability of the nanofibre. The measured optical loss of the nanofibre is typically lower
than 0.1 dB/mm, which can be neglectable due to the small effective length (e.g., less than 300
pm) of the nanofibre used. In addition, the suspension configuration also makes it possible to
guide light using PMNFs with much smaller diameters, and this is very helpful to speed up
the diffusion of specimens and subsequently the response of the nanofibre [7,10].
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Figure 8. (a) PL optical microscope image of the launching of a 473-nm light into a MgF2-supported 470-nm-diameter
RhB-PS nanofibre. (b) PL intensity of the RhB-PS nanofibre as a function of nanofibre length. (c) The comparison of the
emission peak at the A point and the B point. (d) PL optical microscope image of the MgF,-supported 600-nm-diameter
RhB-PS nanofibre. (e) PL optical micrograph of the microchannel-supported 340-nm-diameter nanofibre. (f) PL optical
micrograph of the MgF,-supported 120-nm-diameter nanofibre [31].

Light-emitting sources are also important elements for developing ultra-compactness, so we
next investigate the PL of the PMNFs. Figure 8a shows a PL microscope image of a 470-nm-
diameter 340-um-length RhB-PS nanofibre taken with a long-pass emission filter [31]. When a
473-nm laser (A,,) is launched from the left side with P, = 100 nW, bright fluorescent emission
is generated and guided along the nanofibre. The PL intensity of the RhB-PSnanofibre decreases
exponentially with distance along the NF (Figure 8b), attributed to the exponential absorp-
tion of the pump light along the nanofibre by fluorescent dyes obeying the Lambert-Beer law
[47]. The measured a of the RhB-PS nanofibre at 473 nm is ~50 cm. In addition, it is also noticed
that the emission peak (A.,,) is around 574 nm at the A point and 584 nm at the B point, as shown
in Figure 8c. The redshift of the peak wavelengths is due to the reabsorption of the PL when
guided along the nanofibre, and because of the filtering effect the longer wavelengths also suffer
relative larger losses, inducing a weak red spot at the B point. When we use nanofibres with
relative large diameters, a bright red spot is found at the output end of the nanofibre because
the PL can be well guided along the nanofibre, as shown in Figure 8d. In contrast, when we use



Polymer Micro/Nanofibre Waveguides for Optical Sensing Applications
http://dx.doi.org/10.5772/60626

nanofibres with small diameters, it is found that the PL decays gradually, and no light spot at
the output end is observed (Figure 8e) because the excitation light can be well guided along the
nanofibre. When using the suspension configuration, the PL can be well excited and guided
even using a 120 nm diameter nanofibre, as shown in Figure 8f.
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Figure 9. PL microscope images of (a) a perylene-PS nanofibre (380 nm in diameter); (b) a FSS-PAM nanofibre (450 nm
in diameter); (c) a Ru(bpy)3CI2-PAM nanofibre (270 nm in diameter); (d) a ZnPc-PEO nanofibre (610 nm in diameter);
and (e) a perylene-RhB-ZnPc-codoped PS nanofibre (430 nm in diameter). In panel (a) Aex = 355 nm; in panels (b) and
(c) Aex =473 nm; in panel (d) Aex = 650 nm and in panel (e) Aex = 355 nm. The nanofibres in panels (a), (b), and (d) are
supported by MgF2 substrate, and in panel (c) the nanofibre is placed over an MgF2 microchannel. Scale bar: (a—e) 50
um; (f, g) are PL spectra corresponding to the doped PNFs shown in panels (a-e) [31].

