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Preface

In 1959, Atalla and Kahng at Bell Labs produced the first successful field-effect transistor
(FET), which had been long anticipated by other researchers, by overcoming the “surface
states" that blocked electric fields from penetrating into the semiconductor material. Very
quickly, they became the fundamental basis of digital electronic circuits. Up to this point,
there are more than 20 different types of field-effect transistors, which are incorporated in
various applications found in everyday’s life. Based on this fact, this book was designed to
overview some of the concepts regarding FETs that are currently used as well as some con-
cepts that are still being developed.

The first section “Field-Effect Transistor Theory" provides methodologies related to carrier
mobility, one of the most important parameters of field-effect transistors. Carrier mobility,
also known as carrier ability to move through the crystal, further defines electrical perform-
ances of the device. The knowledge regarding carrier mobility is very important in order to
understand the physics of conduction mechanisms inside semiconductor devices, which fur-
ther provides modeling of a single transistor and more complex circuits as well. Convenient
methods for mobility measurements and conduction parameter extraction are also covered
in this chapter. In addition, this section gives additional considerations of a new type of
field-effect transistor with a gate and a channel on a basis of two-dimensional systems of
carriers. The key point of the device is that the systems are different. In particular, they are
formed in different quantum wells or valleys of the carrier spectrum.

In the section “High Electron Mobility Transistors," the focus is given to high electron mobi-
lity transistors, which undergo intensive attention in high-speed and high-power applica-
tions. HEMT devices are competent with traditional field-effect transistors and always
replace traditional FETs due to their excellent performance at high frequencies. This chapter
presents different structures of high electron mobility transistors as well as working princi-
ples. Furthermore, some of the latest researches on HEMTs and future trends are also cov-
ered in this section. Further, quantum mechanical phenomenon was reviewed, which
induces various electrical and optical properties in low-dimensional semiconductor nano-
structures such as high electron mobility transistors. This section is concluded with future
trends in production of high electron mobility transistors, which is based on novel approach
toward new materials and device structures in order to make the device more suitable for
faster device operation with high frequency.

The section “Thin-Film Transistors" deals with the most common problems in production of
thin-film transistors such as impact of metal-semiconductor interface, which can be further
applied for other types of field-effect transistors. In this chapter, some alternatives to im-
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prove this interface are analyzed. Also, the influence of this interface on the electrical stabili-
ty of these devices is presented.

The section “Organic Field-Effect Transistors" reviews the concepts of organic field-effect
transistor physical mechanisms, materials, and fabrication process. In recent years, organic
field-effect transistors have received much attention in various applications. The main effort
is focused to achieve device performance with high charge carrier mobility and good stabili-
ty. It is expected that proper combination of organic semiconductor materials and fabrica-
tion techniques could lead to production of high-speed devices, which can be used in
various applications.

In the section “Applications,” some examples regarding possible applications of different
types of field-effect transistors in different fields of interest, such as gas-sensitive field-effect
transistors as well as concepts of biosensors based on transistor structures with relevance in
the field of easy-to-use, portable, and user-friendly devices for preventive personalized
medical applications and point-of-care testing, are given.

The editors hope that the publication Different Types of Field-Effect Transistors - Theory and
Applications could be a useful tool for researchers in related areas.

Prof. Dr. Mom¢ilo M. Pejovi¢ and Dr. Mili¢ M. Pejovi¢
University of Ni§

Faculty of Electronic Engineering

Nis, Serbia
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Chapter 1

Carrier Mobility in Field-Effect Transistors

Philippe Gaubert and Akinobu Teramoto

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/67885

Abstract

Authors investigate the carrier mobility in field-effect transistors mainly when fabri-
cated on Si(110) wafers. They showed that the methods developed to extract the con-
duction parameters cannot be implemented for Si(110) p-MOSFETs. Authors then
developed a more accurate mobility model able to simulate not only the drivability but
also the transconductance for these same devices. The study of the relation between the
mobility, channel direction and wafer orientation revealed that the channel direction had
a significant impact on the mobility for transistors fabricated on Si(110) wafers, the
highest electron and hole mobilites being obtained for a channel along the <100> and
<110> directions, respectively. No relations were found for Si(100) wafers. The study of
the dependence of the scattering mechanism limiting the mobility in Si(110) n-MOSFETs
showed that the Coulomb and surface roughness scattering mechanisms were responsi-
ble for the degradation of the mobility when compared to the one on Si(100) wafers.
Finally, the measurement of the mobility in an accumulation-mode MOSFETs is not
straightforward since a bulk contribution, owing to the SOI layer, is adding to channel
current. A methodology has been successfully implemented that led to the experimental
verification of the universal behaviour of the mobility in an accumulation layer.

Keywords: mobility, electron, hole, silicon, temperature, crystallographic orientation,
channel direction, scattering mechanism, modeling, accumulation, extraction, (100), (110)

1. Introduction

The concept of employing an electric field to modulate the conductivity of a channel has been
proposed first by Lilienfeld during the 1930s [1], long before its practical fabrication by
Shockley et al. in 1947 [2]. Since, the field-effect transistor has taken several directions and is
at the root of various devices such as the metal-oxide-semiconductor FET (MOSFET) [3], dual
gate MOSFET [4], junction FET [5], high electron mobility transistor [6], four-gate transistor [7]
and so on. Nevertheless, the most important parameter for all these devices is the mobility of

I m EC H © 2017 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,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIEN



4 Different Types of Field-Effect Transistors - Theory and Applications

the carrier flowing inside the channel. Their mobility, also known as their ability to move
through the crystal, will define the electrical performances of the device. The mobility is
consequently a paramount parameter, and its good knowledge is of prime importance to first
understand the physics underlying the conduction mechanisms inside semiconductor devices
and second to be able to model and simulate a single transistor and in turn more complex
circuits. The mobility in field-effect transistors hinges on various physical and environmental
parameters that we propose to investigate for MOSFETs fabricated on (100) and (110) silicon-
oriented wafers.

In Section 2, the method to measure the mobility is briefly reviewed for different structures,
while Section 3 investigates several methods to extract the conduction parameters such as the
low field mobility in Si(100) and Si(110) p-MOSFETs. Thus, its modeling is presented in Section
4 for the same devices. Results regarding the impact of the channel direction and wafer
orientation on the mobility are investigated in Section 5 while the impact of the temperature
is reported in Section 6 for Si(110) n-MOSFETs. Recently, devices based on the majority carriers
rather than the minority ones to generate the current showed promising results. A methodol-
ogy to extract their mobility is presented in Section 7 and is applied to accumulation-mode Si
(100) p-MOSEFETs. Finally, Section 8 concludes the chapter.

2. Experimental measurement of the mobility

The knowledge of the experimental mobility of carriers that are flowing inside the channel of a
FET is essential for the development of semiconductor devices and in turn electronic circuits. The
direct measurement of the effective mobility pis is not possible, but its calculation is enabled
through the measurement of the drain current I;—gate voltage V,, characteristic and of the gate-
channel capacitance C as a function of the gate voltage. Both characteristics can be measured
at V4 =100 mV on a large gate transistor with at least a gate length L and gate width W above
50 pm in order to allow an accurate measurement of the capacitance. The substrate, source and
drain electrodes are grounded, and the measurement of the capacitance is carried out on the gate
electrode side at relatively low frequencies f between 1 and 100 kHz to neglect the serie resis-
tances. Thus, the inversion charge Qy,, per unit area is calculated from the C - V,; characteristic

Vg

Quy (V) = jC(Vg>dvg. 1)

The effective mobility pf is finally calculated from
L Ia(Vg)
Vo) =—— . 2
HeilVe) = WV Qu (V) ?

At this stage, the effective mobility can be plotted as a function of the carrier sheet density by
dividing the inversion charge Q;., by the elementary charge q. It can also be plotted as a
function of the transverse effective electric field E ¢ that is calculated as follows:
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Eeff (Vg) [Qdep + r](Qinv (Vg)]/ (3)

1
€si€p

where Qqep, is the depletion charge per unit area, g; is the dielectric constant of the silicon, ¢ is
the permittivity of the vacuum, and 1) is a term referring to the averaging of the transverse
electric field over the carrier distribution inside the conduction channel. In Eq. (3), the deple-
tion charge Qqep is theoretically calculated from the doping concentration Ny, of the channel.

It is expressed as follows:
[4egieqnNgy
Qdep = > OZ)B b/ (4)

_ kT Nisub
() ©

with

being the bulk Fermi energy. In Eq. (5), kg is the Boltzmann constant, T is the temperature
in Kelvin, and n; is the intrinsic carrier concentration. Takagi et al. [8] confirmed experimentally
that in Eq. (3), n) is equal to 1/3 for hole and to 1/2 for electron on Si(100) wafers [9]. Regarding Si
(110) wafers, 1) is generally taken equal to 1/3 for both hole [3, 10] and electron [11].

Contrary to bulk transistors for which the methodology has been described previously, the
substrate of transistors fabricated on silicon-on-insulator (SOI) wafers sometimes cannot be
accessed and then cannot be grounded. The back-gate cannot be biased and can be floating
as long as the applied gate voltage is large enough to neglect the impact of the back-gate [12].
The expression of the depletion charge Qqep given by Eq. (4) must be rearranged in Eq. (3) since
the buried oxide is preventing the expansion of the depletion. If the depletion is expending
deeper than the buried oxide, Qqep is given by qNguptsor where tsor is the thickness of the
SOl layer.

In the case of devices involving the majority carriers rather than the minority ones such as
accumulation-mode transistors that will be studied in Section 7, the entire SOI layer is neutral
when the accumulation layer is formed. The depletion charge Qqep in Eq. (3) must be removed,
and the calculation is involving the sole accumulation charge Q,.. [13, 14]. Egs. (3) and (4) are
rewritten as follows:

I4(V
Her (Vi) = %Vidéicc?’g) (6)
and
E(Vy) = Tl Ye) ?

&si€p
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3. Mobility extraction methods

The knowledge of the conduction parameters is useful to model the drivability of a MOSFET
and in turn simulate complex circuits. All extraction methods rely on the knowledge of the
Iq - Vg drain current-gate voltage characteristic measured for various gate lengths L and gate
widths W.

The calculation procedures are based on the expression of the drain current in the linear region
for a gate overdrive voltage V,—Vy, (Vy, being the threshold voltage) greater than the drain
voltage V4 (Vg—Vg>>Vy). In this range, the drain current I, is expressed as follows:

W — AW
lq = Heffcoxm (Vg = Vin)(Va — LaRacc)- (8)

where R, is the parasitic access resistances located at the source and drain contacts and Cy is
the oxide capacitance. AW and AL are, respectively, the width and length gate channel reduc-
tion. In Eq. (8), the effective mobility e is generally replaced by the well known [15]:

_ Ho
}'leff - 1 + e(vg _ Vth)/ (9)

where 1 is the low field mobility and © is the mobility attenuation factor.

Depending on the extraction method, it is possible to obtain the low field mobility po, the
mobility attenuation factor 0, the parasitic access resistance R, in series with the intrinsic
resistance of the channel of the transistor, the channel width reduction AW and the channel
length reduction AL.

3.1. Silicon wafers with a (100) crystallographic orientation

Four different extraction methods have been used to extract the conduction parameters in p-
MOSFETs fabricated on (100) silicon-oriented wafers. These methods are the Schreutelkamp
method [16, 17], the interpolation method explained in Tsividis book [18], the Ghibaudo
method [19] and finally the Ciofi method [20].

The Schreutelkamp method is based on Egs. (8) and (9) and requires the calculation of inter-
mediate parameters around a given gate overdrive voltage V,—V, that has been measured on
several transistors featuring various gate length L for a given gate width W. A representation
of this method is shown in Figure 1 for Vo—Vy, =1 V. I4 ' is plotted as a function of the gate
length L, and the intersection with the vertical and horizontal axis is collected as shown in
the inset of Figure 1. The low field mobility p, is extracted from the slope of the linear plot
(1/14)in¢/Lint versus (Vg — Vi)', while the mobility attenuation factor 0 is obtained from the
intersection with the vertical axis. On the other hand, the intersection of the plot L;,; versus
Lint/(1/1q)int with the vertical axis gives the channel length reduction AL, and the intersection
with the horizontal axis gives the parasitic access resistance R,... The extracted data according
to the Schreutelkamp method on Si(100) p-MOSFETs are reported in Table 1. Note that the
Schreutelkamp method does not allow the obtaining of the gate width reduction AW. The
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Si(100) p-MOSFET ]

5 L
41 4
<
S 3r 08 T
= , i 0.9
V-V, (V)= 1.0
1.1
1 12 7
; v, Om\lf W=20um | ]
0 2 4 6 8 10 12

Gate length L(um)

Figure 1. Example of the procedure to obtain Liy and (1/Ig)in: for the centered Vo—Vy, = 1 V in the frame of the
Schreutlkamp method.

Schreutelkamp Interpolation Ciofi Ghibaudo
Lo (cm?/Vs) 115 / 114 118
oV 0.31 / 0.348 0.359
Racc (QQ) 98 106 68.9 67.41
AL (um) -0.1 —0.128 -0.121 —0.13
AW (um) / —0.352 —0.322 —0.331

Table 1. Conduction parameters extracted using several methods for Si(100) p-MOSFETs at V4 = 50 mV [21].

impact of the centered gate overdrive voltage V — Vy, on the conduction parameters has been
conducted. The results on the low field mobility py and channel length reduction AL are
shown in Figure 2. Both values are strongly decreasing when the gate overdrive voltage
is increased until Vg — Vi, = 0.8 V and are reaching a more stable behavior afterwards. For V,
- Vin < 0.8 V, the transistor is not working in the linear regime, and Eq. (8) is inaccurate, thus
the fast drop. Additionally, the mobility model does not fit accurately the effective mobility,
making the calculation even more inaccurate. For Vg — Vi, > 0.8 V, the low field mobility g is
slightly increasing, while the channel length reduction AL is slightly decreasing. The reason is
that even if Eq. (8) can be applied, Eq. (9) does not perfectly model the effective mobility.
For each centered V — Vi, the parameters that are modeling the mobility are slightly changing
in order to accurately fit the effective mobility according to the centered V,; — Vy,. In turns, the
channel length reduction AL and the low field mobility iy are not constant. An equivalent
behavior has been also acknowledged when the mobility attenuation factor 0 and the parasitic
access resistance R, have been plotted as a function of the centered gate overdrive voltage
Vg = Vin.

Like the previous method, the one developed by Ghibaudo is also based on the same equa-
tions; however, the calculation requires the derivative of the I3 — V, curves for different gate

7
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Si(100) p-MOSFET

128 |
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o
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Figure 2. Evolution of the extracted low field mobility py and channel length reduction AL as a function of the centered
gate overdrive voltage V,~Vy, in the frame of the Schreutlkamp method.

length L and gate width W, that is the transconductance g;,,. Data measured around the thresh-
old voltage are used. The plots Id/gg;“r’ and g,;O'S as a function of V,; — Vy, allow the extraction of
the intermediate parameters G,, and 0, respectively, since Id/gg;5 = (Gde)O'E’(Vg — Vi) and
g ?=(GmVa) 71 + (9*(Vg - Vi)]. Note that, the linear fittings are realized in the range V>V,
The slope of the former fitting gives G,,, while the latter one allows the extraction of 6. Thus, the
intersection of the plot G,,, versus W with the horizontal axis gives the gate width reduction AW,
and the intersection of the plot G, ' versus L gives the gate length reduction AL. Finally, the
mobility attenuation factor 6 and the parasitic access resistances R, are obtained from the plot
0" versus Gy, since 0'=0 + G,R,e. 0 is the extrinsic mobility attenuation factor. The extracted
parameters for Si(100) p-MOSFETs using the Ghibaudo method are reported in Table 1.

While the Ghibaudo method is making use of the derivative, the extraction method developed
by Ciofi is based on the numerical analysis of the discretization of the I4 — V characteristics
and requires here as well the calculation of two intermediate parameters, K and H. They are
extracted from the plot V4/I4 versus V, — Vy, for several gate lengths L. and gate widths W since
Vd/Id=K_1((Vg - Vth)_l + H). H and K are related together by H=0 + KR, and the plot H
versus K allows the obtaining of the mobility attenuation factor 6 and the parasitic access
resistances R,c.. Plotting K™' versus L and K versus W, respectively, gives the gate length
reduction AL and the gate width reduction AW at the intersection with the horizontal axis.
Data measured at relatively high gate overdrive voltage for Si(100) p-MOSFETs have been
used, and the results of the Ciofi method are reported in Table 1. 0" versus G, for the
Ghibaudo method and H versus K for the Ciofi method have been plotted on the same
Figure 3. The results in Figure 3 are almost identical for both methods, so are the units. In fact,
K and G,, are the transconductance parameter and equals to 1oCoxW/L. Moreover, the simi-
larity between both methods is obvious since 0 + KR,.=H=0"=0 + G,,R,... Note that, for both
the Ghibaudo and the Ciofi methods, the knowledge of the threshold voltage Vy, prior their
implementation is not mandatory since the threshold voltage Vi, can be extracted during the
procedures described above.
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Si(100) p-MOSFET o
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Figure 3. Fitting of 8 = fz(Gm) for the Ghibaudo method and H = f(K) for the Ciofi method to obtain the access the
parasitic access resistance R, and the mobility attenuation factor © [21].

Even if the method is quite limited since the low field mobility p and the mobility attenuation
factor © cannot be evaluated, the interpolation method proposed in the book by Tsividis has
been still implemented for Si(100) p-MOSFETs and the results are reported in Table 1.

The four methods have been successfully employed to extract the conduction parameters
although a disagreement is visible in regards to the parasitic access resistances R,.. The
similarity between the Ciofi method and the Ghibaudo method leads to very similar data and
in turn an undervaluation of the parasitic access resistances R,.. when compared with the
values obtained using the two other methods.

3.2. Silicon wafers with a (110) crystallographic orientation

The extraction methods previously described have been implemented for p-MOSFETs fabri-
cated on (110) silicon-oriented wafers in order to extract the conduction parameters. The
results are reported in Table 2, and the extraction methods are consistent. Compared to Si
(100) p-MOSFETs, the low field mobility o for Si(110) p-MOSFETs is almost three times
higher, confirming the superiority of the hole mobility on (110) silicon surface [22].