We can also incorporate a variety of fluorescent dyes into PMNFs to generate multicoloured
emissions. In Figures 9a to d, we show the optical microscope images of nanofibres doped with
four fluorescent dyes [31]: (a) a 360-nm-diameter PS nanofibre doped with perylene, (b) a 450-
nm-diameter PAM nanofibre doped with fluorescein sodium salt (FSS), (c) a 270-nm-diameter
PAM nanofibre doped with tris(2,2’-bipyridine)ruthenium(Il) chloride [Ru(bpy),Cl,], and (d)
a 610-nm-diameter PS nanofibre doped with zinc phthalocyanine (ZnPc). The FSS-PAM
nanofibres are drawn from a water solution containing 0.04 wt. % FSS and 5.5 wt. % PAM. The
Ru(bpy);CL,-PAM nanofibres are drawn from a water solution containing 0.07 wt. %
Ru(bpy);Cl, and 5.5 wt. % PAM. The ZnPc-PS nanofibres are drawn from a tetrahydrofuran
solution containing 0.07 wt. % ZnPcand 5.5 wt. % PS. Their corresponding PL spectra are given
in Figure 9f, which covers the whole visible spectral range. Multicoloured or white-light
emissions can also be obtained by simultaneously doping two or more fluorescent dyes in a
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single nanofibre. Here we show that white-light emission can be generated in perylene-RhB-
ZnPc-codoped PS nanofibres drawn from a chloroform solution containing 0.008 wt. %
perylene, 0.05 wt. % RhB, 0.22 wt. % ZnPcand 20 wt. % PS. As shown in Figure 9e, when excited
by 355-nm light, white-light emission is observed in a perylene-RhB-ZnPc-codoped (430 nm
in diameter) PS nanofibre when excited by 355-nm light. The three dyes are distributed
homogenously along the whole NF according to the uniform emission in intensity and colour.
Figure 9g shows the measured PL spectrum of the perylene-RhB-ZnPc-codoped PS nanofibre,
in which the individual peaks agree well with those of the corresponding components in Figure
9f and also covers the whole visible range from 400 to 710 nm.

7. Optical sensing

Next we will introduce two typical PMNE-based sensors: (1) water-soluble polymer-nanofibre
humidity sensors, which are based on refractive index changes of the nanofibres [38]; (2) pH-
indicator-doped PS-nanofibre ammonia sensors, which are based on absorption changes of the
nanofibres [38]. Based on these two underlying mechanisms, many other sensors based on
PMNFs have been proposed and demonstrated: by using spectral analysis in the visible/near-
infrared region, we introduce selective detection of gas mixtures of NH; and humidity [37].
Finally, by using a simple nanoimprinting approach, we introduce the PMNF Bragg gratings
and their strain-sensing application [39].

7.1. Methods for gas sensing

Gas detection is particularly important in both environmental protection and human health.
Here the gas-sensing experiments are carried out by placing the PMNFs in a sealed glass
chamber (see Figure 10a and b) with a gas-flow system and a hygrothermograph for monitor-
ing the relative humidity (RH) [38]. The analyte gas, diluted with air or nitrogen, is introduced
while the transmittance of the nanofibre is measured. The mass-flow rate and concentration
of the analyte gas are controlled by mass-flow controllers (MFCs). All experiments are carried
out at room temperature and atmospheric pressure.
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Figure 10. Schematic diagram of sensing experiment [38].
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7.2. PMNF sensors based on refractive index changes

We first employ a PAM nanofibre (drawn from a PAM aqueous solution) for relative humidity
(RH) sensing. As shown in Figure 11a, a 410-nm-diameter 250-um-length PAM nanofibre is
supported on an MgF, substrate, sealed and optically connected to fibre tapers at both ends
for evanescent coupling of the probing light. The coupling area is enclosed by a low-index
fluoropolymer to isolate it from the disturbing of the water molecules (see inset), because the
coupling area is very sensitive to the refractive changes due to the adsorption of water
molecules. Figure 11b shows the transmittance of the PAM nanofibre exposed to atmosphere
with RH from 35% to 88%, with an average cut-off wavelength of around 545 nm due to the
short-pass filter effect. Before the cut-off point, the transmittance decreases monotonously with
the increasing RH. The insets show the intensity changes at the wavelength of 532 nm, in which
the monotonous dependence can be clearly seen and can be used for RH sensing.
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Figure 11. PAM single-nanowire humidity sensors. (a) Schematic illustration of the sensor. Inset, optical microscope
image of a 410-nm-diameter PAM nanowire supported on MgF, with a 532-nm-wavelength light injected from the left
side. The white arrow shows the direction of light propagation. (b) Transmittances of an MgF,-supported 410-nm-di-
ameter PAM nanowire exposed to an environment of RH from 35% to 88%. Inset, the variation of transmittances at 532
nm wavelength. (c-d) Schematic illustration of the humidity sensor based on evanescent wave leakage. (e) Typical
time-dependent transmittance of the sensor reveals the response time of about 24 ms when RH jumps from 10% to 75%
and 30 ms when RH falls from 88% to 75% [38].

The underlying mechanism can be explained as follows: when light is guided along the PAM
nanofibre, some fraction of the evanescent wave will leak into the substrate [38,43,45,46], as
shown in Figure 11c. With the addition of high-RH atmosphere, the refractive index of the
PAM nanofibre (about 1.54) decreases due to the diffusion of water molecules, resulting in
higher leakage of the guided light nearby and the blue shift of the cut-off wavelength, as shown
in Figure 11d. Vice versa, with the addition of low-RH-atmosphere water inside the nanofibre
evaporates and the refractive index increases. By alternately cycling 75% and 88%-RH air inside
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the chamber the nanofibre exhibits an excellent reversibility. By suddenly changing the
humidity in the chamber, the response time of the nanofibre-based humid sensor, with typical
time-dependent transmittance shown in Figure 11e. The estimated response time (baseline to
90% signal saturation) of the humid sensor is about 24 ms when RH jumps from 10 to 75%,
and 30 ms when RH falls from 88 to 75%. The response time is one or two orders of magnitude
shorter than that of existing RH sensors. The remarkably fast response of the humid sensor
can be attributed to the small diameter of the nanofibres, which enables rapid diffusion or
evaporation of the water molecules as well as fast signal retrieval using the optical approach.

7.3. PMNF sensors based on absorption changes

Doping chemical indicators is another approach to activate the polymer nanofibres for optical
sensing. BTB is a pH indicator that has a pH range of 6.0 to 7.6, and can be used to detect basic
materials. Here we demonstrate NH; gas sensing with a 270-nm-diameter BTB-doped PMMA
nanofibre, which is drawn from a chloroform solution containing 0.5 wt. % BTB and 5 wt. %
PMMA. The nanofibre is suspended by a 200-um-width MgF, microchannel with a probing
light of 660-nm wavelength. As shown in Figure 12a, when nitrogen-diluted NH; gas is
introduced and diffuses into the nanofibre, the BTB reacts with the NH; and changes from
acidic form to basic form, resulting in evident absorption of the probing light. Figure 12b shows
the optical response of the nanofibre to NH; gas cycled with concentrations from 3 to 28 ppm
at room temperature, showing linear response (see inset) for NH, sensing below 14 ppm with
good reversibility. The response time with ammonia at 14 ppm is about 1.8 s, which is much
faster than in conventional ammonia sensors.
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Figure 12. (a) Absorption spectrum of the BTB-doped PMMA nanofibre in acidic form and basic form. (b) Time-de-
pendent absorbance of the nanofibre to NH; gas cycled with concentrations from 3 to 28 ppm. Inset, dependence of the
absorbance on NHj; concentration ranging from 3 to 28 ppm [38].