At the same time, the mobility attenuation factor 0 is 10 times weaker for Si(110) p-MOSFETs,
indicating that the degradation of the effective mobility might be much more pronounced for Si

Schreutelkamp Interpolation Ciofi Ghibaudo
Lo (cm?/Vs) 303 / 285 281
CIVan) 0.042 / 0.038 X
Race (Q) 48 57.76 63 X
AL (um) —0.67 —0.44 043 -0.38
AW (um) / -0.39 —0.42 -0.39

Table 2. Conduction parameters extracted using several methods for Si(110) p-MOSFETs at V4 = 100 mV [21].
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1.2 T
I Si p-MOSFET
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Figure 4. Plot of g,;o's as a function of the gate overdrive voltage Vg ~Vy, for transistors fabricated on Si(100) and Si(110)
wafers. The linear fitting of the curve allows the extraction of the intermediate parameter Gy, in the frame of the Ghibaudo
method. L =10 pm, V4 =50 mV for Si(100) and V4 =100 mV for Si(110) transistors.

(100) p-MOSFETs. However, the main result is the impossibility to extract the parasitic access
resistances R,.. and the mobility attenuation factor 6 with the Ghibaudo method, whereas the
method has been successfully employed for Si(100) p-MOSFETs [23]. Indeed, as shown in
Figure 4, whereas the extraction of G,,, from I4/ grg'S has been possible, and in turn the extraction
of the low field mobility i, the gate length reduction AL and the gate width reduction AW, the
linear fitting of g, versus the gate voltage could not be done. Concerning the Schreutelkamp
method, the same procedure as previously described has been carried out and a behavior
similar to the one noticed for Si(100) p-MOSFETs has been acknowledged.

4. Modeling of the mobility

4.1. Silicon wafers with a (100) crystallographic orientation

The modeling of the hole mobility using Eq. (9) with the data reported in Table 1 (o =115 cm?/Vs
and 0 = 0.35 V') has been carried out and compared with the experimental data of the
effective mobility for Si(100) p-MOSFETs. The result is reported with the dashed line in
Figure 5 and demonstrates the great accuracy of the extraction method and of the model
provided by Eq. (9) when the effective electric field E. is above 0.3 MV/cm. Below this value,
the model is inaccurate since the effective mobility is limited by the Coulomb scatterings,
scatterings that are not taken into account in Eq. (9). The conduction parameters (p, = 115
em?/Vs, 0=0.35V !, R, =70 Q, AL=—0.33 um, AW = —0.13 um, V4 =50 mV and W =20 um)
have been implemented in Egs. (8) and (9) to model the drain current I in p-MOSFETs with
different gate length L and the transconductance g, has been calculated afterwards. The
results are shown in Figure 6 with the thick full lines. At the exception of V;<Vy,, the modeling
is greatly fitting the experimental data for either I3 or g,. The maximum of the transcon-
ductance g,, cannot be estimated because Eq. (9) does not model the Coulomb scatterings
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Figure 5. Effective mobility pi as a function of the effective electric field Ecg for Si(100) and Si(110) p-MOSFETs. The
dashed lines report the modeling carried out with Eq. (9), po =115 cm*/Vs and 6 = 0.35 V! for the Si(100) wafers and i, =
285 cm?/Vs, 6 =0.038 V! for the Si(110) ones. The full line reports the modeling with Eq. (10) and pip =280 cm?/Vs, 0, =0V,

0,=0.05 V2 and a = 0.04 for Si(110) wafers.
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Figure 6. Drain current I4 (left) and transconductance g, (right) as a function of the gate overdrive voltage V,~Vy, for Si
(100) p-MOSFETs featuring different gate length. The lines are the modeling carried out with o = 115 cm?/Vs, 0 = 0.35
v, Egs. (9) and (8) with (full thick lines) and without (dashed lines) taking into account the parasitic access resistances
Race =70 Q. AL=—0.33 um, AW = —0.13 pm, V4 =50 mV, W =20 um.

mechanisms. A second simulation has been calculated without taking into account the para-
sitic access resistances R,.. in Eq. (8), and the results are shown with the dashed line in Figure 6.
The fact to neglect the parasitic access resistances R, leads to a discrepancy between the
model and the experimental data that is enhanced when the size of the device is shrinked.

4.2. Silicon wafers with a (110) crystallographic orientation

The modeling of the mobility has been carried out for the Si(110) wafers with the parameters
obtained in Table 2. 1y = 285 cm?/Vs and 0 = 0.038 V! have been implemented in Eq. (9), and

11
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the result is shown with the dashed line in Figure 5 and does not provide a great accuracy like
it was the case for Si(100) wafers. Nevertheless, the procedure has been moved forward, and
the simulation of the drain current Iy and the transconductance g, has been calculated
with Eq. (8) and the following parameters: i, = 285 cm*/Vs and 0 =0.038 V!, AL = —0.4 pm,
AW = —0.4 um and R,.. = 60 Q. The results for the drain current 14 are shown with the dashed
lines in Figure 7, while the results for the transconductance g;,, are shown in Figure 8 with the
dashed lines. The modeling is accurate at first but strongly divert from the experimental data
when the gate overdrive voltage is increased. The use of Eq. (9) does not give at all satisfactory

03— , r
Si(110) p-MOSFET .
2 0O measurement L= ’
Cl ----Eq. (9
=021 q.9)
< ——Eq. (10)
5
E V=100 mV
o
£ 0.1
g
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0.0
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Figure 7. Drain current I4 as a function of the gate overdrive voltage V,—Vy, for Si(110) p-MOSFETs featuring different
gate length. The dashed lines are the modeling carried out with Eqs. (8), and (9), 1o = 285 cm?/Vs and 0 = 0.038 V. The
full lines are the modeling carried out with Egs. (1), and (10), po =280 em?/Vs, 0,=0V 1, 0,=0.05V 2 and a =0.04. AL=
—0.4 um, AW = —0.4 pm and R, =60 Q.
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Figure 8. Transconductance g, as a function of the gate overdrive voltage V,~Vy, for Si(110) p-MOSFETs featuring
different gate length. The dashed lines are the modeling carried out with Egs. (8), and (9), po = 285 cm?/Vs and 0 = 0.038
VL. The full lines are the modeling carried out with Eq. (8), and (10), o = 280 cm?/Vs, 0:=0 v, 0,=0.05 V72 and a =
0.04. AL=—0.4 um, AW = —0.4 pm and R, =60 Q.
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agreement with the experiment, especially concerning the transconductance g, The well-
established model that is Eq. (9) cannot be used to simulate the mobility and thus the drivabil-
ity of 5i(110) p-MOSFETs. Other models [24, 25] have been implemented but did not give
enough satisfactory results. Contrary to the (100) orientation for which the single phonon
scattering mechanism is limiting the hole mobility over the working range, the hole mobility
for the (110) orientation is limited by the Coulomb, phonon and surface roughness scatterings
mechanism over the whole measurement range. Thus, a model able to take into account these
three mechanisms is required. While Eq. (9), which models only the phonon scattering, is
sufficient to simulate the Si(100) p-MOS transistors, a new model including all three scattering
mechanisms is needed for the Si(110) wafers.

Ucoul = AcouT 'Eeg [26] with Bcow =0 and psr=Aereff*2 [27] are simple ways to model the
Coulomb scatterings and surface roughness scatterings, respectively. Acoy and Beoy are con-
stants associated with the Coulomb scattering mechanism, while Ay, is a constant associated
with the surface roughness scattering mechanism. T is the temperature. Assuming that the
effective electric field E. is proportional to the gate overdrive voltage Vg — Vi, the dependence
of the several scattering mechanisms can be introduced into Eq. (9), which is already modeling
the Coulomb scatterings mechanisms to finally give [21]

Aa(Vg - Vth)a
14 01(Vg — Vin) + 02(Vg — Vi)’

Meit = Mo (10)

U is the low field mobility. 0, corresponds to the conventional mobility attenuation factor seen
in Eq. (9) and is related to the contribution coming from the phonon scatterings. 0, is a
quadratic mobility attenuation factor related to the surface roughness scatterings. a is a
parameter related to the Coulomb scatterings, while A, equals to 1 and is introduced to
maintain the uniformity of the unit system. As shown in Figure 6 with the full line, Eq. (10)
greatly matches the experimental data. The fitting parameters are as follows 1y = 280 cm?/Vs,
0, =0VY 0, =005V? and a = 0.04. The simulation of the drain current I and the
tranconductance g, has been carried out for Si(110) p-MOSFETs featuring different gate length
by implementing Eq. (10) into Eq. (8). to = 280 cm?/Vs, 0, =0.05 V2, o =0.04, AL = —0.4 um,
AW = —0.4 um, R, =60 Q, V4 =100 mV and W =20 um. The results are reported with the full
lines in Figures 7 and 8. The modeling of the drain current I is greatly accurate even for short
gate length. The modeling of the transconductance g, in Figure 8 is also fairly accurate. Both,
the results regarding the drain current I and the transconductance g, testify of the good
agreement of Eq. (10). In Figure 8, it seems that the maximum of the transconductance g,
result of a the parameter related to the Coulomb scatterings, can be also calculated. This
statement must be taken with care since the maximum of the transconductance is obtained
for biases that do not correspond to the linear region, making Eq. (8) obsolete. Actually, the
parameter o does not solely reflect the Coulomb scatterings. Indeed, the hole mobility in Si
(110) wafers has a peculiar behavior in the form of the inter-subband phonon scatterings.
Contrary to the acoustic phonon scatterings that are more and more limiting the mobility with
an increase of the effective electric field, the inter-subband phonon scatterings have the speci-
ficity to decrease when the effective electric field is increased [21, 28] as sketched in Figure 5.
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5. Relation between the mobility, the channel direction and the wafer
orientation

Inversion-mode fully depleted p- and n-channel silicon-on insulator (SOI) MOSFETs have been
fabricated on bonded SOI (100) and (110) crystallographic silicon-oriented wafers. For each
wafer, transistors with different channel directions were manufactured. The process flow has
been entirely conducted in the clean room of the Fluctuation Free Facility at Tohoku University.
33-mm-diameter wafers have been used after cutting them from 8 inches wafers. The doping
concentration has been adjusted to 10'® cm ™ by ion implantation. The thickness of the SOI
layer was 50 nm, and the thickness of the buried oxide was 100 nm. Prior the formation of the
7.5-nm-thick gate oxide by radical oxidation [29] an alkali-free process [22, 30] able to keep the
silicon surface flat was used. The roughness of the Si/SiO, interface was further reduced by
repeating several times the procedure radical oxidation—etching [31]. The procedure has been
repeated two times for the Si(100) wafers and four times for the Si(110) ones and led to the
same microroughness measured to 0.08 nm. The effective mobility has been measured
according to the methodology presented in Section 2 at V4 = 50 mV. Measurements have been
carried out on MOSFETs with a gate dimension of W =100 pm and L =100 um.

5.1. Silicon wafers with a (100) crystallographic orientation

The low field mobility o, the mobility attenuation factor 0, the gate length reduction AL, the
gate width reduction AW and the parasitic access resistances R,.. have been extracted for Si
(100) n- and p-MOSFETs and are available in a previous paper by Gaubert et al. [32]. The
Ghibaudo and Ciofi methods have been used. Figure 9 shows the effective mobility for hole
and electron on Si(100) wafers. It is clear that n-MOSFETs own greater performances than
p-MOSEFETs since the mobility of the former ones is five times higher than the mobility of the
latter ones. It is also clear that the channel direction has no impact on the mobility of the
n-MOSFETs. However, a slight difference can be noticed for the hole, the highest mobility
being measured for a channel along the <100> direction. The direction of choice for the
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Figure 9. Electron and hole effective mobility peg as a function of the effective electric field Eqg for Si(100) MOSFETs
featuring a channel along the <110> (full lines) and <100> (dashed lines) directions.
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electronic manufacturers is the <110> direction and an easy and costless way to slightly
enhance performances of electronic devices would be to manufacture p-MOSFETs on Si(100)
wafers with a channel following the <100> direction. The shift from the <110> direction for the
<100> direction can give rise to a maximum enhancement of 10% of the drivability [12].

5.2. Silicon wafers with a (110) crystallographic orientation

It has been demonstrated in Section 3 that the extraction methods are difficult to set up for
p-MOSFETs on Si(110) wafers. Nevertheless, the method proposed by Tsividis has been used
for the Si(110) p-MOSFETs while the Ciofi and Ghibaudo method helped extract the conduc-
tion parameters for the Si(110) n-MOSFETs. The results are reported in a previous paper by
Gaubert et al. [32]. The mobility in Si(110) p-MOSFETs is shown in Figure 10. The dependence
with the channel is clearly visible. The highest mobility is obtained for a channel following the
<110> direction, while the lowest one is obtained for a channel along the <100> direction.
Furthermore, an increase in the mobility with the effective electric field can be noticed, espe-
cially for the <110> direction, where an increasing limitation by the phonon scatterings was
expected. This behavior is caused by the inter-subband phonon scatterings as noticed in
Section 4.2. The clear role played by the inter-subband phonon scatterings on limiting the
mobility spans on a more visible way in Figure 10 than in Figure 5. The reason is the lower
doping concentration of the devices studied in this section that consequently shifts the Cou-
lomb scattering limited mobility to lower effective electric fields. The inter-subband phonon
scatterings are explained by the small energetic separation between the two lowest heavy-hole-
like subbands, which is favoring the inter-subband transitions assisted by the absorption of
optical phonon. This behavior reaches its maximum for a channel along the <110> direction
since the holes in this direction have the lowest mass [12].

The I4 -V, curves for Si(110) n-MOSFETs have been measured, and the results are presented in
Figure 11 along with the corresponding tranconductances g,,. The larger drivability is ascribed
to the <100> direction. From Ref. [32], the value of the attenuation factor 6 for the Si(100)
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Figure 10. Effective mobility e as a function of the effective electric field Ee for Si(110) p-MOSFETs featuring a channel
along several directions.
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Figure 11. Drain current I4 (right) and transconductance g, (left) as a function of the gate overdrive voltage V~Vy, for Si
(110) n-MOSFETs featuring a channel along the <110> (full lines) and <100> (dashed lines) directions.

n-MOSFETs is 0.175 V!, while the one obtained for the Si(110) n-MOSFETs is 0.6 V~'. The
larger value for Si(110) wafers reflects an unusual degradation of the mobility that makes the
drain current Iy saturate and drop at high gate overdrive voltage V, — Vg, as shown in
Figure 11. The saturation and decrease in the drain current Iy are more pronounced for the
<100> direction and find its origin in the balance of the linear product (current is proportional
to np) between the increase in the number of carriers n and the decrease in the mobility . As
shown in Figure 11, the unusual consequence is a negative transconductance g, at high
voltage. The mobility is shown in Figure 12. Like for the Si(110) p-MOSFETs and contrary to
the 5i(100) n-MOSFETs, there is a dependence between the mobility and the channel direction.
The highest mobility is obtained for the <100> direction, and the lowest is obtained for the
<110> direction, the opposite trend revealed for Si(110) p-MOSFETs. The surface roughness is
limiting in more proportion the mobility of the transistors along the <100> direction and
explains the more pronounced drop of the drain current I shown in Figure 11.
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Figure 12. Effective mobility s as a function of the effective electric field Eq for Si(110) n-MOSFETs featuring a channel
along several directions.
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6. Relation between the mobility and the temperature

It is well known that temperature has a major impact on the performances of MOSFETs. Every
scattering mechanisms that are limiting the mobility have a specific response toward the change
in temperature as Gaubert et al. demonstrated for Si(110) n-MOSFETs [33]. Contrary to
p-MOSFETs fabricated on Si(110) wafers, the mobility of n-MOSFETs on this orientation is
limited by the Coulomb scattering in the low range effective electric field, the phonon scattering
in the middle range and finally the surface roughness scattering at high effective electric field.
With the intention to understand the response of each scattering mechanisms taken individually
to the temperature, a study has been conducted on Si(110) n-MOSFETs investigated in the
precedent section. Transistors with a channel along the <100> direction have been studied for
different temperatures from 213 to 473°K. Figure 13 reports the drain current I4 and the associ-
ated transconductance g, for three different temperatures. Increasing the temperature degrades
the drivability and the transconductance even though a slight improvement in the latter quantity
can be acknowledged at high gate voltage. In addition, the peculiar behavior acknowledged in
the previous section for Si(110) n-MOSFETs, that is a saturation followed by a drop of the
drivability with an increase of the gate voltage, is amplified with a decrease of the temperature
and leads to even more negative transconductance in the high bias range. This suggests that the
drop of temperature increases the degradation ratio generated by the surface roughness scatter-
ing mechanisms. The mobility for different temperatures is shown in Figure 14. As expected, the
mobility is enhanced when the temperature is reduced. The scattering mechanisms have been
studied separately by the means of the modeling. The mobilities shown in Figure 14 have been
modeled according the Matthiessen rule with the three main scattering mechanisms:

11 1 11 11
+—+

—= —+—= s+ . (1)
et Mcow HMpn  Hsr AcoulEEff ApnE?  AsrEl

Hcoul is the Coulomb-limited mobility, proportional to Ef; where B is a fitting parameter [34]. ppy,
is the phonon-limited mobility, generally proportional to Ee> [11]. Finally, pisg is the surface
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Figure 13. Drain current I4 (right) and transconductance g, (left) as a function of the gate voltage V for Si(110)
n-MOSFETs measured at three different temperatures.
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Figure 14. Effective mobility p.g as a function of the effective electric field E.g for Si(110) n-MOSFETs measured at
different temperatures. The several scattering mechanisms limiting the mobility have been also reported.

roughness-limited mobility. It is proportional to Ef; [35] where vy is a fitting parameter generally
found between —1 and —3. Quantities Acoy, Apn and Agg are fitting parameters associated,
respectively, with the Coulomb, Phonon and Surface roughness scattering mechanisms.