Because of the reversible optical and electrical response to certain gas species, as well as easy
processing and environmental stability, doped PANI has been widely used for electrical or
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optical detection of a variety of gases such as HCl, NH,, H,S and NO, [10, 24, 48]. Blending
PANI with soluble matrix polymers is essential to fabricate PMNFs, which overcomes its poor
mechanical property; the PMNF then shows good mechanical property and low optical loss.
Here, PS is used to blend with PANI due to its compatibility with PANI and excellent optical
properties, such as good transparency in visible and near-infrared regions and high refractive
index (about 1.59). PANI/PS nanofibres are fabricated by direct drawing from polymer-blend
solution of 2 wt. % PANI (Mw = 50 000; Fluka) doped with 10-camphorsulphonic acid (Alfa
Aesar) and 5 wt. % PS (Mw =100 000; Alfa Aesar) in chloroform.

When exposed to NO,, the increase of the oxidation degree of PANI results in changes of the
spectral absorption, as shown in Figure 13a. Here, a 250-nm-diameter PANI/PS nanofibre is
suspended by a 250-pum-width MgF, microchannel and optically connected to fibre tapers at
both ends. With the addition of 1 ppm NO, gas, a clear absorbance at the wavelength of 532
nm is observed in a 250-nm-diameter PANI/PS nanofibre. The response time is about 7 s, which
is several orders of magnitude shorter than in other NO, sensors. With NO, concentration
cycled from 0.1 to 4 ppm, the time-dependent absorbance of the nanofibre at room temperature
is given in Figure 13b, indicating good reversibility of the nanofibre response.
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Figure 13. (a) Transmission spectrum of the PANI/PS exposed in air and NO, gas, respectively. (b) Time-dependent
absorbance of the nanowire to cyclic NO,/nitrogen exposure with NO, concentration from 0.1 to 4 ppm. Inset, depend-
ence of the absorbance over the NO, concentration ranging from 0.1 to 4 ppm [38].

7.4. Selective detection of gas mixtures of ammonia and humidity

In electrical sensors relying on the electrical conductance change, it is difficult to determine
individual responses in gas mixtures with cross-sensitivity. For example, it is difficult to
determine individual responses in gas mixtures of NH; and humidity with a single PANI-
based nanofibre by electrical detection because both of them have similar signal-change trends
[49]; however, the spectral selectivity could provide identity information for an analyte at
multiple wavelengths, and optical sensing offers the possibility of selective detection of gas
mixtures using a single sensing element. Here we demonstrate that by using spectral analysis,
highly selective detection of gas mixtures of NH; and humidity can be realized based on PANI/
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PS single-nanofibre devices. When exposed to NH,;, camphorsulphonic-acid-doped PANI
showing emeraldine salt (ES) form can be transferred to the emeraldine base (EB) form. The
ES and EB forms absorb light at different spectral regions, which can be used for optical sensing
[50]. For example, Figure 14a shows the output spectra output of a 370-nm-diameter PANI/PS
nanofibre in dry air and in 20 ppm-NH; dry/dry air, respectively. A decrease in absorption
(A,) with around 600-nm wavelength and an increase in A, with around 830-nm wavelength
are observed (Figure 14b). Because of the opposite response of the nanofibre to NHj at these
two wavelengths, the differential absorbance can be used to quantify the NH; concentrations
with enhanced sensitivity. The inset of Figure 14b plots the NH;-concentration dependence of
AAgy.s35 the monotonous dependence in relation to the NH; concentration indicates that the
PANI/PS nanofibre could function as an NHj; optical sensor in dry air.
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Figure 14. (a) Output intensity of a PANI/PS nanofibre (370 nm in diameter) in dry air without NH; (grey line) and
with 20 ppm NH; (black line). (b) Absorption spectra of the PANI/PS (370 nm in diameter) nanofibre exposed to dry
air while the NH; concentrations vary from 0.5 to 32 ppm. Inset shows the NH;-concentration dependence of AAg g5
(c) Absorption spectra of a 350-nm-diameter PANI/PS nanofibre exposed to air with RH ranging from 37% to 84%. (d)
RH-concentration dependence of A, at wavelengths of 617, 770, and 860 nm, respectively [37].