The results for the Coulomb scattering mechanisms picoy are shown in Figure 15. The
Coulomb-limited mobility pcou is temperature dependant, and  is varying between 0.8
and 1.2. A point independent of the temperature is visible for an effective electric field around
3 x 10% V/em. It corresponds to the crossing point visible on the I — V,, curves of Figure 13 for
V, around 100 mV. Below that, point the temperature increases the energy of electron that are
scattering less since the Coulomb interaction is weakening. Finally, results shown in Figure 15
and those reported by Gaubert et al. [33] showing an attenuation of the variation of Ac,,, with
a decrease in the temperature suggests that the Coulomb-limited mobility pcou might become
independent of the temperature at low temperature. The results regarding the phonon-limited
mobility pp, are shown in Figure 16. The phonon-limited mobility ppy is temperature
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Figure 15. Extracted Coulomb mobility pceu as a function of the effective electric field Eey for Si(110) n-MOSFETs

measured at different temperatures.
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Figure 16. Extracted phonon mobility pip, as a function of the effective electric field Eef for Si(110) n-MOSFETs measured
at different temperatures.

dependant according to a T~ law. Nevertheless, their ratio with the effective electric field
remains unchanged with a change in temperature. The results regarding the surface-
roughness-limited mobility pgg are shown in Figure 17. The surface-roughness-limited mobil-
ity ugr is temperature dependant. However, like for the Coulomb-limited mobility pcow, the
results at low temperature strongly suggest that the surface-roughness-limited mobility pisg
becomes independent when the temperature is lowered down. Gaubert et al. [33] showed that
Agg is converging towards a constant value for temperature lower than 200°K, with vy reaching
a value of —2. The surface-roughness-limited mobility usg features a crossing point for effective
electric field around 2 MV/cm, roughly corresponding to the breakdown of the gate oxide.
Above this point, the increase in temperature is reducing the collision with the interface. The
study of this peculiar behavior is made extremely difficult owing the impossibility to carry
measurements on.

10° B Si(110) n-MOSFET ]

T=213°K

243°K
10°F T 273°K 4
303°K
373°K
473°K
107 E E

Mor = Agrerr

Surface
Roughness mobility u (cmZ/Vs)

10 E s PSS RS |

-1 0

Effective electric field E_ ( 10° Vi cm)

Figure 17. Extracted surface roughness mobility s as a function of the effective electric field E.¢ for Si(110) n-MOSFETs
measured at different temperatures.
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To finish, the shift from the Si(100) wafers to the Si(110) wafers degrades the electron mobility as
testified by results shown in Figures 9 and 12. The study of the mobility in Si(100) n-MOSFETs
has been conducted in a similar way for 303° K exclusively, and the calculation of each scattering
mechanisms showed that this degradation is actually the result of a strong limitation arising
from the Coulomb and surface roughness scattering rather than the phonon mechanisms, results
that has been demonstrated by Gaubert et al. [33].

7. Mobility in an accumulation layer

Even though making use of the majority carriers to generate the current [36, 37] is already
known and has been investigated more than 40 years ago, this approach has recently gained
interest, and recent studies have positioned the accumulation-mode MOSFETs as serious
competitors [13, 14, 38—41] to take over the conventional transistors for future CMOS technol-
ogies. Scarce data have been published so far regarding the carrier mobility flowing inside an
accumulation layer [14, 36], and a method to extract it from the conventional mobility mea-
surement is proposed here since in accumulation-mode MOSFETs the conduction, and thus,
the measured mobility involves the conduction inside the accumulation layer and the conduc-
tion occurring inside the SOI layer. Planar mode fully depleted silicon-on-insulator p-type
MOSEFETs on three different unibond p-type SOI (100) silicon oriented wafers have been
fabricated in order to assess the mobility in an accumulation layer. The doping concentration
of the SOI layer has been adjusted to 10'%, 10" and 2 x 10" cm™>. A 7.5-nm-thick gate oxide
has been formed by plasma oxidation after etching the SOI layer until reaching 50 nm. The
mobility measurement method proposed in Section 2 has been followed with Qgep = 0. The
results are shown in Figure 18. The mobility for the conventional inversion-mode p-MOSFETs
has been reported for comparison and accurately follows the universal curve by Takagi et al.
[8] at high effective electric field E.s. While the results suggest that the mobility for the
accumulation-mode devices possessing a doping concentration of 10" and 10'® ecm ™ is fol-
lowing the universal curve, it is clear that the one with a doping concentration of 2 x 10" cm >
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Figure 18. Experimental effective mobility pg as a function of the effective electric field Ee for accumulation- and
inversion-mode Si(100) p-MOSFETs featuring different doping concentrations.
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does not. As expressed previously, the SOI layer is contributing to the total measured current,
and in turn, it is included in the calculation of the mobility as presented in Eq. (2). It is also
clear from Figure 19 that the calculation of Q, is false in the case of accumulation-mode
MOSEFETs. Indeed, the impact of the SOI layer is clearly visible and must be removed to obtain
C -V, characteristics such as the one reported for an inversion-mode MOSFETs in Figure 19.

The appropriate evaluation of the mobility must be conducted from the relevant data, the accu-
mulation charge and the current generated exclusively by the accumulation layer. At the flat-band
voltage Vg, the SOI current reaches its maximum value and its subtraction from the I - V,; curves
give the current generated by the accumulation layer. V¢ is evaluated from the knowledge of the
flat-band capacitance Cg, obtained from

1 1 1

I 12
Cfb Cox Cdeb ( )

where Cggp is the Debye capacitance and can be easily calculated like C,y. Vg, is obtained with
the help of the C - V,; curves shown in Figure 19. By turn, the maximum SOI current and SOI
charge are evaluated, respectively, from the I — Vg and Q. — Vg curves and subtracted
afterwards. The calculation of the effective mobility peg and of the effective electric field Eeg
has been conducted again for the three doping concentration, and the results are shown in
Figure 20. All curves are now reaching the universal curve indicating that an accumulation
layer has a universal behavior identical to the one seen for an inversion layer. The universal
curve by Takagi et al. [8] is appropriate for both the inversion and accumulation layers. It is
also confirming the rightfulness of 1) = 1/3 for the calculation of the effective electric field E.¢ in
Eq. (7) indicating again that the carriers in an accumulation layer are behaving in a similar way
than the ones in an inversion layer with regard to the phonon and surface roughness scattering
mechanisms as previously described by Chindalore et al. [42]. To finish contrary to the inver-
sion layer, an early screening of the Coulomb scattering is occurring in the case of an accumu-
lation layer, allowing the mobility in an accumulation layer to reach at first the bulk mobility
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Figure 19. Experimental capacitance C as a function of the gate voltage V, for accumulation- and inversion-mode Si(100)
p-MOSFETs with a doping concentration Ny =2 % 10'7 cm > . The capacitance has been measured at V4 =100 mV and a
frequency f =100 kHz.
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Figure 20. Calculated effective mobility p¢ inside the accumulation layer of accumulation-mode Si(100) p-MOSFETs
featuring different doping concentrations as a function of the effective electric field Ee.

before the phonon scatterings dominate [14, 43], thus the monotonically decrease in the mobility
seen at low effective electric field Ec¢ in Figure 20.

These last results indicate that even if the mobility shown in Figure 18 for accumulation-mode
MOSFETs with a doping concentration 10" and 10'® cm ™ could have been interpreted as correct,
are actually false owing to the contribution of the SOI layer.

8. Conclusion

In this chapter, we reviewed some of the main aspects of the mobility in field-effect transistors
and especially for the (110) crystallographic silicon-oriented wafers. The mobility in p-MOSFETs
on Si(110) wafers is limited by inter-subband scattering mechanism making its extraction by the
means of the Ghibaudo method inappropriate and in turn its modeling inaccurate. A more
adapted model relying on a physical approach has been developed. This new expression is
incorporating the Coulomb, phonon and surface roughness scattering mechanism and is
allowing a precise modeling of the drivability and transconductance in Si(110) p-MOSFETs. In
addition, the study showed a clear dependency between the mobility and the channel direction
for transistors fabricated on Si(110) wafers, while no impact has been noticed for conventional
Si(100) wafers. The highest mobility has been revealed for a channel along the <100> direction
for electron and along the <110> direction for hole. The study in temperature in Si(110) n-
MOSFETs showed that the Coulomb and surface roughness scattering mechanisms are actually
temperature dependent. More, the degradation of the electron mobility in Si(110) wafers has
been explained by a substantial increase in the Coulomb and surface roughness scatterings than
the phonon ones when compared with the Si(100) wafers. To finish, a methodology has been
proposed and successfully employed to calculate the carrier mobility in the accumulation layer
of newly developed accumulation-mode MOSFETs. The result showed afterwards that accu-
mulation and inversion layers are behaving in a similar way in regard to the phonon and
surface roughness scattering mechanism. Nevertheless, the mobility in an accumulation layer
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is monotonically decreasing from the bulk mobility when the electric field is increased, owing
to an earlier screening of the carrier by the Coulomb scatterings.
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Abstract

In this chapter, a new type of field-effect transistors is considered with a gate and a channel
on a basis of two-dimensional systems of carriers. The key point of the device is that the
systems are different. In particular, they are formed in different quantum wells or valleys
of the carriers spectrum. Due to this difference, the coherent tunneling is reduced and
inelastic tunneling requires additional excitations with significant momentum and energy.
This decreases the tunneling rate significantly. For example, the intervalley tunneling
rate is less than intravalley that in 9 orders of magnitude in GaAs/AlAs heterostructures.
The two-dimensional character also can decrease the tunnel probability in a wide voltage
range. Influence of further miniaturization will be discussed for the new types of the
transistors.

Keywords: field-effect transistor (FET), two-dimensional system of carriers, resonant
tunneling

1. Introduction

Size-shrinkage as a main trend of the electronics development has already brought not only cut-
off frequency but also energy consumption increase. In addition, a current leakage of the field-
effect transistor (FET) has also increased. The leakage current consists of a current from the
drain to the source (I4) due to overlapping of the p-n transition regions in the contacts and a
tunneling current from the gate to the channel (I). Moreover, in the FET size-shrinkage, the I
part becomes more important; for example, at 130 nm technology, it takes less than 5% of whole
leakage, at 90 nm, it takes 40%, and at 65 nm, it takes 90%, respectively [1]. To decrease the Iy,
SOI substrates and vertical orientations of the FET are used. This effectively decreases the width
of the cross section for the I,4. Note that this accompanies the two-dimensional character of the
FET channel. To diminish the I, high-k dielectrics are used as the gate insulators. This increases
the capacity between the gate and the channel and decreases the pinch-off voltage or energy of

I m Ec H © 2017 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,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{ccY SN
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the tunneling carriers. Another way is to use quantum well for the FET channel, for example,
InSb layer [2]. This also diminishes gate voltage because the band inversion is not required. As a
result, the cut-off frequency can be increased up to 300 GHz. One can see that two-dimensional
systems of carriers (2DSC) are inherent to the modern nanoFET.

In this chapter, an application of the 2DSC in a FET gate is considered for further leakage
reducing.

2. Resonant tunneling of carriers

Tunneling has been revealed by Esaki [3] and studied mainly in semiconductor diodes since
1958. Several years before, Shriffer had proposed size-quantization of the carriers in semiconduc-
tor films [4] that was observed by Tsui in InAs tunneling diode [5]. Then Esaki [6] and Kazarinov
and Suris [7] proposed carriers resonant tunneling (CRT) in semiconductor heterostructures. In
1974, this effect was observed [6]. On the base CRT, a resonant-tunneling diode (RTD) [8] and
resonant-tunneling transistor (RTT) [9] are realized as highest-frequency solid-state devices up to
date. Carriers tunneling is well-known to play a negative role in modern ¢ CMOS transistors
made on the base technology of 45 nm or less. However, the instances of the RTD and RTT give
us a hope that a proper application of the CRT can improve the situation in the FET. To clarify
this, let us consider the CRT in detail.

Usually, the CRT is observed in a double-barrier heterostructure, the conduction band profile of
which is shown in Figure 1. In a thin layer of a narrow band gap semiconductors, the localized
states are forming and called subband states or levels. The ground subband state has energy E,.
As a result, the barriers transparency has sharp peaks up to 1 in its energy dependency when the
incident-electron energy along z direction E, approaches to E,o and, what is more important to
this chapter, it decreases down to T, = 10~* at intermediate energy [6].

To calculate current-voltage characteristics, one can consider model of sequential tunnel-
ing [10]. In this model, tunneling of the electron can be described as sequential quantum
transition perturbed by tunnel Hamiltonian T [11]. In first term of the perturbation theory,
one can expect to find the probability of the transition as follows:

21
Wy = 5 [WITIW5(E — E) 1)

where 1 is Planck constant, ¥ are electron wave functions, E; ¢ are energy of initial and final
states. Since the potential is in the one z direction, the electron wave functions are as follows:

i
Wir = Xif(z)exp (E [ px + ny,fy]> (2)

Then the matrix element of T is as follows:

Wi|T|Vy = Tifé(Pxf - Pxi)é(ny - pyi) (3)
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Figure 1. Energy profile of the conduction band bottom of the two barrier heterostructure.

where Tjr = x;|T|x;. As one can see from Egs. (1) and (3), the tunneling electrons save its
energy and planar components of the momentum. Since the electron effective mass is equal
on both sides of the barrier, the tunneling electron also saves E, energy. To calculate current,
one should sum transition probabilities timed on electron charge from given equation:

1= eWy(f,—f;) (4)
if

where f; ; Fermi-Dirac distribution functions of electrons in initial and final states. Let us suppose
that T} is a constant, then Ty = 7!, where T is a tunneling rate of the electrons. According to
Egs. (1) and (3), one can get the following:

1=2 7 (i~ f;) = S(Ni(E) - Ny(E)) ®)

T i(EzO )/f(EZO)

where i(E,o) and f(E,o) are the initial and final states which have the same energy E,; of motion
in z direction; Ni(E,o) and N¢(E,o) are the number of electrons populating the initial and final
states. Using low-temperature limit that is kT << Eg and kT << E,;—E, and also supposing final
states as empty that is N¢(E,o) = 0 as usual, one can calculate N;(E,o) as a number of filled states

29
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on a Fermi-hemisphere intersection disk taking at a momentum p,( in the phase space (see
gray disc in Figure 2) where E g = (pzo)2/2m* and m* is an electron effective mass. Thus, the
tunnel current can be found as follows:
2 _ .2
_ E(p F sz)S

I= Tond) €8,pS(Ere — Ex0) /T (6)

where ¢ is an electron charge, pr is a Fermi momentum of electrons, ¢p is a density of two-
dimensional states of electrons, and S is a sample area.

Let us suppose the emitter grounded, i. e., Lt = const, then the voltage dependence of E (V)
determines the I-V curve. If the barriers width D is greater than the quantum well (QW) width
d, then E,y(V) can be found from linear Stark effect:

E,(V)=Ex(0)—eV/a (7)
where a is a leverage factor, i.e., a = D/(d; + dy). Since usually E,o(0) > L, there is a threshold

voltage Vy, higher than a resonant current I that has appeared when E,o(Vi) = U Then
combining Egs. (6) and (7), one can get the following expression for the current I:

I=¢g,pS(V = Vi) /at (8)
Eq. (8) is justified when pg > E,o(V) > Ece. At the current peak voltage V, the subband energy

E,o approaches to E., i.e., E,o(Vp) = Ece, and after that the resonant current drops down to
Zero.

As a result, the I-V curve of the RTD is shown in Figure 3 as solid line. It is worth noting that
Eq. (8) describes only resonant part of the current. Nonresonant current usually is monotonic

AL

pz()

r |

P,

Figure 2. Momentum space of the emitter and states available for resonant tunneling.
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Figure 3. Current-voltage characteristics of RTD with a single quantum well between barriers (solid line) and a double
quantum wells (dashed line).

function of the voltage and includes scattering tunneling and tunneling across all barriers. This
provides nonzero current at any nonzero voltage. Thus, one can see that two-dimensional state
in the QW produces the resonant tunneling in a finite resonant voltage range from Vy, to V,,
and depresses the resonant tunneling at other voltages. This resonant voltage range can be
further shrunk if another QW will be used (see Figure 4). In this case, the resonant tunneling is
possible only at resonant voltage V,; when Egy(Vp1) = Ega(Vp1). This decreases significantly the
width of the current peak in the I-V curve (see Figure 3 dashed line).

Thus, the application of 2DSCs could significantly decrease the carriers tunneling in a wide range
of the applied voltage. This means there is a new way to decrease carriers tunneling between a

Figure 4. Energy profile of the conduction band bottom of the heterostructure with two quantum wells.
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gate and a channel that is application 2DSCs in them. Semiconductor heterostructures with two
2DSCs separated by a tunnel barrier have been studied and demonstrated their properties [11].

3. Resonant tunnel transistors

As can be seen from Figure 3, tunneling current strongly depends on the energy of quantum
level in the QW, so if you create a third electrical contact to control this energy, it is possible to
obtain a transistor with a large transconductance value, and even with a negative transcon-
ductance. Several types of such transistors have been investigated and are shown in Table 1.
They differ by base contact making as it is shown in Figure 5.

3.1. Bipolar resonant-tunneling transistor with QW

In this case, double-barrier heterostructure is located inside a vertical bipolar transistor in a
thin layer being in connection with base contact [12]. One example implementation of such a
heterostructure is shown in Figure 6(a) in the form of the band structure. QW layer is consid-
erably doped with impurities of p-type, which allows change in the potential of QW almost
independently of the potentials of the source and drain. Resonant tunneling through the QW
starts at finite drain-source voltage (see Figure 6(b)). Figure 7(a) presents source-drain character-
istics of the transistor at different values of voltage on the base. As one can see from Figure 7(b),

Unipolar transistors Bipolar transistors
Base pin contacts to the QW Unipolar RTT with contact to the QW Bipolar RTT with QW contact
Base pin contacts layer close to the QW Unipolar RTT on hot-electrons effect Light-emitting RTT

Table 1. Resonant-tunneling transistors.

(a) Tunnel (b)

Quantum- Barriers

E
Well 77
Base E

vAv4Al

2DEG

Figure 5. Topology of resonant-tunneling transistors. (a) RTT is shown where the base contact is connected directly to the
QW and (b) RTT is shown where the base contact is connected to layer adjacent to the QW.
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Figure 6. Band diagrams of the bipolar RTT with QW at zero drain-source voltage (a) and at finite applied voltage (b).
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Figure 7. Characteristics of the bipolar RTT with QW taken from Ref. [12]. (a) Drain-source characteristics at different
base voltages at 300 K and (b) source-base and transconductance characteristics at different temperatures.

the resonant tunneling provides just weak features in the transconductance of the transistor,
which appears to be associated with a strong broadening of the levels of dimensional quanti-
zation in the QW, due to its disorder induced by doping impurities. The usage of modulated
doping could significantly improve the situation, but further research in this direction is not
followed. Perhaps because in the transistor the doped layer is placed outside the quantum well
and the contact to the layer outside the quantum well.

3.2. Light-emitting resonant-tunneling transistor

In the case of a bipolar contact or p-n junction, the flow of electric current accompanied by the
light emission resulted from the electron-hole recombination. Similar radiation was recorded
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Figure 8. Electrical and optical characteristics of the bipolar RTT with base contact separated from active region taken
from Ref. [14]. (a) Source or emitter, drain or collector and base currents are plotted versus applied source-drain voltage at
different base voltages and (b) optical spectra at different base voltages.

in a bipolar RTD [13] and bipolar RTT [14]; in this sense, the third electrode can be considered
as controlling not only current but also radiation. The presence of the region of negative
differential conductance (NDC) allows to create not only an oscillator but also an optical pulsar
with a clock frequency up to the THz range. One of the options for band structure of these
transistors is shown in the insert in Figure 8. In this case, the base layer is doped by donors, but
the contact is placed out from the side of the structure. This helped to maintain the quality of
the QW between the tunneling barriers that has led to a significant effect of resonant tunneling.
As a result, the region of the negative conductance and transconductance was present in all
transistor characteristics (see Figure 8(a)).

3.3. Resonant-tunneling transistor with base contact to two-dimensional electron system

It is possible to make a deep QW between the tunneling barriers. The QW will be filled by
carriers from adjacent layers, if a ground subband has energy E, below Fermi level [14]. Such
QW can be connected via remote contact and has no disorder originated from doping (see
Figure 9). In this case, the base contact is located remotely from active region on the side of the
emitter and controls the potential of the QW (see Figure 9). Resonant tunneling of electrons
through the level E; or through the first excited two-dimensional subbands. Source-drain
current-voltage characteristics are shown in Figure 10(a). It is seen in Figure 10(b) that, despite
the observed NDC saturation current is not observed and there is a large nonresonant current.
This behavior is expected because when tunneling takes place in the first excited subband,
electrons tunnel with emission of a wide range of excitations, such as phonons, plasmons, and
photons. These excitations transfer the electrons to the ground subband.
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Figure 9. Resonant-tunneling transistor with deep QW. Topology of layers and contacts and conduction band bottom
diagram of the active region of the RTT.
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Figure 10. Electrical characteristics of the RTT with deep QW. (a) Source-drain current-voltage characteristics at different
base voltage and (b) source-drain current-voltage characteristic at floating base potential.

3.4. Resonant-tunneling transistor on hot electrons

The removal of the base layer outside the quantum well improves the work of RTT, as demon-
strated in Refs. [9, 15]. The topology of the transistor and its diagram of the conduction and
composition of the layers is shown in Figure 11. In this case, the heavily-doped disordered
base layer does not much influence the quality of the QW and bright NDC features are
observed in all electrical characteristics. Figure 12 shows transistor characteristics obtained.
The thickness of the base layer is 50 nm (a) and 25 nm (b). From Figure 12, one can see that the
wide-base layer degrades characteristics of NDC and increases the base current, decreasing the
width of the layer characteristics improves characteristic and the gain current increases. It is
worth noting that at low voltage, the current is very low because the ground subband has
energy considerably higher the Fermi energy and only high energy electrons or hot electrons
can tunnel.
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4. Field-effect transistors with two-dimensional systems of carriers

Previously studied resonant-tunneling transistors have considerable disadvantages such as the
tunnel current is very low and high frequency application is possible only in the region of
NDC. However, the resonant tunneling can be used in conventional FET to shrink gate-voltage
range where it takes place [16]. As already mentioned in Section 2, the situation can be
significantly improved by using a structure with two quantum wells. In this case, the gate
2DCS has a carrier concentration different from the 2DCS concentration in the channel (see
Figure 13(a)). To create such transistor, it requires an entire system of gates. The problem is
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(a) (b)

Figure 13. Field-effect transistor with QWs. (a) Conduction band bottom diagram of the active region of the FET and (b)
topology of the contacts of the FET.

that two conductive layers are in close proximity to each other, which significantly complicates
the creation of separate ohmic contacts to each layer. In this case, ohmic contacts to the both
layers are made, and then, additional gates (1, 2 in Figure 13(b)) deplete one of the layers. So,
gate 1 can be used by applying a negative voltage to the depletion of the upper layer and
double gate 2 is used for the depletion of the lower layer. Due to the difference of the energies
the resonant tunneling between the layers will be suppressed and the leakage current from the
gate to channel will be low. It should be noted that when using this transistor to completely
eliminate the resonant tunneling which is impossible as to deplete the channel, one must pass
through the resonance voltage V;, in which Egp(V;) = Ecno(V;). However, even in this case, the
current will not exceed the maximum current observed when the resonant tunneling takes
place between a three-dimensional contact and QW (see Figure 3).

Another possibility of a FET is proposed in Ref. [17] with a gate and a channel on the basis of
2DSC in different valleys. The key point of the device is that the 2DSCs are different. In
particular, they are formed in different valleys of the carrier spectrum (see Figure 14(a)). Due
to this difference, the carrier tunneling requires additional excitations with significant momen-
tum and energy. This decreases the tunneling rate significantly. For example, the intervalley
tunneling rate is less than intravalley that in 9 orders of magnitude in GaAs/AlAs
heterostructures [18]. Application of 2DSCs in the gate and channel in different valleys can
significantly decrease the tunnel leakage and allow further cut-off frequency to increase.
Moreover, in the case of low intervalley carriers scattering, the dielectric layer can be removed
which increases the transconductance of the FET. Some realization of the conduction band
bottom profile can be found in Figure 14(b). The heterostructure is modulation-doped by Si
donors. The AlAs is an indirect semiconductor where X-valley has lower energy than I'-one.
Hence, in the layer 2, a quantum well (XQW) is formed in the X-valley that is shown by long-
dashed line in the profile. The XQW can be used as a FET gate. A GaAs quantum well is
formed in I'-valley ('QW) and can be used as a FET channel. A topology of the FET can be the
same as in Figure 13. The source and drain are contacted to the TQW and the gate is contacted
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Figure 14. Electrons spectra in active region of the FET with QW in different valleys. (a) Electron dispersion curves in the
XQW (solid curve) and TQW (dotted curve) and (b) conduction band bottom diagram of the proposed FET heterostructure.

to the XQW (see arrow 3 in Figure 13). The electric characteristics of the proposed FET are still
under investigation. However, some discussion about their miniaturization is possible and
follows in the next section.

5. Miniaturization of the field-effect transistors with two quantum wells

5.1. Cut-off frequency of the FET

As mentioned in Section 1, miniaturization of transistors is the main direction of development
of microelectronics for more than 50 years and the reason is not only the attraction of invest-
ments or the usability of electronic devices. The main reason for miniaturization is to increase
the cut-off frequency of semiconductor devices. Let us consider how the size reduction leads to
an increase in the operating speed of a FET. In Figure 15(a), one can see a typical topology of a
FET with metal electrodes. The FET is plugged in the bias circuit through the contacts 1
(source) and 2 (drain). Offset E. is necessary for the current saturation that one can see in the
source-drain characteristics of the FET as shown in Figure 15(b). The saturation velocity of the
carriers in the channel (in gray in Figure 15(a)) does not change with applied voltage and it is
possible to obtain the following expression for current:

Isq = nevSyy, 9)

Here, 1 is the carrier concentration in the channel, v is the velocity of the carriers, S, is a cross-
sectional area in the channel. To change the concentration, the gate is used (see in Figure 15(a)).
When voltage Vi, is applied the carrier concentration n(V) is changed due to the finite capac-
itance between channel and gate Cp as follows:
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Figure 15. Topology and characteristics of the field effect transistor. (a) Topology of a field-effect transistor and the plug-
in circuit. The dotted line shows the elements of the equivalent circuit of the transistor. (b) Source-drain characteristics of
FET for different gate voltages Vi,. The inclined straight line corresponds to the load straight line, its intersection with the
source-drain characteristic corresponds to the operating point of the transistor, i.e., determines the current I, and voltage
Va.

(V) = ny + CoV/(Ware) (10)

where 1y is the carrier concentration in the channel at zero gate voltage, W, = ScnLen i a
volume of the channel, L., is a length of the gate or channel (see Figure 15(a)). Substituting the
Eg. (10) in Eq. (8), one can get the following expression for the current:

vC,V
Isd :IO + Lg

=To+gV (11)
ch

where g is a transconductance of the FET. In Figure 15(a), dashed line presents the elements of
the equivalent circuit of the transistor, i.e., elements for which the transistor can be modeled. In
this case, the behavior of the semiconductor channel can be modeled by a current source
dependent on the gate voltage Vi,,. Let us now consider the AC signal V;,,, then there is a bias
current 6l through the parasitic capacitance of C, and gate capacity Cg. The current through
the capacitance is increased by increasing the frequency of the alternating voltage Vi, so there
is a cut-off frequency at which the current through the capacitance is compared with the
current in the semiconductor channel 6/, and then one can get the following equation:

8l = w(Cy + Co)V = gV = bl (12)

Then taking into account Eq. (11), one can get the following expression for the cut-off fre-
quency:

1%

LG/

(13)

This shows that by increasing the value of C; and decreasing the value of Cp, and Lq, it is
possible to increase the cut-off frequency of the transistor. To increase Cg, one can reduce the
distance between the channel and the gate, i.e., d. By the way, the use of gate high-k dielectrics
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is another way of increasing C,. The reduction in C, may also be obtained by decreasing a
width of the gate contact and increasing the distance between the contacts and gate contacts.
However, the increase in the distance between electrodes is limited by increase of the serial
resistance R.. Actually, Eq. (13) describes the cut-off frequency of the active region of the
transistor, i.e., the channel region under the gate, the output AC signal is measured when the
current flows through the load resistance R. Resistance R. is shunted by a capacitance of C,,
therefore, the cut-off frequency of AC signals cannot exceed w; = 1/(R.Cp). Since R. increases
with increasing interelectrode distance, the effect of increasing this distance is significantly
reduced.

5.2. Size-quantization and its effect on resonant tunneling

Thus, reducing the size of the active area of the transistors leads to an increase in the cut-off
frequency, which is the main physical reason for the miniaturization. However, as mentioned in
Section 1, miniaturization of transistors has led to the increase in the leakage current, which
significantly increases energy consumption and reduces the prospects for further development in
this direction to zero. The use of resonant tunneling can significantly reduce leakage currents, but
it is necessary to use a carrier system with reduced dimensions. These systems which appear in
semiconductor nanoheterostructures, recently also actively studied the carbon nanomaterials.
Here, there is a new problem with miniaturization. When reduction of L, size occurs up to 20
nm, lateral size-quantization takes place in the two-dimensional gate and channel. This signifi-
cantly degrades the resonant nature of tunneling, and nullifies efforts to suppress it, as demon-
strated in the study of RTD of nanometer sizes [8]. However, to date, it has been shown that a
RTD with a transverse size of 5 um, is capable of operating at frequencies above 4 THz, which is
2 orders of magnitude higher frequencies of modern high-frequency transistors. A major obstacle
to the wide use of RTD is the high cost of producing semiconductor nanoheterostructures, which
requires the involvement of molecular beam epitaxy. However, the development of relatively
cheap methods of obtaining carbon nanomaterials creates serious prospects of using such mate-
rials for the creation of RTD. RTD have already been successfully created on the base of graphene
films [19, 20], but their quality is inferior to semiconductor films.

6. Conclusion

In summarizing, we can state that application of resonant tunneling can significantly increase
the operating speed of the FET and reduce leakage currents. However, the application of 2DCS
systems imposes new restrictions on the miniaturization, reducing her prospects to almost
zero. However, even relatively large RTD already working on the frequencies exceeding the
frequencies of the transistors. It is shown that devices based on resonant tunneling are able to
replace the conventional FET. The main problem of widespread use of such devices today is a
significant high cost of the technology of molecular-beam epitaxy. Possible further develop-
ment of technology toward a carbon nanomaterials. Carbon nanomaterials might allow high-
quality RTD, which is significantly cheaper than semiconductor materials. In this case, we
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should expect serious changes in the architecture of classical computers and the emergence of
new solutions in the field of quantum computing.
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Abstract

In recent years, high electron mobility transistors (HEMTs) have received extensive atten-
tion for their superior electron transport ensuring high speed and high power applica-
tions. HEMT devices are competing with and replacing traditional field-effect transistors
(FETs) with excellent performance at high frequency, improved power density and satis-
factory efficiency. This chapter provides readers with an overview of the performance of
some popular and mostly used HEMT devices. The chapter proceeds with different struc-
tures of HEMT followed by working principle with graphical illustrations. Device perfor-
mance is discussed based on existing literature including both analytical and numerical
models. Furthermore, some notable latest research works on HEMT devices have been
brought into attention followed by prediction of future trends. Comprehensive knowl-
edge of up-to-date results, future directions, and their analysis methodology would be
helpful in designing novel HEMT devices.

Keywords: 2DEG, heterojunction, high electron mobility, polarization, power amplifier,

quantum confinement

1. Introduction

The requirement of high switching speed such as needed in the field of microwave com-
munications and RF technology urged transistors to evolve with high electron mobility and
superior transport characteristics. The invention of HEMT devices is accredited to T. Mimura
who was involved in research of high-frequency, high-speed III-V compound semiconductor
devices at Fujitsu Laboratories Ltd, Kobe, Japan. Following that, HEMT was first commercially
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used as a cryogenic low-noise amplifier at Nobeyama Radio Observatory (NRO), Nagano,
Japan in 1985 [1].

Working toward the need of high frequency, low noise, and high power density applications,
traditional MOSFETs and MESFETs require to be built with very short channel lengths so that
majority of the carriers face minimum impurity scattering and performance degradation is
reduced. Such applications also imply design and performance limitations requiring high sat-
uration current as well as large transconductance, which may be achieved by heavy doping.
To overcome these limitations, HEMT devices incorporate heterojunctions formed between
two different bandgap materials where electrons are confined in a quantum well to avoid
impurity scattering. The direct bandgap material GaAs have been used in high frequency
operation as well as in optoelectronic integrated circuits owing to its higher electron mobility
and dielectric constant. AlGaAs are the most suitable candidate for barrier material of GaAs
possessing nearly same lattice constant and higher bandgap than that of GaAs. That is why
GaAs/AlGaAs heterostructure is considered to be the most popular choice to be incorporated
in HEMTs. However, AlGaN/GaN HEMT is another excellent device that has been extensively
researched in recent times. It can operate at very high frequencies with satisfactory perfor-
mance as well as possess high breakdown strength and high electron velocity in saturation [2].
GaN shows very strong piezoelectric polarization which aids accumulation of enormous car-
riers at AlGaN/GaN interface. In these types of HEMTs, device performance depends on the
types of material layer, layer thickness, and doping concentration of AlGaN layer providing
flexibility in the design process. For its superiority over HEMT devices with other materials,
AlGaN/GaN HEMT has been selected as an example for different topics in this chapter.

The chapter begins with brief explanation of different common structures and basic operating
principle of HEMT devices. The main focus is to analyze HEMT device performance based
on analytical and numerical analyses found in the literature. For example, I-V characteris-
tics of HEMTs [3], two-dimensional electron gas (2DEG) estimation [4], short channel current
collapse effect [5], capacitance calculation [6], and thermal effects [7] on HEMTs have been
discussed in Section 4, which have been obtained using analytical study. Section 5 includes
more rigorous methods such as drift-diffusion modeling [8], transport calculation [9], Monte
Carlo simulation [10], Green’s function formalism [11], and polarization-based shear stress
analysis [12] that need significant numerical techniques to characterize HEMT device per-
formance. Looking back into the very recent years, some up-to-date results have been pre-
sented in Section 6, namely “Latest Research” section. Section 7 presents some prediction on
the future research trends based on these latest results. Finally, possible application fields of
HEMT devices have been discussed in the last section.

2. Common HEMT structures

2.1. GaAs-based HEMTs

A typical GaAs-based HEMT structure is shown in Figure 1. With a view to separating the
majority carriers from ionized impurities, an abrupt hetero-structure is created between the
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Figure 1. Structure of GaAs-based HEMTs.

wide bandgap material AlGaAs and lower bandgap material GaAs while the wide bandgap
material is doped (e.g., doping density, n =7 x 107 cm). Thus, a channel is formed at the inter-
face of GaAs/AlGaAs heterojunction. To reduce coulombic scattering, a thin layer of undoped
AlGaAs is used as spacer layer. At the bottom, the Si or GaAs layer serves as a substrate.

2.2. GaN-based HEMTs

GaN-based HEMTs have the similar layered structure to conventional GaAs-based HEMTs as
shown in Figure 2. But no intentional doping is required in AlGaN/GaN HEMTs. Rather elec-
trons come from surface states due to the spontaneous polarization found in wurtzite-struc-
tured GaN. This accumulation of free carrier forms high carrier concentration at the interface
leads to a 2DEG channel. Figure 2 also indicates donor-like surface traps (empty) on top and
thereby the positively polarized charge at AlIGaN/GaN interface. The 2DEG is an explicit func-
tion of the surface barrier, AIGaN thickness and the bound positive charge at the interface.

2.3. InP-based HEMTs

InP HEMTs result in lower electron effective mass in InGaAs channel layer compared to con-
ventional GaAs-based HEMTs. These HEMTs contain comparatively large conduction band
offset (approximately 0.5 eV) between the channel layer and adjacent barrier layer, InAlAs
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Polarization Charge Donor like surface traps

Figure 2. Structure of GaN-based HEMTs.