Figure 14c gives the absorption spectra of a 350-nm-diameter PANI/PS nanofibre with RH
increasing from 37 to 84%, in which the valleys in the absorption spectra around the wave-
lengths of 617,770 and 860 nm decrease with increasing RH level. The changes in the absorption
spectra are due to the diffusion of water molecules, which decreases the refractive index of the
PANI/PS nanofibre and subsequently changes the coupling efficiency. Figure 14d shows the
RH-dependent A, of the nanofibre with RH ranging from 37 to 84% at the wavelengths of 617,
770 and 860 nm, respectively. The distinct response spectra and underlying mechanism for
humidity and NH; are apparent and can be used to identify their individual responses using
dual-wavelength measurements.
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In gas mixtures of NH; and humidity, the absorbance of the nanowire at a given wavelength
is caused by both NH; and RH. Here, 633-nm- and 808-nm-wavelength lights are used to
simultaneously monitor the A, of the 350-nm-diameter PANI/PS nanofibre. Figure 15a shows
the time-dependent response of the nanofibre exposed to (1) 84% RH air, (2) 5 ppm NH;, (3) 5
ppm NH; with 79% RH air, and (4) 5 ppm NH; with 84% RH air, respectively. The bar graph
in Figure 15b summarizes the response of the nanofibre to the analytic gases at 633-nm and
808-nm wavelengths. The height of each bar stands for the maximum A, of the responses to
analytic gases at corresponding wavelengths, in which each analytic gas can be easily distin-
guished. By solving the simultaneous equations associated with the nanofibre absorptivity,
the concentrations of individual gas components can be calculated, along with the sensing
length and the fractional energy confined in the nanofibre at each wavelength.
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Figure 15. (a) Time-dependent response of the nanofibre exposed to (1) 84% RH air, (2) 5 ppm NH,, (3) 5 ppm NH,
with 79% RH air, and (4) 5 ppm NH, with 84% RH air, respectively, simultaneously monitored with 633 and 808 nm
lasers. (b) Bar graph summarizing the optical response of the nanofibre to the analytic gases at wavelengths of 633 and
808 nm [37].

7.5. PMNF Bragg gratings and their strain-sensing application

Compared with glass material, polymers offer much higher mechanical pliability and smaller
Young's modulus E (e.g., 1 GPa for poly(methyl methacrylate) (PMMA) versus 70 GPa for
silica glass) [28, 51, 52]. These properties can be exploited to develop optical sensors with higher
flexibility and lower force detection limits. Here, benefiting from the easy processing of
polymer materials, we report PMNF Bragg gratings by using a simple and low-cost nanoim-
printing approach, which consists of three typical steps, as illustrated in Figure 16 [39]. Firstly,
PMNFs fabricated by a direct drawing method are placed on a piece of poly(dimethylsiloxane)
(PDMS) film for mechanical supporting. Secondly, the PDMS film is heated to a temperature
above the glass transition temperature of the PMNF material. A piece of standard-plane
reflection grating is used as a mould and a certain pressure is applied onto it. Finally, after the
glass substrate has cooled down to room temperature the mould is mechanically removed,
with Bragg gratings imprinted on the surface of the MNFs. To optimize the grating effect for
guiding modes of the MNF, the grooves of the grating corrugation are kept perpendicular to
the MNF axis. In addition, this nanoimprinting approach can be extended to a variety of
thermoplastic polymers.
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Figure 16. Schematic of the nanoimprinting procedure of PMNF Bragg gratings fabrication, including (a) mechanical
supporting, (b) imprinting, and (c) mode removal [39].