[13]. Hence, InP-based HEMTs show high electron mobility, high electron saturation velocity,
and high electron concentration. The device usually consists of an InGaAs/InAlAs composite
cap layer for enhanced ohmic contact, an undoped InAlAs as Schottky barrier and an InGaAs/
InAs composite channel for superior electron transport properties as depicted in Figure 3.
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Figure 3. Structure of InP-based HEMTs.
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3. Working principle of HEMTs

HEMTs are essentially heterojunctions formed by semiconductors having dissimilar band-
gaps. When a heterojunction is formed, the conduction band and valence band throughout
the material must bend to form a continuous level. The wide band element has excess elec-
trons in the conduction band as it is doped with donor atoms (or due to polarization charge
in GaN-based HEMTs). The narrow band material has conduction band states with lower
energy. Therefore, electrons will diffuse from wide bandgap material to the adjacent lower
bandgap material as it has states with lower energy. Thus, a change in potential will occur
due to movement of electrons and an electric field will be induced between the materials. The
induced electric field will drift electrons back to the conduction band of the wide bandgap
element. The drift and diffusion processes continue until they balance each other, creating a
junction at equilibrium like a p-n junction. Note that the undoped narrow bandgap material
now has excess majority charge carriers, which yield high switching speed. An interesting fact
is that the low bandgap undoped semiconductor has no donor atoms to cause scattering and
thus ensures high mobility.

Another interesting aspect of HEMTs is that the band discontinuities across the conduction
and valence bands can be engineered to control the type of carriers in and out of the device.
This diffusion of carriers leads to the accumulation of electrons along the boundary of the two
regions inside the narrow bandgap material. The accumulation of electrons can lead to a very
high current in these devices. The accumulated electrons are also known as 2DEG. Figure 4
shows the generalized band diagram formed at the heterojunction for typical HEMTs. Both

Schottky

Gat
ate barrier

Channel Substrate

Si donors

Two
Dimensional
Electron Gas
(2DEG)

Figure 4. Generalized energy band diagram of HEMTs.
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the conduction band (E) and valence band (E ) bend with respect to the Fermi level (E,)
resulting in a quantum well filled with 2DEG and eventually, a conducting channel is formed.

4. Performance analysis: analytical approach

With rapidly growing popularity in high frequency and high power applications, HEMT
devices have received extensive research attention in recent days. Many analytical models to
study the characteristics of HEMTS as well as to improve device performance can be found in
the literature. In this section, we present some of the eminent and effective analytical research
works on AIGaN/GaN HEMTs.

4.1. Current-voltage characteristics using charge control model

An improved charge control model for I-V characteristics of AlIGaN/ GaN HEMTs was pre-
sented in 2008 by Li et al. [3]. This model includes Robin boundary conditions in the solution
of 1-D Schrédinger equation and customizable eigen values in the solution of 2-D Poisson’s
equation. Nonlinear polarization and parasitic resistance of source and drain have been incor-
porated in this model. The model estimates drain current assuming second-order continuity
with analytical representation of transconductance. The device structure used in this model is
almost similar to that of Figure 2. However, the only difference is that a doped AlGaN layer
of 22 nm with doping concentration, N, =2 x 10" cm™ is present above the undoped AlGaN
layer to enhance polarization. The I-V result plotted using this analytical model is shown here
in Figure 5 for different gate voltages.

4.2. Dependence of 2DEG charge density on gate bias

Khandelwal et al. proposed a physics-based analytical model for 2DEG density in AlGaN/GaN
HEMTs [4]. Using this model, they show the interdependence between 2DEG and Fermi lev-
els. The proposed model does not require any fitting parameters. It models 2DEG considering
charge concentration in two different regions. One has higher first subband energy, while the
other has lower first subband energy compared to the Fermi level. Moreover, a unified model is
also presented combining these two regions. It presents variation of 2DEG with gate bias volt-
age as shown in Figure 6. The results show excellent agreement with numerical calculations.

4.3. Short channel I-Vcharacteristics with current collapse

Current collapse is an undesirable but inevitable phenomenon in GaN-based HEMTs. It is a
short channel nonideal effect where current depends on the previous memory of gate volt-
age. For [-V characteristics of AlGaN/GaN HEMTS in presence of current collapse, another
compact model was proposed [5]. It incorporates trapping mechanism and gate edges and is
based on experimental data. Capacitance-voltage (C-V) characteristics of AlGaN/ GaN HEMTs
can also be calculated using this model. This model analyses device transconductance vs. gate
bias when current collapse occurs. A comparative plot of transconductance with and without
current collapse as determined by this compact short channel model is shown in Figure 7.
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4.4. Gate capacitance including parasitic components

Zhang et al. proposed a surface potential-based analytical model for calculating capacitance
including parasitic components for AlIGaN/GaN HEMTs [6]. The sheet charge density is mod-
eled solving charge control equations and capacitance is calculated based on the concept of
surface charge potential, which is consistent with the sheet charge density model. The para-
sitic components are further included in the model to provide a complete model. The devel-
oped model shows agreement with TCAD simulations and experimental data.

4.5. Thermal effects with complex structures

Although AlGaN/GaN HEMT is a promising device for high frequency and high power appli-
cations, its performance can be degraded at high temperatures. Therefore, a thermal modeling
is required to predict device performance at different temperatures. Bagnall et al. developed
such a thermal model that incorporates thermal effects with closed form analytical solutions
for complex multilayer structured HEMTs [7]. This structure consists of N number of layers
(G=1,2, 3, ..., N) and a heat source placed within the layers as shown in Figure 8(a). The
analytical modeling is carried out using Fourier series solution and validated using Raman
thermography spectra. Distribution of temperature along AlIGaN/GaN x-axis interface includ-
ing heat source as presented by the model is shown in Figure 8(b).

Apart from these models, many other analytical models have been proposed for noise elimi-
nation, loss calculation, estimation of polarization, small signal analysis, etc.
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Figure 8. (a) Complex multi-layer HEMT structure with a heat source, and (b) Temperature distribution along x axis for
AlGaN/GaN HEMTs including the heat source.

5. Performance analysis: numerical approach

Different numerical studies of HEMTs have been performed to analyze the influence of inter-
nal physical mechanisms. Some generalized numerical models reviewed from the literature
are presented in this section.

5.1. Fully coupled drift-diffusion model

Yoshida et al. presented a two-dimensional numerical analysis of HEMTs to simulate device
performance [8]. Anderson’s model is used to generate the equations of band-edge lines and
Boltzmann statistics is considered. Spatially continuous band-edge variation is not justified
in this model as current across the hetero interface is neglected. The hole current and the
generation-recombination current are also neglected. Finite difference approximation is used
to discretize Poisson’s equation and electron current continuity equation. After that, resultant
equations are solved self consistently using Newton’s method. This fully coupled model is
traditionally known as drift-diffusion model [14].

5.2. Energy-transport model: transport calculation

Buot presented a two-dimensional numerical simulator based on the analysis of the first three
moments of the Boltzmann equation, known as the energy-transport model [9]. It has been used
to study various effects on the performance of AlGaAs/GaAs HEMTs [9]. The coupled trans-
port equations (for details of energy transport equations, see Ref. [15]) were solved numerically
using finite-difference technique on a uniform mesh, using iterative scheme. Using HISSDAY,
a computer simulator program, the transport equations for the energy transport model are
numerically solved using implicit scheme for the continuity equations; Scharfetter-Gummel
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method [16] for the current transport equation; and explicit forward differencing “marching”
method for calculating the average energy. This model has an improvement over Widiger’s
energy transport model [17] where conduction is ignored in the AlGaAs layer [9].

5.3. Monte Carlo simulation

Ueno et al. presented Monte Carlo simulation of HEMTs to analyze 2DEG electron transport
[10]. The analysis is based on electron-phonon interaction model proposed by Price [18]. In this
framework, the 2DEG electrons are assumed to be scattered by bulk phonons. Thus, wave func-
tions calculated by self-consistent analysis are used to evaluate the scattering rate. The chan-
nel region is not considered uniform and electrons near drain region are considered as three
dimensional and near-source region are considered as two dimensional. In addition, electrons
with high energy beyond the barrier height behave as three-dimensional electrons and are not
confined in the quantum well. In these simulations, the initial condition is first evaluated. Then
the sheet electron density at each position between the source and the drain are estimated
using the current continuity relation along the channel. Next, Monte Carlo simulation is car-
ried out by dividing the channel into different meshes and evaluating the scattering rates of the
electronic states in each mesh. Then taking the potential distribution of the given device from
two-dimensional Poisson equation, the steps are repeated until a steady state is obtained.

5.4. Noise current using Green’s function formalism

Lee and Webb described a numerical approach to simulate the intrinsic noise sources within
HEMTs [11]. A 2-D numerical device solver is used in this model. Spectral densities for the
gate and drain noise current sources and their correlation are evaluated by capacitive cou-
pling. After solving Poisson’s and the continuity equations using 2-D numerical device solver,
Green’s functions are obtained. Here, Green’s functions are used to determine local fluctua-
tion (in terms of current or voltage at any point in the channel) at the gate and drain terminals.
This approximate impedance field concept [19] helps determining the gate and drain noise
sources and their correlation. For numerical simulation, the entire device is divided into some
orthogonal areas and it is considered that 2-D simulation results will be consistent with the 3D
simulation result. Spontaneous polarization and strain-induced piezoelectric polarization are
also considered. It is assumed that the microscopic fluctuations in each segment are spatially
uncorrelated which are originated from velocity fluctuation (diffusion) noise only.

5.5. High temperature shear stress analysis

Hirose et al. proposed a numerical model for AlGaN/GaN HEMT structures where shear stress
due to the inverse piezoelectric effect is used to predict high-temperature DC stress test results
[12]. In this model, lattice plane slip in the crystal is assumed to be the initial stage of crack for-
mation. Shear stress causes the slip, and slip deforms the crystal when the shear stress exceeds
the yield stress. In GaN-based HEMTs, the basal slip plane is (0001) and the slip direction is
<1120>. The AlGaN layer is a wurtzite crystal grown in the <0001> direction [20]. Shear stress
is assumed to be a result of the inverse piezoelectric effect. The mechanical stress and electric
displacement occur due to the piezoelectric effect. Under the assumption of lattice mismatch in
AlGaN layer, shear stress relates to the slip in the <1120> direction. However, to calculate shear
stress, electric field is obtained from two-dimensional device simulation based on Poisson’s
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equation and drift-diffusion current continuity equations. This model includes piezoelectric
charges and the difference in spontaneous polarization charges in the AIGaN/GaN interface.

Among the numerical models, any one may have advantage over other models, but also have
some limitations. For example, energy transport model can include hot electron effect [14].
Drift-diffusion model cannot predict performances of submicron level gate devices [9]. Monte
Carlo approach is one of the advanced approaches [21]. All of these numerical models provide
unique insights into the device physics and create opportunity of performance improvement
with TCAD before device fabrication.

6. Latest research

With the upsurge of popularity, research works on HEMT devices are still going on. In this
section, some very recent research works published in renowned scientific literature have
been briefly highlighted.

6.1. GaN HEMT-based RF tuned cavity oscillator

Horberg et al. presented a GaN-based oscillator for X band tuned by radio frequency micro-
electromechanical systems (RF-MEMS) [22]. The phase noise is reported to be reduced
between the range of 140 and —129 dBc/Hz at 100 kHz offset, which is significantly low. This
oscillator is suitable for reduced noise-based high frequency modulators.

6.2. A compact GaN HEMT power amplifier MMIC

A compact GaN HEMT-based X-band power amplifier MMIC has been reported with
detailed performance analysis recently [23]. A good range of output power (47.5-48.7
dBm) can be obtained from this amplifier. Such amplifier can be used to build electronic
systems that require airborne phased radar array or satellite transmitters. Improved out-
put power of the amplifier also improves the stability, reliability, and performance of
these electronic systems. Figure 9 shows the output power performance in both pulse
mode and continuous wave (CW) modes with frequency variation in this power amplifier.

6.3. Q-spoiling based on depletion mode HEMTs

Q-spoiling is a process where MRI coils are detuned for safety and protection. Traditionally,
such decoupling or Q-spoiling is done using PIN diodes, which require high current and power
drain. Lu et al. proposed an alternative technique of Q-spoiling, which replaces PIN diodes
with depletion mode GaN HEMTs [24]. It is shown that the proposed technology detunes
MRI coils effectively with low current and power drain compared to the traditional Q-spoiling
technologies. It also provides suitable safety measures required for detuning the MRI coils.

6.4. GaN HEMT oscillators with low phase noise

Excellent figure of merit (FOM) has been achieved for low phase noise in designing GaN
HEMT-based oscillators [25]. The design demonstrated that low phase noise can coincide
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Figure 9. Output power performance of GaN HEMT power amplifier MMIC with frequency variation in pulse and CW
modes.

with low bias power. The result is verified designing Colpitt and negative resistance oscilla-
tors and both of these present so far the best reported FOMs.

6.5. Kink effect in GaN HEMT technology

Crupi et al. investigated Kink effect (KE) in advanced GaN HEMT technology [26]. For better
understanding, KE is studied comprehensively with change of temperature and bias conditions.
It is shown that the dependence of KE on operating conditions is mainly due to device transcon-
ductance. Characterization of anomalous KE would be a useful tool for microwave engineers
who need this knowledge of KE for designing and modeling devices with GaN HEMTs.

6.6. 600 V GaN HEMT switches for power converters

A total of 600 V GaN HEMT switches have been demonstrated experimentally to show per-
formance comparison with silicon-based transistor switches such as IGBTs and MOSFETs [27].
HEMT switches, despite being beginners, show excellent performance compared to the matured
counterparts, Si-based MOSFETs. It is shown that GaN switches offer higher boost converter
efficiency than the MOSFET switches. Next, GaN switches are compared experimentally with
IGBTs. Both Si body and SiC body-based IGBTs have been considered. It is found that at higher
switching frequency, IGBT switches loss efficiency very rapidly, while HEMT switches loss effi-
ciency monotonically as shown in Figure 10. Therefore, HEMTs offer superior performance to
Si-based MOSFETs and IGBTs for high frequency power converter switching applications.
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Figure 10. Comparison of efficiency for GaN HEMT switches with Si body IGBT and SiC body IGBT switches.

7. Future trends

The future HEMT devices based on two-dimensional carrier confinement seem very bright
in electronics, communications, physics, and other disciplines. GaAs, InP, and GaN-based
HEMTs will continue their journey toward higher integration, higher frequency, higher
power, higher efficiency, lower noise, and lower cost. GaN, in particular, offers high-power,
high-frequency territory of vacuum tubes and leads to lighter, more efficient, and more reli-
able communication systems.

HEMTs will continue to mold themselves into other kinds of FETs that will exploit the unique
properties of 2DEG in various materials systems. In power electronics, GaN-based HEMTs
can create a great impact on consumer, industrial, transportation, communication, and mili-
tary systems. On the other hand, MOS-HEMT or MISFET structures are likely to be operated
in enhancement mode with very low leakage current.

5i CMOS technology is rapidly advancing toward 10 nm gate regime. To achieve this, power
dissipation management in future generation ultra-dense chips will be a significant chal-
lenge. Operating voltage reduction may be a solution to meet this challenge. However, cur-
rently, it is difficult to accomplish this with Si CMOS while maintaining quality performance.
Quantum well-based devices such as InGaAs or InAs HEMTs offer very high potential.
Therefore, HEMTs may extend the Moore’s law for several more years which will be gigantic
for the society [28].
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From the past, it can be anticipated that, researching on new device models and structures of
HEMTs will definitely result in new insights into the often bizarre physics of quantized electrons.
7Zn0, SiGe, and GaN have shown fractional quantum Hall effect (FQHE), the greatest exponent
for impeccable purity and atomic order, which ensure the bright future of HEMT devices [29].

The concept of different kinds of physical and biosensors are still very new to these kind of
devices. The ultra-high mobility that is possible in InAlSb/InAsSb-based system enables high-
sensitivity micro-Hall sensors for many applications including scanning Hall probe microscopy
and biorecognition [30]. Three-axis Hall magnetic sensors have been reported in micromachined
AlGaAs/GaAs-based HEMTs [31]. These devices may be used in future electronic compasses and
navigation. THz detection, mixing and frequency multiplication can also be used by 2DEG-based
devices [32]. GaN and related materials have strong piezoelectric polarization, and they are also
chemically stable semiconductors. Combining functionalized GaN-based 2DEG structures with
free-standing resonators, there is a possibility of designing sophisticated sensors [33]. These can
offer methods of measurements of several properties such as viscosity, pH, and temperature.

Without references, expansion of this technology in the machine to machine (M2M) field is
expected to be used in cloud networking-based various sensing functions. Diverse applica-
tions such as environmental research, biotechnology, and structural analysis can be greatly
benefited with the help of newly emerged sensing technology which has high speed, high
mobility, and high sensitivity characteristics. HEMT technology is expected to make a great
change in the intelligent social infrastructure from the device level. A smart city system,
transport system, food industry, logistics, agriculture, health welfare, environmental sci-
ence, and education systems are examples where this technology can make exceptions [34].

The rise of III-N-based solid-state lighting will lead to a continuous development of materials,
substrates, and technologies pushed by a strong consumer market. In an analogy, III-N optoelec-
tronics will challenge the light bulbs, while III-N electronics will challenge the electronic equiva-
lent, the tubes [35].

8. Applications

Explosion of the internet multimedia communications has speedily spread over the world,
which urgently demands the proliferation of transmission network capacity. HEMTs-
based devices are the most attractive choices for breaking through the speed limit and high
gain and noise free mechanism. Different companies worldwide develop and manufac-
ture HEMT-based devices, and many possible applications have been suggested for these
devices. Without considering all of those possibilities, some key applications are summa-
rized in this section.

8.1. Broadband communication

Cellular communication has got the most important nonmilitary applications of HEMT devices
by replacing Si transistors. For such broadband/multiband communication applications, we
get a lot of advantages. The increase in relative bandwidth for a given power level is one of
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those. Some new circuit and system concepts provide bandwidth with increased efficiency.
Linearity has been improved for the same output power. Reduction of memory effects is also
found by using GaN HEMT devices [36].

8.2. Radar components and space applications

High gain and low noise amplifiers are the main characteristics for making radar compo-
nents. GaN HEMTs are one of the first choices for such components. Active electronic sensor
arrays are built from GaN-based HEMTs, which are used for airborne radars, ground-based
air defense radars, and naval radars [37]. Ka-band missile applications at 35 GHz are also
being discussed in literature [38]. Discrete HEMTs are almost always used as the preampli-
fier in a typical DBS receiver, followed by one or more GaAs MESFET monolithic micro-
wave integrated circuits (MMICs) due to their excellent low-noise characteristics. The use
of the low-noise HEMT preamplifier has resulted in substantial improvements in system
performance at little additional cost. A low-noise down-converter consisting of a 0.25 pm
HEMT and three GaAs MMIC chips has shown a system noise figure less than 1.3 dB with
a gain of about 62 dB from 11.7 GHz to 12.2 GHz, which is phenomenal for a commercial,
system [39]. Microwave equipment used for space applications are very expensive as they
need extra protection from harsh environment in space to survive. Moreover, spacecraft
shall be launched, and this implies that the equipment should also sustain without damage
at high levels of vibrations and shocks. HEMTs can be fabricated to survive these conditions
and have been extensively used in various fields. Generally, a microwave component for
space applications is ten to hundred times more expensive than for commercial applica-
tions. Workers at the National Radio Astronomy Observatory (NRAO) have used the excel-
lent cryogenic performance of HEMTs to receive signals during the Neptune flyby of the
voyager spacecraft.

8.3. Sensor applications

In the recent decade, chemical sensors have gained importance for applications that include
homeland security, medical and environmental monitoring, and food safety. The desirable
goal is the ability to simultaneously analyze a wide variety of environmental and biological
gases and liquids in the field and be able to selectively detect a target analyte with high speci-
ficity and sensitivity. The conducting 2DEG channel of HEMTs is very close to the surface and
very sensitive to adsorption of analytes. Hence, HEMT sensors can be a good alternative for
detecting gases, ions, and chemicals [40].

8.4. DNA detection

Au-gated AlIGaN/GaN HEMTs functionalized in the gate region with label free 3'-thiol modi-
fied oligonucleotides serves as a binding layer to the AlGaN surface, which can detect the
hybridization of matched target DNAs. XPS shows immobilization of thiol modified DNA
covalently bonded with gold on the gated region. Drain-source current shows a clear decrease
of 115 A as this matched target DNA is introduced to the probe DNA on the surface, show-
ing the promise of the DNA sequence detection for biological sensing [41].
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8.5. Protein detection

Using amino-propyl silane in the gate region, ungated AlGaN/GaN HEMT structures can be
activated, which can serve as a binding layer to the AlGaN surface for attachment of biotin.
Biotin has a very high affinity to streptavidin proteins. When the chemicals are attached to
AlGaN/GaN HEMTs, the charges on the attached chemicals affect the current of the device.
The device shows a clear decrease of 4 HA as soon as this protein is collected at the surface,
showing indication of protein sensing [41].

8.6. pH detection

The use of Sc,0, gate dielectric produces superior results to either native oxide or UV ozone-
induced oxide in the gate region. The ungated HEMTs with Sc,0, in the gate region exhibit
a linear change in current between pH 3-10 of 37uA/pH. The HEMT pH sensors show stable
operation with a resolution of <0.1 pH over the entire pH range. The results indicate that
HEMTs may have application in monitoring pH solution changes between 7 and 8, the range
of interest for testing human blood [40].

9. Conclusion

In this chapter, device characteristics and performance analysis of HEMTs have been dis-
cussed based on the available literature. With a brief introduction of different structures and
brief working principle, this chapter summarizes some prominent analytical and numeri-
cal research works on HEMTs. I-V characteristics, charge estimation, capacitance calculation,
short channel effects, and thermal response of HEMTs have been discussed. Moreover, drift
diffusion modeling, transport calculation, Monte Carlo simulation, Green’s function formal-
ism, and shear stress analysis have been discussed which rely on numerical approaches.
HEMT-based oscillators, amplifiers, Q-spoilers, switches, and diodes are getting popularity
in recent days. These have been overviewed based on latest reported researches. Based on
these latest research studies, future research trends on HEMTs have been reviewed. Last but
not the least, many important applications of HEMTs such as broadband and radar com-
munications, space, and sensor constituents, DNA, protein, and pH detections have been
listed to emphasize the immense prospects of HEMT devices. This chapter provides research-
ers of relevant fields a direction for future improvement of HEMT devices with prospective
applications.
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Abstract

Modulation-doped semiconductor nanostructures exhibit extraordinary electrical and
optical properties that are quantum mechanical in nature. The heart of such structures
lies in the heterojunction of two epitaxially grown semiconductors with different band
gaps. Quantum confinement in this heterojunction is a phenomenon that leads to the
quantization of the conduction and the valence band into discrete subbands. The spac-
ing between these quantized bands is a very important parameter that has been
perfected over the years into device applications. Most of these devices form low-
dimensional charge carriers that potentially allow optical transitions between the
subbands in such nanostructures. The transition energy differences between the quan-
tized bands/levels typically lie in the infrared or the terahertz region of the electromag-
netic spectrum and can be designed according to the application in demand. Thus, a
proper understanding and a suitable external control of such intersubband transitions
(ISTs) are not only important aspects of fundamental research but also a necessity for
optoelectronic device applications specifically towards closing the terahertz gap.

Keywords: heterojunction, HEMT, terahertz, infrared, intersubband transition

1. Introduction

Low-dimensional semiconductor heterostructures, otherwise known as semiconductor
nanostructures, have tremendously revolutionized both the technical and the fundamental
aspects of semiconductor industry in terms of device applications. With the ability to grow
clean and high-quality samples, device implementations have become a huge success [1-3].
When the dimensions of a region with free carriers (electrons) are reduced as compared to the
bulk and approach the deBroglie wavelength, the electronic motion is quantized, thus
resulting in carrier confinement that is quantum mechanical in origin. The phenomenon has

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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been widely used for carrier confinement in one, two and three dimensions that consequently
gives rise to nanostructures such as quantum wells, quantum wires and quantum dots, respec-
tively. Due to the quantum confinement, the energy bands (i.e. the conduction and valence
bands) are quantized into discrete energy levels/bands and are no longer continuous as in the
bulk systems. These quantized energy states are known as subbands for 2D or 1D systems and
sublevels for 0D systems. The energetic spacings between these quantized subbands and the
sublevels are very important parameters that define the device applications both from an
optical and from an electrical point of view.

The intersubband spacings in GaAs-based 2D systems are typically in the order of 10-30
meV [4, 5], as seen in the case of two-dimensional electron gas (2DEGs) with a triangular
confinement potential formed across a GaAs/Al,Ga;_,As heterojunction (x being typically
0.3) of a high electron mobility transistor (HEMT) structure. The intersubband transitions
(ISTs) typically cover the terahertz (THz) or far-infrared region of the electromagnetic spec-
trum. However, in the case of a square potential well or in a different material system such as
GaN/AlGaN heterojunction, these spacings can be designed to be even in the mid-infrared or
near-infrared region. Stacking of quantum wells can further enhance the response of
intersubband resonance (ISR), and such designs are the key for various applications like
photodetectors or intersubband lasers [6]. One of the very common and sophisticated exam-
ples in this regard is the quantum cascade laser [7-9], which is based on the cascade phenom-
ena and intersubband transitions across many layers of quantum wells. Such compact and
powerful lasers are used for practical applications in THz spectroscopy [10-13], sensing tech-
nology [14, 15], biomedical applications [16, 17] and also in security applications [11, 18].
Structures based on quantum wells have also made significant advancement in the detector
technology, for example, quantum well infrared photodetectors [19, 20]. In this chapter, we
present a broad overview of the ISTs in a 2DEG formed at the GaAs-Al,Ga;_,As interface of a
HEMT structure. We also discuss possible methods to probe the spacing between the subbands
and also to tune them significantly by applying an external bias across the sample. Further-
more, we present a fundamental study on the coupling of the ISRs with the 2DEG cyclotron
resonance in the presence of tilted magnetic fields. The knowledge of ISTs and the ability of
wide electrical tuning of these resonances are then exploited to study the light-matter interac-
tion at THz frequencies in these HEMT structures. The integrated device with 2DEG in a
HEMT structure and metamaterials (frequency-selective artificially designed structures) is
electrically driven from an uncoupled to a coupled regime of light-matter interaction and then
again back to the uncoupled regime. A strong coupling is thus observed when the frequencies
of both systems are brought in resonance with each other, manifested as an avoided crossing at
that point.

2. High electron mobility transistor design

The low-dimensional charge carriers, trapped in the heterojunction of the HEMT design, form
the core of such field-effect transistors. This transistor design also goes by the name of modula-
tion-doped field-effect transistors (MODFET). These designs are used in various high-power [21]
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and high-speed [22] electronics, high-resolution imaging [23] and various gas, chemical and
biomedical applications [24]. We begin with the design concept of this semiconductor
heterostructure along with an overview of its band structure (see Figure 1(a)) that is obtained
by solving the Schrédinger-Poisson’s equations self-consistently [25, 26] and adding the band
discontinuity at the heterojunctions. A schematic of the layer sequence of the transistor structure
is shown in Figure 1(b). On a semi-insulating GaAs substrate/wafer, we start the molecular beam
epitaxy (MBE) growth by typically a 50-nm-thin GaAs layer. Then, approximately 10 periods of a
GaAs/AlAs short period superlattice (SPS) are grown (not shown in the band diagram). The SPS
layers help to smoothen the surface of the bare substrate for the later epitaxial growth and trap
eventually surface-segregating unintentional impurities, which have always a tendency to stick
at the stoichiometric interfaces of GaAs/AlAs. Moreover, this SPS keeps unwanted charge car-
riers away, forbidding them to tunnel into the 2DEG layer grown on top. Since the substrate is
typically undoped (or semi-insulating), the conduction (or valence) band has no curvature at this
point corresponding with Poisson’s equation, which states that the charge density is proportional
to the second derivative of the potential with respect to the space coordinate. After the growth of
the SPS layer, the first charged layer is the 2DEG that is formed at the heterojunction of the

0 (b)
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(a) Bartl‘ietg - n-doped Spacer Subsirate

Figure 1. (a) The conduction band diagram of a HEMT structure along the growth direction z. The growth starts from the
substrate, that is from right to left in the above figure, after the growth of a 50-nm GaAs layer. p1,, and y are the quasi-
Fermi levels in the metal and semiconductor, respectively (u, — u,, = €V,). V) is the built-in voltage. The Fang-Howard
wavefunction of the ground state is also plotted across the heterojunction (which is assumed to be zero in the growth
axis). (b) A schematic of the layer sequence.
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undoped GaAs and an undoped Aly33GaggyAs spacer layer. Since the 2DEG is essentially
electrons and negatively charged, the conduction band curves downwards and reaches the
maximum slope at the heterojunction between the GaAs and the Alj33Gag7As layer, at which
point the conduction band (E.(z)) jumps by AE. due to the band discontinuity. This is followed by
the Al 33Gag 67As spacer layer where charge carriers are absent and the slope of the conduction
band almost remains constant. In the doped Aly33Gagg7As layer, the positive charges of the
donor ions cause the band to bend upwards, thus reversing the slope. Further moving to the
GaAs layer, E(z) jumps downwards due to the band discontinuity and continues with a constant
slope. On top of the GaAs layer, AlAs/GaAs SPS (also known as blocking barrier) is grown to
prevent leakage of charge carriers in and out of the 2DEG channel and also to prevent leakage of
surface charges into the channel. Finally, the band hits the gate grown on top of the sample with
a barrier height equivalent to the Schottky barrier height. Ideally, metals (e.g. Cr or Au) are
evaporated on the sample to serve as gates after the completion of the growth. The samples are
typically grown by MBE. While a lot of work has been done previously using metallic Schottky
gates, nonetheless, these gates suffer from huge drawbacks. These gates limit the forward bias
voltage to the turn-on voltage of the Schottky diode. Furthermore, they fail to grow lattice
matched on the semiconductor, are poly-crystalline and thus induce potentially a lot of strain
on the semiconductor layer below. Moreover, they oxidize over time and thus may become
highly ohmic. Due to high reflectivity and certain Drude absorption of their free charge carriers,
such gates are also opaque to the incident light, thus limiting their application in optoelectronic
devices. Recently, we have introduced epitaxial, complementary-doped, electrostatic and trans-
parent gates that are grown on top of the sample [27-29]. These gates are grown within the UHV
conditions of the MBE and thus incorporate a minimum of the unwanted impurities, leading to
unpreceded gate perfection, reliability and reproducibility.

These gates circumvent all the abovementioned disadvantages of Schottky gates and are
typically composed of a 25-nm-thick bulk carbon-doped GaAs layer (with an acceptor density
of Ny = 3 x 10'® em?) followed by approximately 40 periods of carbon-delta-doped and 0.5-
nm carbon-doped GaAs layers with an average acceptor density Ny = 1 x 10* cm™>. In order
to solve Poisson’s equation for the evaluation of the band structure, the knowledge of the
charge density is necessary. However, it is not possible to calculate the density of charge
carriers until the energy bands are known, thus requiring a self-consistent mechanism that is
otherwise adopted in the 1D Poisson solver [26].

3. Characteristics of HEMTs

After being introduced in 1980s, these transistors based on high-mobility modulation-doped
heterostructures have revolutionized the semiconductor industry in terms of being the most
high-performance compound semiconductor FETs.

Due to spatial separation of the electrons from the ionized impurities, the scattering between
them is highly reduced as compared to the bulk semiconductors, enhancing the electron
mobility especially at low temperatures where the abovementioned scattering mechanism is
dominant. The spacer layer further increases the electron-to-donor separation. While the larger
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separation reduces the scattering mechanism, as a negative contribution, the carrier concentra-
tion is also reduced which reduces the performance. Hence, the spacer thickness should be
optimized. Typical values range from 1 to 30 nm. In order to explain how the high mobility of
the electrons in HEMT makes them fast transistors, we use the Shockley’s gradual channel
approximation model for an FET operation, which states that the rate of change of saturation
drain current, Ip s, with respect to the change in the gate-source voltage, Vs (also known as
the transconductance, g, ,,), scales proportionally to the mobility (1) and inverse proportion-
ally to the distance between the gate electrode and the electron channel (d), both of which are
satisfied by the HEMTs:

_ aID, sat _ %
& m, sat aVGS d LG

(Ves = V), (1)

where Z is the total impedance, L is the dimension of the gate and V, is the threshold voltage.
The HEMTs have a clear advantage of lower access resistance particularly in terms of channel
resistance due to the high mobility electrons in the channel in comparison to standard FETs. To
summarize, the HEMT design principles allow:

*  High carrier concentration of 2DEG in the channel

¢ High mobility by optimization of the spacer-layer thickness

*  Low access resistance by using buried/recessed gates

*  Better confinement of carriers in the channel due to high barriers

*  Reduced interface and alloy scattering mechanisms, thus enhancing mobility

Typical transistor characteristic curves of GaAs/AlGaAs HEMT structures under dark and after
1 s of illumination with a near-infrared light emitting diode (NIR LED) are shown in Figure 2
(a) and (b), respectively. Let us now briefly discuss the transistor operation. Even under zero
bias or for a small positive voltage applied to the gate, an inversion layer is formed at the
semiconductor surface, the two-dimensional electron gas. Now, if a small source-drain voltage is
applied, a current will flow from the source to the drain through the conducting 2DEG
channel. The channel here is highly conducting, that is, offers very small resistance, and the
source-drain current (Isp) is proportional to the source-drain voltage (Vsp). This is the linear
region. As Vsp increases, Isp deviates from the linear relationship since the channel potential
reduces the charge near the drain end. This eventually reaches a point at which the inversion
charge at the drain end is reduced to nearly zero. This is called the pinch-off point. Beyond this
source-drain bias, the drain current remains essentially the same, the pinch-off point starts to
move towards the source, but the voltage at this pinch-off point remains the same. Thus, the
number of carriers arriving at the pinch-off point from the source and hence the current
remains essentially the same. In terms of the conduction band diagram, when a large enough
negative bias is applied to the gate, the conduction band is lifted up across the chemical
potential (or quasi-Fermi level), thus depleting the channel completely. This results in a zero
source-drain current even when the source-drain voltage is increased. As a positive bias is
applied, the channel is filled with mobile electrons, and with the increase of the source-drain
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Figure 2. Transistor Isp-Vsp curves measured at 4.2 K for a range of gate voltage applied from —0.4 to 2 V in steps of 0.2 V
(a) at dark and (b) after illuminating the sample with a near-infrared light emitting diode for 1 s. (c) The schematic of the
pinch-off situation. (d) A simplified schematic of the conduction band diagram under two different gate bias: —0.4 V (in
red for the complete depletion of the channel) and 2 V (in black when the channel is filled with charge carriers). (e) The
schematic of the open channel situation. SI indicates semi-insulating. The complete layer sequence is not shown in the
schematic for simplicity.

voltage, the source-drain current first increases linearly, then non-linearly and finally reaches a
saturation value, as described earlier. A schematic of these situations is depicted in Figure 2(c)
and (e), while the simplified schematic of the conduction band diagram is shown in Figure 2(d).
When the structure is illuminated, it becomes rather difficult to deplete the channel completely
out of electrons with the previously applied negative bias, and, moreover, the saturation current
also increases with the same gate bias applied before.

3.1. Quantum confinement and intersubband transitions in HEMTs

One of the most popular terms in nanoscience is the quantum confinement that results from
changes in the atomic structure as a consequence of direct influence of ultra-small length scale
on the energy band structure [30]. The length scale corresponding to the regime of quantum
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confinement ranges from 1 to 25 nm for typical IV, III-V or II-VI semiconductors [31]. This
leads to the fact that the spatial extent of the electronic wavefunction is comparable to the
particle size, making the electrons feel the presence of the particle boundaries and respond to
changes in particle size by adjusting their energy. This phenomenon is known as the quantum-
size effect. Quantization effects become most important when the particle dimension of a
semiconductor is near to and below the bulk semiconductor Bohr exciton radius (in bipolar
systems) or the deBroglie wavelength (in unipolar systems), making the properties of the
material size-dependent.