Figure 17a shows a scanning electron microscopy (SEM) image of the grating area of an
imprinted MNFBG from a 1.3 um diameter PMMA MNF. It explicitly shows that the grating
patterns are uniformly spaced without obvious asymmetric deformation, where the grooves
of the grating corrugation are perpendicular to the fibre axis. The grating patterns also show
quick gradual transition between the imprinted and un-imprinted regions of the MNF (Figures
17b and c) at the starting parts of the Bragg gratings. Figure 17d reveals an atomic-force-
microscopy (AFM) image of a grating segment of 1.2-um-wide Bragg gratings. Compared with
the grating mould (Figure 17e), the Bragg gratings well replicate the 555-nm periodicity of the
mould (Figure 17f), with a measured period of about 551 nm and a peak-to-peak depth of about
80 nm. In addition, although the groove depth of the PMNF Bragg gratings is smaller than that
of the mould (about 270 nm), the index contrast (An ~0.4) between PMMA and the surrounding
air is large enough for the waveguide grating demonstrated here.

Height (nm)

Length (um)

Figure 17. Characterization of PMNF Bragg gratings. (a—c) SEM images of the imprinted PMNF Bragg grating from a
1.3-pum-diameter PMMA PMNF. (d) and (e) AFM images of a grating segment of 1.2-um-wide PMNF Bragg gratings
and the grating mould used, respectively. (f) Groove profiles of the PMNF Bragg gratings and the mould [39].
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As-fabricated PMMA PMNF Bragg gratings are placed across an MgF, microchannel by
micromanipulation, with two ends coupled to silica fibre tapers for optical input and output
coupling. Figure 18 shows the transmission and reflection spectra of a PMNF Bragg grating
with thickness, width and grating lengths of 1.4, 2.3 and 200 pm, respectively. The two dips
centred at 1517 and 1555 nm in the transmission spectrum agree well with the two peaks
centred at 1519 and 1554 nm in the reflection spectrum, respectively. Due to the asymmetry of
the rectangle-like cross-section and the large refractive index contrast between the MNFBGs
and the surrounding air, the guided light with orthogonal polarizations experience high group
birefringence, i.e., different modal effective indices (1.); at the Bragg wavelengths of 1532 and
1510 nm, the calculated quasi-x and quasi-y polarized modes are ~1.39 and ~1.37, respectively,
agreeing well with the experimental results at the 1554- and 1519-nm peaks, respectively.
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Figure 18. Reflection of PMNF Bragg gratings (2.3-um wide by 1.4-um thick) [39].

The strain responses of the PMNF Bragg gratings are investigated. As illustrated in Figure
19a, the PMMA PMNF Bragg grating is placed across an MgF, microchannel, and by moving
the stage rightwards a tensile force is applied onto it. For robust operation, the coupling area
of the fibre taper and the MNF are bonded together by a low-index UV-cured fluoropolymer.
Figure 19b shows the transmission spectra changes of an MNFBG (2.5 pm wide by 1.4 um
thick) while the tensile strain increases from 0% to ~4%. The inset shows the Bragg wave-
length’s (A) monotonous and linear blueshift from 1590 nm to 1485 nm. The A shifts of the
polymer MNFBG (> 100 nm) are about 10-fold larger compared with those of silica FBGs
(usually less than 10 nm). The strain sensitivity (4A/A) at 1590 nm is —2.5 pm/pte, which is much
higher than that of typical silica FBGs (usually ~1.2 pm/pe). The blueshift of the A caused by
the tensile strain is different from previous results reported in conventional polymer and silica
FBGs, because the grating patterns with a 100-nm depth show a remarkable change in the
micro/nanoscale waveguide structures. Upon an axial tensile strain, the MNFBG suffers
asymmetric strains and induces large photoelastic effect, which counteracts the elongation-
induced redshift effect that is usually dominant in conventional FBGs.
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Figure 19. (a) Schematic of experimental setup for strain sensing. (b) Transmission spectra of an MNFBG (2.5 ym wide
by 1.4 um thick) with tensile strain increasing from 0% to ~4%. Top inset: Bragg wavelength shift of the 1590 nm dip
under tensile strain from 0% to ~4% [39].