In low-dimensional semiconductor nanostructures, the restriction of the electronic motion in
one, two and three dimensions leads to the modification of the density of states (DOS) as
compared to the bulk states. The electronic DOS is defined as the number of electronic states
per unit volume per unit energy, the finiteness of which is a result of the Pauli’s exclusion
principle, which states that only two electrons with opposite spins can occupy one volume
element in the phase space [32]. The confinement of electronic motion results in the quantiza-
tion of the conduction and the valence band. With the knowledge of these quantized states,
their filling can be explained. The number of occupied subbands depends on the electron
density and also on the temperature [33]. In a 2D system, the density of electrons per unit area,
12D, is given by the integration of the product of 2D DOS, n(E) and the Fermi-Dirac occupation
function [34]:

nyp = J:O i’l(E)f(E, Ep)dE, (2)

where Er is the quasi-Fermi energy. The subbands can thus be split as:

nyp = Z n;, (3)

where n; is the number of electrons in the subband with energy ¢. The above classical
Boltzmann distribution, f, is given by [33]:

F(E,Ep, T) ~ exp (— EkaF), (4)

where kg is the Boltzmann constant and T is the temperature in Kelvin. Using the above
equation, we obtain:

_ m [~ - kaT EF — &
= L,-f(E’ Ep)dE = 7 ln[l + exp ( KT )] (5)

In the limit of low temperature, where electrons are degenerate, the 2D electron density is
given by [33]:

nyp = Z”i = %Z(EF — &)O(EF — &). (6)
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Figure 3(a) and (b) show a triangular potential well and a schematic of the filling of the
subbands, respectively. Based on the position of the Fermi level, the corresponding subbands
are occupied. Under triangular confinement potential (as in the HEMT design), the energy
spacing decreases for higher subband energies and finally forms the continuum. When the
Fermi energy Er; is higher than ¢; but less than ¢, only the ground subband is filled. Similarly,
when the Fermi level Ep, is above &5, but less than €3, the lower two subbands are filled with
electrons and so on. The position of the quasi-Fermi level can be tuned by changing the band
structure externally, that is, by applying either an electric or a magnetic field. With the external
field, the conduction band can be raised or lowered with respect to the quasi-Fermi level
around the Fermi-pinning point, hence depleting or filling the subbands with electrons.
Figure 3(c) shows a schematic of the intersubband transition from the filled ground subband
to an empty excited subband. In quantum mechanics, Fermi’s golden rule is used to calculate
the transition rate (i.e. the probability of a transition to occur per unit time), from one state with
a given eigenenergy to another state of higher eigenenergy or to the continuum of energy
eigenstates, subjected to some kind of perturbation. According to Fermi’s golden rule, this rate
of transition, W, .f(w) from an initial state |i) to a final state |f) under the electric-dipole

approximation' (¢ .p), is given by:

Wi (w) =

271 EEO 2 = ain 2

n (mw> {1 e -pli)I"0(Ey — Ei — ha), (7)
where E is the amplitude of the electric field and e and m* are the charge and the effective
mass of electrons. E; and Ef are the energies of the initial and the final state. Now, the
absorption coefficient, a;p, is defined as the ratio of the absorbed electromagnetic energy per
unit time and area (considering a 2D system) and the intensity of the incident radiation,
summed over all the filled initial and empty final states. In order to ensure that the initial state
is filled and the final state is empty, a condition necessary for the transition to occur, we
introduce the Fermi factors: {(E;) for the initial state and [1 — C(Ef)] for the final state. The
absorption coefficient is thus given by:

ap = 2T Z|<f|ep|z>| C(E) — C(E)6(Ey — Ei — o) (®)

jocnwm*z

where ¢ is the absolute permittivity, c is the velocity of light and # is the refractive index of the
material. The intersubband absorption takes place within the quantized levels of the conduc-
tion or the valence band, schematically shown in Figure 3(c). The total wavefunction can be
written as the product of the lattice-periodic Bloch wave (for electrons in a crystal), ‘u’ [35], and

'In optical experiments with wavelengths A in the order of micrometers, the width of the quantum well, which practically
sets the scale of the electronic wavefunctions, is much shorter than A. To a good approximation, the momentum of the

photon can be neglected and the electric field can be assumed as constant across the electronic states (with or at k= 0).
This approximation is also known as the electric-dipole approximation.
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b)  g(E)

Figure 3. (a) A triangular potential well showing the subband energies and the associated Fang-Howard Airy wavefunctions.
(b) A schematic depiction of the 2D density of states that appears step-like for each quantized state. (c) A schematic
representation of the subbands in the energy-momentum space for a triangular quantum well. The thick parts of the
parabola indicate filled states and the arrows indicate the allowed dipole transitions.

a slowly varying envelope function '9'. According to the Bloch ansatz, the envelope function
reduces to the plane wavefunction; hence, the total wavefunction is given by:

Y(7) = =T, (2) () )

where A is the normalization constant, v indicates the index for the bands and s represents the

subband indices. The complete matrix element in {f| ¢ -p|i) can be split as follows:
(fl € pliy =€ (i [Pl ) (S |9)+ € {her |11 (S |1 9s:), (10)

where the first term indicates the interband transition and the second term is the
intersubband transition. The first term has the dipole matrix element of the Bloch functions
that explains the selection rule for the interband transition and an overlap integral of the
envelope functions. In case of transitions within the subbands of the conduction or the
valence band, the first term vanishes and the second term becomes more relevant in the one-
band model that consists of an overlap integral of the Bloch function and a dipole matrix
element of the envelope function. Further simplification of the matrix elements of the enve-
lope function gives:
= L | it . ik
(9,016 P13 )= d r{e Tl @, +ep, Fepde M To | (1)
sk, sk, A y

It can be observed that only the third term, e.p,, in the curly bracket survives, giving a

contribution at a finite frequency. Except for s' = s/ and El = EZ (i.e. the initial and the final
states are equal), all the other terms vanish, implying the free-carrier absorption at zero
frequency when no scattering processes are involved [36]. Hence, only the following matrix
element determines the intersubband absorption in the one-band model:
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) = [ dzpi @0, 2). 12

The above equation states that the electric field of the incident radiation must have a compo-
nent perpendicular to the semiconductor layers or parallel to the growth direction (which is a
necessary condition) in order to couple to the ISTs. This is known as the polarization selection
rule for the ISTs. In simple words, it states that the electric field vector of the exciting electro-
magnetic wave or at least a finite component of it must be perpendicular to the 2DEG. Another
important quantity in this regard is the oscillator strength [34] defined as:

Zm*a)sfsz
h

fog = — (I = 1 Ll (13)

M* A

The above quantity is used to understand and compare the strength of the transitions between
initial and final states in different physical systems and obeys the Thomas-Reiche-Kuhn sum rule
[37]. It is important to note that for a symmetric quantum well, only parity changing transi-
tions (odd-even or even-odd) are allowed due to the inversion symmetry of the potential well.
However, for asymmetric quantum wells, like that of the triangular potential well, the inver-
sion symmetry with respect to the quantum well centre is broken by some means (i.e. internal
electric fields or band structure engineering, etc.). This leads to the relaxation of the selection
rule, thus allowing transitions between all the subbands.

4. Intersubband-Landau coupling under tilted magnetic fields

When a magnetic field is applied in a plane perpendicular to the semiconductor surface, the
free electrons that carry the electric charge perform an orbital motion in the plane perpendic-
ular to the magnetic field direction. This motion is quantized, and equally spaced levels (called
the Landau levels) separated in energy are formed. The Hamiltonian of the quantum mechan-
ical system thus gets decoupled into a magnetic and an electric component, and the energy
spectrum consists of a series of Landau ladders for each subband. In the presence of a magnetic
field, the Drude conductivity, normalized to ¢yc, is given by [38-42]:

. 1’121)62’1' 1 1 1
- 2mrepe |1+ i@+ wo)t 1 +i(w —w)t]’

o(w)

(14)
where nyp is the electron density, 7 is the relaxation time constant and c is the velocity of light
in free space. Using Maxwell’s theory, the transmittance, ¢, can be written as:

2

t:1+\/2+o (15)

The transmission, T, is thus given by [41, 42]:
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4
T =i = T (16)
(1+Ve+o,) +a7

where o, is the real part of the conductivity and o; is the imaginary part. Using the above
equation, the normalized transmission can be written as [41, 42]:

2
T(B 1+wyt) -1 1 1
—T()=1—( ”2) E s+ > -~ (17)
(0) 14+ 0p7) + (w4 w) ' (14+wp1) + (0 —w) 72
where w, = ;52— is the plasma frequency. From the quantum mechanical description of

such a system, when electrons in 2DEG are subjected to a space-charge potential, V(z) and a
magnetic field B tilted at an angle of 0 with respect to the horizontal direction, the total
Hamiltonian of the system is given by [4, 43]:

212
R ezBixZ_ h? i+v(z)+e BHZz_eZBHBl
2m*ox2  2m* 2m* 0z2 2m* 2m*

xz. (18)

where B = Bsin0 and B = Bcos 6. The first two terms in the above equation describe the
magnetic field quantization into Landau levels (similar to the harmonic potential). The third
and the fourth terms illustrate the quantization due to the space-charge potential within the
triangular well approximation. The z? term results in the positive diamagnetic shift due to the
parallel magnetic field component, B)|. The last term, proportional to the product xz, couples
the Landau and subband quantization at all angles 0° < 6 < 90°.

Using the perturbation theory, one can solve the above Hamiltonian treating O as the pertur-
bation parameter. In order to solve the above problem, the product of Airy wavefunctions (7))
and Hermite functions (|n)) is taken as the basis set. From the first order perturbation
theory, there is no correction to the zeroth-order energies, expect for the degenerate situation
E;i=E; — E; = hw.,. This is commonly addressed as the full-field coupling regime. In the
non-resonant regime, second-order effects are present, and hence using perturbation theory
of the second order for non-degenerate levels, the total energy eigenvalues are obtained as [4]:

N (@, ) e (1= )
Ein=E+hw|n+-)+ Il ii i) B wCZL | N
2 2m* 2mx £— £
i 1+ Eii
(fla)cl)

where z;; are the matrix elements for the ISTs from ith subband to ith subband. The first two
terms represent the linear zeroth-order terms, corresponding to the subband energies and the
Landau energies respectively. The third term represents the diamagnetic shift, and the fourth
term results from the coupling Hamiltonian. This non-resonant regime is known as the half-
field coupling, where the splitting is proportional to 6. Thus, larger tilt angles are required for
the observation of the splitting in the half-field coupling regime. Transmission measurements
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are performed on a HEMT sample using the magnetic field chopping scheme. A fixed number
of spectra are taken at a certain magnetic field (T(B)), and then the magnetic field is turned off,
during which the same number of transmission scans (T(0)) are taken. At first, the transmission
experiments are performed under no tilt of the magnetic field. A contour plot of the normal-
ized transmission spectra for different fields in the range 3.6-4.2 T is plotted in Figure 4(a).
Clearly, the only visible resonance observed is the cyclotron resonance under perpendicular
magnetic fields that scales linearly with the field. On introduction of the tilt (approximately
30°), a clear anti-crossing is observed at around 3.9 T (see Figure 4(b)). The apparent observa-
tion of the satellite peaks (shown by black arrows in Figure 4(c)) in the presence of the
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Figure 4. (a) A contour plot of the normalized transmission spectra under perpendicular magnetic fields without any tilt.
(b) A contour plot showing the anti-crossing between the cyclotron resonance and the intersubband resonance in the
normalized transmission spectra under tilted magnetic fields. This feature appears as the satellite peaks across the
cyclotron resonance. (c) Normalized transmission plots for three magnetic fields where satellite peaks (highlighted by
black arrows) are seen at 3.9 T.
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magnetic field at the anti-crossing point is a manifestation of the subband-Landau coupling
and hence the resonance splitting (the splitting between the two satellite peaks across the
dominant cyclotron resonance). The spacings of the subbands are twice the value of the
splitting at the anti-crossing frequency (according to the half-field coupling regime). This
corresponds to Eg; = 2hcv.; = 11.1 meV where v, is the wavenumber corresponding to the
cyclotron frequency at the anti-crossing point. All magnetic chopping measurements are
performed under zero bias. This phenomenon of avoided crossing is an indirect experimental
method to evaluate the intersubband spacing via the so-called magnetic field chopping
scheme [44, 45]. A more direct method is by application of the electric fields across the
structure and this is discussed in the next section.

5. Tuning and probing of intersubband transitions electrically

Intersubband transitions are the most fundamental optical transitions that can be excited in
low-dimensional semiconductor nanostructures. The observation of ISRs is a result of the fact
that the component of the incident infrared electric field perpendicular to the semiconductor
layers or parallel to the growth direction selectively couples, thus exciting the electrons from
the lower occupied subband to the higher empty subband. By applying a voltage across the
structure, it is possible to deplete and selectively populate the subbands. Thus, a more direct
scheme of transmission measurement is proposed to study the intersubband spacing in such
semiconductor nanostructures (viz. HEMT) even in the absence of an external magnetic field.

The change in the transmission, T(V,, ,)/T(V,), due to the 2D space-charge layer for a
normally incident light polarized in the perpendicular direction (say z) is given by [38]:

T(WVo) 2Re(.. 20)

T(V,0) Veo/ Uy (1 + \/655/60) + ag,

where ¢ is the dynamic dielectric function of the substrate, o, is the conductivity of the gate and
02 is the conductivity tensor element of the 2D layer. ¢y and p, are the absolute permittivity and
permeability of the free space, respectively. The Drude model very well describes the dynamic
conductivity response of the quasi-free charge carriers in the 2D space-charge layer [41, 42]:

ezi’lzDT 1
Tbrute () = m* 1 +iwt’

(21)

where 7 is the scattering time, nyp is the carrier density and m* is the effective mass. However,
for the ISTs, observed under normally incident light, with the sample tilted at an angle, the
conductivity can be described by replacing o, by o;sr [41, 42]:

2
[(zii ).

_ 22
w? — Wiy +iw/T (22)
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where |(z;7),[* is the matrix element for the IST from the ith state to the i'th state. The ISR
frequency can however differ from the observed one due to resonance screening (depolariza-
tion shift) arising from the many body effects [46]. In the density-chopping scheme, a certain
number of scans are taken at the reference voltage (a voltage much below the threshold
voltage), when the 2DEG is completely depleted of charge carriers. Then, the gate voltage is
slowly increased to a value when the subbands start populating (this can be well seen from the
capacitance-voltage spectrum in Figure 5(a) where the change in capacitance is measured
during the broadband absorption onset upon changing the gate voltage and modulating it
with the LockIn technique). The same number of scans is taken at this higher gate voltage. The
voltages are then changed alternatively, and the respective scans are co-added and averaged
over long measurement times. The long measurement time ensures that any drift arising from
the complicated experimental setup can be averaged out to zero and a good signal-to-noise
ratio is obtained. Figure 5(b) shows the density-chopped transmission spectra of a HEMT
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Figure 5. (a). Capacitance-voltage spectrum of the HEMT structure showing a sharp increase of the capacitance as the
voltage is increased above —0.9 V (threshold voltage). This indicates the filling of the ground subband with charge
carriers. The corresponding 2D carrier density is also plotted as a function of the gate voltage that agrees well with the
Hall measurements performed on the same sample (not shown). (b) The normalized transmission spectra at different gate
voltages chopped (or normalized) with respect to the reference voltage (—2 V). A clear shift of the intersubband resonance
is observed towards higher values as the gate voltage is increased. (c) The wide electrical tunability of the intersubband
resonance as a function of the 2D carrier density (or the applied electrical bias).
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sample. With the increase of the gate voltage, the conduction band is pulled below the quasi-
Fermi level. This results in the steepening of the triangular potential well, resulting in an
increase of the intersubband spacing. Thus, by applying a bias on the gate, the intersubband
resonance can be significantly tuned over a wide frequency (1-3 THz) or energy (4-12 meV)
range, as can be seen in Figure 5(c).

6. An access to the interior of HEMT via artificial structures

Artificial structures such as metamaterials are engineered in the sub-wavelength sizes for
certain desired properties. They are designed in assemblies of multiple individual elements
called unit cells. These structures possess unique properties such as negative [47] or zero [48]
refractive indices, magnetism at optical frequencies [49], etc. The special properties are not
inherent to the materials but the design of the structures and the way electromagnetic field
interacts with them. They can also be treated as planar cavities with certain resonance frequen-
cies. When electromagnetic radiation with a certain polarization is incident on these structures,
the electric or the magnetic field couples to the cavity and exhibits a resonance that is known as
the cavity resonance or resonance frequency of the metamaterials. In transmission measure-
ments, this appears as a dip at that particular resonance frequency. An array of interconnected
double split-ring resonators (see Figure 6(a—d)) is adopted for the metamaterial design, whose
dimensions and the characteristic frequency response are first simulated by the standard finite
difference time domain solver (like CST microwave studio). For simplicity and small compu-
tation time, only one unit cell, as shown in Figure 6(e), is used for the simulation with a
periodic boundary condition in the planar directions. Moreover, these meta-atoms are placed
far apart from each other to avoid any influence of inter-meta-atom interactions. For the right
coupling of the electromagnetic radiation, the electric fields are confined in the two narrow
capacitor arms of the double split-ring resonator (see Figure 6(e)). Moreover, the fringing field
effect ensures that there is a strong electric field component along the growth direction that
extends over a few 100 nm [29]. This component of the electric field couples with the HEMT to
excite the ISRs in accordance with the polarization selection rule as discussed before.