8. Summary

This chapter reviewed PMNF waveguides and their optical sensing applications. The polymer
NWs are functionalized by doping with dyes or blending with solvated polymers before the
drawing process. Based on the evanescent wave technique using fibre tapers, light is efficiently
coupled into PMNFs and guided along the waveguides, with high efficiency and compactness
within a broad spectral range. It is shown that in single PMNF waveguides, the tight confine-
ment of light during its propagation along the long length significantly enhances the interac-
tion of light with waveguides by over three orders of magnitude compared with the irradiating
approach. Intriguing advantages such as enhanced excitation efficiency, low excitation power
operation and high photostability are obtained. On the basis of the optical response when
exposed to specimens, functionalized PMNFs are used for humidity, NO,, and NH; detection
with high sensitivity and fast response. Selective detection of gas mixture of ammonia and
humidity are also realized by using spectral analysis. By using a simple and low-cost nano-
imprinting technique, PMNF Bragg gratings are also demonstrated for strain sensing with a
high sensitivity of -2.5 pm/pe. In addition, the fibre tapers are connected to a standard optical
fibre system and this compatibility may stimulate further exploration of PMNFs and PMNFs-
based optical sensors for fast and high-sensitive detection in physical, chemical, and biological
applications with remote sensing and multiplexing signals in one optical fibre.
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Abstract

As the requisite optical components in quantum information processing, single-pho-
ton detectors of high performance at the near-infrared wavelengths are in urgent
need. In this paper, we review our recent development in high-speed single-photon
detection with avalanche photodiodes, increasing the working repetition frequency
up to GHz. Ingenious techniques, such as capacitance-balancing, self-differencing,
low-pass filtering, and frequency up-conversion, were employed to achieve high-
speed single-photon detection with high detection efficiency and low error counts, of-
fering facility for many important applications, such as laser ranging and imaging,
quantum key distribution at GHz clock rate.

Keywords: Avalanche photodiode, Single-photon detection, Single-photon frequency
up-conversion, Quantum key distribution

1. Introduction

Single-photon detectors (SPDs), which are sufficiently sensitive to register single-photon
clicks, are widely used in numerous fields of great importance, such as positron emission
tomography, optical time domain reflectometry, astronomy and deep-space communication,
and biological imaging [1-6]. SPDs are extraordinarily essential not only in fundamental
research of quantum physics [7, 8], but also in practical quantum information processing
techniques [9-11]. As one of the most commercially successful quantum information applica-
tions, quantum key distribution (QKD), which makes it possible for two distant parties to share
secret keys via telecommunication, has rapidly progressed since its initial proposal in 1984 [12—
16]. In order to achieve efficient QKD of long distances, GHz-clocked QKD systems have been
developed. In these schemes, high-speed SPDs of high detection efficiency and low noise at
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the telecommunication wavelengths are necessary to guarantee the performance of high-speed
QKDs [17-18]. Moreover, as for another revolutionary quantum information application, linear
optical quantum computing (LOQC), which is a scalable paradigm for quantum information
processing and computation, remains difficult to achieve [19-20]. Many efforts have been made
worldwide toward this goal. A major factor that limits the advance of LOQC is the perform-
ances of the optical components such as SPDs. Significant improvements are still needed in
terms of their detection efficiency, error counts, and ability to resolve photon numbers.

Thus far, many concepts and techniques have been proposed to realize high-performance
single-photon detection. For instance, single-photon avalanche photodiodes (SPADs), SPDs
based on frequency up-conversion, visible-light photon counters, superconducting transition-
edge sensors, superconducting nanowire SPDs (SNSPDs), and SPDs based on quantum dots
and semiconductor defects, differ in terms of spectral response, quantum efficiency, dark count
and afterpulse noise, signal-to-noise ratio, timing jitter, and photon-number-resolving
capability, providing optimal choices for various specific applications [21-28]. In consideration
of high-speed quantum information processing applications, SPADs, frequency up-conversion
technique, and SNSPDs are competitive choices [29-31]. Although SNSPDs possess the
characteristic of ultra-low noise and timing jitter, which enables hundreds-of-kilometers QKD
system, the requirement of cryogenic cooling system is one of the obvious drawbacks for
practical applications. In this chapter, we focus on the recent development of high-speed
single-photon detection based on InGaAs/InP SPADs and frequency up-conversion in the near
infrared. Since the basic principle of the frequency up-conversion is to translate a near-infrared
photon to the visible regime and then detect the photon with silicon avalanche photodiodes,
the content presented in the following sections is concluded to be high-speed single-photon
detection with avalanche photodiodes in the near infrared.

For their compact structure and low-power consumption, InGaAs/InP SPADs have been used
intensively in practical applications at the near-infrared wavelengths, especially in QKD and
laser ranging and imaging systems [32-34]. The avalanche photodiode (APD) is reverse-biased
above the breakdown voltage (which is called Geiger operation mode), and carriers generated
by a single-photon absorption could trigger a detectable macroscopic current after the
avalanche gain. To make use of this avalanche propagation progress adequately, the avalanche
should be stopped and the APD reset with a peripheral circuit. Generally, InGaAs/InP SPADs
are operated in gated Geiger mode that employs gating pulse to determine the switching of
the APD’s bias voltage between overvoltage and undervoltage. In this operation mode, the
dark counts of InGaAs/InP SPADs would be reduced effectively [35-37]. However, since the
APD is a capacitive device, the spike noise produced by the gating pulses charging and
discharging on the APD’s capacitance is an inevitable problem. The weak photon-induced
avalanche signals are buried in the spike noise, making the key technique to improve the
performance of InGaAs/InP SPADs lie in efficient discrimination of avalanche signals from the
spike noise. Furthermore, with the increase of the working repetition frequency, the after-
pulsing effect becomes more and more serious, greatly affecting the performance of
InGaAs/InP SPADs. The afterpulses are the error counts induced by the release of carriers
trapped by defects in the multiplication region during an earlier avalanche event. To solve this
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issue, the avalanche gain should be decreased correspondingly, unavoidably resulting in the
increase of the difficulty in the extraction of the valid avalanche signals.

Recently, some artful techniques, such as sinusoidal gating, self-differencing, and the combi-
nation of both, have been demonstrated to suppress the spike noise efficiently while increase
the gating repetition rate over 1 GHz [38-42]. In a sinusoidal gating circuit, the spike noise
produced by the applied sinusoidal gates was well cancelled by the specific electric band-
elimination filters, considering that the APD’s capacitive response exhibits a relatively simple
frequency spectrum. The InGaAs/InP SPADs that made use of this technique could be operated
at 1.5 GHz with the detection efficiency of 10.8% [38]. Comparatively, the spike noise in the
self-differencing scheme was eliminated by comparing the output of the APD with that
delayed by one gating cycle. This type of SPAD was able to work at 1.25 GHz with the detection
efficiency of 10.9% and dark count rate of 2.34x10 per gate [40]. Besides, the technique of
harmonic subtraction was put forward to achieve high detection efficiency and low afterpulse
probability for high-speed single-photon detection [43]. With this method, the detection
efficiency of InGaAs/InP SPADs could reach ~ 50% with afterpulse probability below
3.5x10* per gate at 1.25 GHz. Although, all these approaches performed admirably, they are
far from mature. There is still room for further enhancement in the respects of dark counts,
maximum count rate, and timing jitter.

On the other hand, given the mature silicon SPD with high performance, the frequency up-
conversion single-photon detection has shown great potential for many applications. Its basic
principle is to translate a near-infrared photon to the visible regime, avoiding the disadvan-
tages of InGaAs/InP APDs [44-46]. This nonlinear optics process requires a large nonlinearity
of the nonlinear media and a strong pump field to realize the complete quantum conversion.
Generally, the strong pump could be achieved by an external cavity or intracavity enhance-
ment or a waveguide confinement, inevita<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>