Two transmission minima (or dips) are observed —one at 1.2 THz and the other at 2.4 THz (see
Figure 6(f)). The experimental characterization of the metamaterial array is performed by a
standard THz time-domain spectroscopy at room temperature, where the thermal energy, kgT
(= 25 meV), is higher than the subband spacings. This thermal occupation of higher subbands
consequently prevents us from observing the ISR (ground-to-first excited state) in the 2DEG
layer. Hence, the response from the sample is purely due to metamaterials. A Ti:Sa laser with
an 80 fs pulse duration (a centre wavelength of 800 nm) and a repetition rate of 80 MHz is used
to generate the THz radiation by exciting an inter-digitated photoconductive antenna [9]
processed on a GaAs substrate. A fixed DC bias is applied on the antenna. The THz generation
is obtained under the transmission geometry of the antenna. Four 90° off-axis parabolic
mirrors are used for the collection and collimation of the THz beam. The detection is based on
free space electro-optic sampling [8, 29] of the THz electric field by using a birefringent, 2-mm-
thick ZnTe crystal. As compared to the simulation, the transmission is normalized with respect
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Figure 6. (a—c). Gradual zoomed-in optical images of the metamaterial design, showing the gate and the interconnected
double split-ring resonator arrays. (d) An SEM micrograph of the metamaterial unit cell. The length and the gap size are
both 3 um, the total structure being 26 by 40 pum. (e) In-plane electric field distribution of the surface of the structure
showing a strong confinement of the field in the capacitive arm of the structure. (f) Normalized transmission spectrum of
the metamaterial taken at room temperature, showing two strong resonances. The dots are experimental data while the
black curves are the deconvoluted resonance dips and the dashed line is the complete spectrum obtained from the
deconvoluted peaks. Inset: Time domain signals (left) and the corresponding Fourier transform signals (right).
The black-dashed arrow indicates the orientation of the structure when the electromagnetic fields do not couple while the
solid-black arrow when the field couples.

to the orientation of the metamaterial. The electric field component of the THz source is in the
plane parallel to the optical table. Hence, when the metamaterials are oriented at 0° (solid-
black arrow in Figure 6(f)), the incident infrared radiation couples into the structures. When
the metamaterials are oriented at 90° (black-dashed arrow in Figure 6(f)), the field does not
couple. By normalizing the transmitted spectrum of the metamaterial at 0° with respect to the
one at 90°, two transmission dips are obtained —one at 1.2 THz and the other at 2.4 THz as
shown in Figure 6(f).

Once the sample is cooled down to liquid helium temperatures, at first, the characterization of
the voltage range is performed over which the density-chopping measurements are to be
taken. The change in capacitance with the gate voltage is measured by capacitance-voltage
spectroscopy, mentioned before, as shown in Figure 7(a). A typical charging spectrum of
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2DEG has a capacitance close to zero in the beginning and then as the gate voltage is increased,
the conduction band is pulled below the quasi-Fermi level and subsequently the 2DEG
subbands are filled with electrons. The filling is observed as a steep increase in the capacitance.
The region of interest is the steep slope, where increasing the gate voltage increases the 2DEG
ISRs. This is due to the fact that with more positive gate voltage, the slope of the triangular
potential confinement steepens and hence increases the subband spacings, thus shifting the
ISRs to higher energies. This phenomenon is well known as the quantum-confined Stark effect. It
is also necessary to completely ionize the donor-exchange centres (DX centres®). As more DX
centres are ionized, less forward bias is required to charge the 2DEG subbands with electrons.
With longer illumination, all the DX centres are successively ionized, leading to the shift of the
charging slope in the capacitance-voltage spectra towards more negative biases. The spectrum
shown in Figure 7(a) is obtained after 3 h of continuous illumination. The shaded region in the
charging spectra, shown in Figure 7(a), indicates the region where the density-chopped infra-
red transmission measurements are performed. The density-chopping scheme is similar to that
explained before, where the change in transmission, T(V,,)/T(V,0), is recorded. According to
the charging spectrum, the reference voltage V, is chosen much below the threshold voltage
(=0.2'V), that is at —2 V, and the gate voltage V is varied from —0.25 to 0 V in steps of 20 mV.
The spectra are recorded alternatively between the gate voltage and the reference voltage and
successively co-added and averaged over long measurement times. A contour plot of all the
normalized transmission spectra is shown in Figure 7(b). It is observed that at low tempera-
tures, the cavity resonance slightly shifted to a higher frequency as a result of the lower losses
in the cavity in comparison to the room temperature measurements. At V, = —0.14 V, a clear
splitting of the ISR can be observed when the ISR (ground-to-first excited state, Ey) of the
2DEG crosses the resonance of the metamaterials at 2.4 THz. The width of the splitting is found
to be 0.47 THz. By applying bias on the gated and networked-metamaterial layer, a significant
modulation of the intensity of cavity resonance is observed [50, 51]. Thus, in our chopping
scheme, the metamaterial resonance at 2.4 THz disappears for biases between —0.16 V and
—0.04 V, where new states appear, known as the upper and the lower polaritons. Polaritons are
defined as the quasi particles that result from intense light-matter interactions. The separation
between them determines how strong the interaction is and is given by the light-matter
coupling constant. For a fermionic intersubband system, the value of this coupling constant,
Q), is given by [42]:

_ hefm n2p
2m* \ 2ecphwp Vmode,

(23)

where f,; is the oscillator strength of the ground-to-first excited state ISR with an energy of Awy; .
Vmode is the mode volume of the microcavity, given by (to a very good approximation) [39]:

They are isolated donor atoms, which can be occupied by the electrons in connection with a large lattice relaxation also
known as a deep-donor complex (DX center) in Al,Ga;_,As.
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Figure 7. (a). Capacitance-voltage spectrum taken after illumination with the far-infrared source for 3 h, where the visible
part of the beam saturates the DX centres. The shaded region in the spectrum denotes the voltage range over which the
coupling experiments are performed. (b) A contour plot of the normalized transmission showing the formation of
polaritonic states at the avoided crossing point. A strongly coupled system is formed with a resonance splitting of 0.47
THz.
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where E is the electric field. The coupling strength depends on three important parameters.
First, it is proportional to 1/v/Vmode, implying that the cavity mode volume should be small for
higher coupling strength. Second, the higher the transition energy, the smaller the coupling
strength (1/,/Aw;j). And finally, the coupling strength scales as \/1,p, which is a characteristic
feature of the fermionic systems. The higher the carrier density, the greater is the coupling. The
voltage tuning of our device is based on the quantum-confined Stark effect. The dependence of
the coupling strength, /2, on the number of quantum wells as shown Gabbay et al. [52] can
be written as:
—2aungZNQW
% ; L 1 — e 20wgAZ (25)

where a,,, is the average absorption coefficient, X is a constant, which is proportional to the
average light-matter interaction and AZ is the distance between the QWs. For a single QW, as
in the present investigation, the coupling strength is proportional to the value of /2. In the
theoretical studies, Gabbay et al. found the value of R to be 1, which implies that for a single
QW, the coupling strength is 0.5. The splitting in our experiments is found to be 0.47 THz,
which agrees well with the theoretical value. It is well known that if the splitting is signifi-
cantly above the sum of the full width at half maximum of both the ISR and the metamaterial
resonance, then the coupling can be assigned to be in the strong coupling regime. Thus, an
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ultra-strong light-matter interaction regime is achieved by employing a single triangular
quantum well in a HEMT heterostructure with a normalized coupling ratio of 0.19.

7. Conclusion

In conclusion, we have reviewed the quantum mechanical phenomenon that governs various
electrical and optical properties in the low-dimensional semiconductor nanostructures such as
a HEMT. We have demonstrated how one could electrically, or in combination with magnetic
fields, probe and tune the intersubband transitions in the heterojunction of a HEMT structure.
Such structures primarily have a triangular confinement potential. In the presence of a mag-
netic field, each subband is further split into a series of Landau levels or cyclotron orbits. Upon
optical excitation with an infrared source, the intersubband resonances couple to the cyclotron
resonance under tilted magnetic fields. This leads to the appearance of satellite peaks at the
anti-crossing point. From the values of splitting at the anti-crossing points, the spacing
between the corresponding subbands can be evaluated. Experiments performed in the absence
of magnetic fields demonstrated that it is also possible to directly measure and tune these
spacings via density-chopped infrared transmission spectroscopy. The subband spacings are
measured directly and found to be in the far-infrared region (wide electrically tunable from 6
to 12 meV) of the electromagnetic spectrum. New epitaxial, complementary-doped, semi-
transparent electrostatic gates that have better optical transmission are introduced [29]. The
integrated device with a 2DEG in a high electron mobility transistor structure and artificial
metamaterials forms a strongly coupled system that can be electrically driven from an
uncoupled to a coupled and again back to the uncoupled regime. In the strongly coupled
regime, a periodic exchange of energy between the two systems is observed as a splitting of
0.47 THz at the point of avoided crossing. This is a very high-energy separation, considering
the fact that only one quantum well is employed and thus the achievement of a strong
coupling regime can be safely claimed. The tuning mechanism is attributed to the quantum-
confined Stark effect. This device architecture is particularly interesting in designing devices
like modulators and detectors specifically in the THz regime. The integrated device has the
high-speed dynamic characteristics of the HEMT design and the appropriate frequency-con-
trolling ability of the metamaterials. From the design perspective of the metamaterials, they
can be made particularly for the THz regime with appropriate dimensions (like the one used in
this chapter). Upon excitation with a broadband source, this layer selects the desired frequency
for which it is designed, and under the application of an external electrical field across the
structure, the transmission of this frequency can be controlled and also modulated. This
control dynamics can be very fast, simply owing to the fast dynamics of the HEMT
design [52, 53]. Furthermore, this design can also be used to detect THz frequencies. Various
other 2D materials (like graphene [54-56] or black phosphorous [57, 58]) are also used these
days in the transistor configuration for developing THz detectors, simply utilizing the fast
dynamics of the transistor design. These novel devices have thus helped to reduce the long-
debated THz gap in the electromagnetic spectrum, where there is a severe lack of fast elec-
tronic devices.
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Abstract

High electron mobility transistor (HEMT) is the futuristic development of the transis-
tor in migration of the nm technology for integration of many devices in a single chip.
Moving beyond the silicon-based devices to reach out the bottlenecks in the scaling
and sizing of transistors has become an interesting topic of research. This research area
includes the novel approach towards new materials and device structures. Materials
focus is on composites made of binary, ternary and quaternary elements. Nanostructures
made of two-dimensional electron gas (2DEG), quantum well and tunnel barrier make
the electron transport in devices interesting. A similar approach is adopted in the present
work to make the device more suitable for faster device operation with high frequency.

Keywords: high electron mobility transistor, two-dimensional electron gas,
heterojunction, ternary composite

1. Introduction

High electron mobility transistors (HEMTs) have become the vital device in high-speed oper-
ation for microwave applications. Group III-V devices are generally used as HEMT due to
the high electron mobility and electron density. Higher charge density in the device makes
a changeover in the conductance oscillation of the device with the variation in the electrons
behaviour [1]. These properties make the device operate at higher switching speed and low
power. Higher switching speed with low power requirement of the devices makes it more
suitable for integration of many devices on a single chip. Scaling and sizing of the device
without compromising the performance will make the device more suitable for the advanced
application in electronics [2]. Heterojunction is formed when different materials are placed
on over the other. Generally, these heterojunctions are formed with the superlattice structures,
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which normally are made of different materials. Group III-V elements such as AlGaAs/
GaAs, AlGaN/GaN and InGaAs/GaAs were used in the fabrication of HEMT devices [3-5].
Traditional HEMTs have achieved higher operating speed of 60 GHz and the data rates higher
than 10 Gbit/s [6]. Moving beyond the rated speed of operation and data rates, the material
and device structure should be worked on further. Group III-V elements have higher electron
densities that help in faster movement of electrons. Among III-V elements, InSb has very good
electronic property with less effective mass and higher electron concentration, and better lattice
constant and narrow energy gap as shown in Figure 1.

InSb has very good magnetic property with spin-dependent phenomenon to explore the spin
orientated applications such as modulators, memories, sensors, etc. based on the ferromag-
netic heterostructures [8]. InSb has narrow band gap of 0.17 eV with a low effective mass of
0.014 ME, which makes the room temperature electron mobility almost 7000 cm?/V s, and
makes the device more suitable for high-speed operation. InSb have high carrier mobility
with good surface morphology [9]. The narrow band gap InSb semiconductor when doped
with other elements has interesting properties, which can be used for various electronic appli-
cations. Doping of Mn into InSb results in the dilute magnetic semiconductor (DMS) property
of the material with different doping ratios. Mn doping results in the increased carrier-medi-
ated magnetic coupling in the ferromagnetic semiconductor [10]. Several works have been
reported on Mn doping into InSb for analysis of the dilute magnetic semiconductor applica-
tion with ferromagnetic nature in the hysteresis curve. The magnetic property analysis for the
InMnSb compound was made for both powder samples and thin films with varying compo-
sitions of doping. Mn doping into InSb results in some interesting properties such as photo-
induced spin effect, optical response, cyclotron resonance and magneto transport [11-17].

InSb and doped InSb composites are used for various applications due to its better electronic
property. InSb-based devices involve field effect transistors (FET), quantum well transistors,
micro hall device, nanowire FET, quantum dot device and heterostructure device. A single crys-
talline InSb nanowire synthesized by pulsed laser chemical vapour deposition demonstrates a
good n-type semiconductor behaviour, which makes it suitable for FET device property [18].
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Figure 1. Lattice constant and band gap of Group III-V compound semiconductors, Source: Bennett et al. [7].
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InSb-based device was made of metal organic vapour phase epitaxy for fabricating hetero-
structures of InSb and InAs. Measurement of the fabricated quantum dot device has coulomb
blockade effect of 4.2 kA [19]. Fabricated InAs/InSb nanowire heterostructure FET shows
unipolar and bipolar operation with the temperature-dependent electrical measurements by
applying bias on the InAs side and InSb side. Conductivity is increased very strongly due
to the electron transport across the heterostructure junction. InSb nanowire FETs are used
for high-speed ultra-low power applications with the analysis based on the performance for
varying nanowire diameters. This low power and high-speed operation makes the device
more suitable for low power digital logic application when fabricated as enhancement and
depletion of InSb-based quantum well transistor.

To make the device perform better the gate length of the InSb quantum well transistors was
reduced to 0.2 pm, which resulted in the device exhibiting high electron mobility of 30,000 cm?/V
s with a sheet carrier density of 1 x1012 cm™ [19, 20]. Modified approaches have been adopted
to improve the performance of the device such as strained P channel quantum well InSb tran-
sistor. The performance metrics compared with the standard P channel MOSFET show that
InSb-based device exhibits low power dissipation and high transconductance [20, 21]. Device
fabrication involves some tedious process involved like deposition, etching and lithography.
Hence before getting into the process of fabrication, an alternative approach was used to analyse
the device by device modelling. Similar approach was adopted based on atomistic modelling
for the thickness dependence (3-16 nm) for electron transport in the quantum well FET [22].

Quantum well devices made of InSb have vital magnetic sensing application, which can be used
as micro hall magnetic field sensor for detecting pT. Similar to the magnetic sensing application,
InAs/InSb nanowire FET devices have application in detecting THz frequencies [23, 24]. Similar
to the nanowire FET, Tunnel FET made of InSb has a very good mobility due to the narrow band
gap when fabricated. This higher mobility of the device makes a faster switching speed, which
is a good property to be considered to look into the device scaling with InSb-based device struc-
tures. It is observed that InSb is a vital composite to be used in transistor applications. Proposed
method deals with the InMnSb compound and Si made of P, N-type to form a HEMT device.
The composite was made as a thin tunnel layer to be formed between the source and the drain
regions to make the charge carriers flow through the channel with an electron spin.

InMnSb compound exhibits an exceedingly good DMS property with the doping concen-
tration and works as dilute magnetic semiconductor (DMS). The HEMTs made of magnetic
tunnel junction has an improved electron transport when compared to the existing device
structures. Magnetic tunnel junctions were made by inserting the magnetic materials between
the source, channel and the drain of the high electron mobility transistor (HEMT) to enhance
the performance. Conductivity of the proposed device structure reveals that the device has a
very good electron transport due to the magnetic materials and will amplify low-frequency
signals. The proposed device structure with the InMnSb tunnelling layer is shown in Figure 2.
Functionality of the device was tested with different architectures to identify the better device
operation for high-speed application. Density functional theory (DFT) calculations were per-
formed to identify the device performance. Charge density was considered as vital factor to
analyse the device performance.
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Figure 2. Proposed HEMT device structure.
2. HEMT with InMnSb tunnel layer

Propose HEMT device structure has a P type Si substrate and over that N-type Si deposition
with the intermediate InMnSb layers in between the source/channel and channel/drain regions
of the transistor. The P type Si substrate is made of trivalent boron doping in the intrinsic silicon
and N-type Si was made with the pentavalent phosphorus doping. Due to the spin alignment of
electrons in an InMnSb layer the conductivity of the device is increased by 10-folds when com-
pared to the NPN device structure. Figure 3 shows the conductivity of the NFPFN device that is
64.5 mS, which is 10-folds more than the conductivity of the NPN device of 6.5 mS.

Electron transport in the proposed device structure is understood that the electron travels
through the two tunnel layers and two DMS layers, which is represented by Eq. (1).

AF1 * pes + AF2 * pes (1)

AF1 and AF2 describe the tunnelling at junctions 1 and 2, respectively. pes represents the
magnetic moment of the DMS layer at the source and the drain regions. The carriers travel
through both the junctions and the DMS layer to travel from the source to drain region. The
rate at which the particle tunnels through the region is represented by the tunnel rate and is
represented by Eq. (2). The magnetic moment when the electron travels in the DMS layer is
described by Eq. (3). Tunnelling at the junction AF1 and AF2 is expressed in Egs. (4) and (5).

TAF) = AF 2)
e? RT(EXP(%) - 1)
ues = y(e2m) S (©)

AF1 = eCE{e2+(vb2[2C2 + Cg]-VgCg +ne)} * pies

—
N
=

AF2 = eCE{e2+(vb2[2C1 + Cg]+VgCg —ne)} * ues (5)
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Figure 4. Band structure of the proposed device.

Tunnelling equation on both the junctions consider the gate capacitance, junction capaci-
tances 1 and 2, gate voltage and the number of electrons. Considering all these factors and the
magnetic moments, the electrons travel through the DMS layers and the channel from source
to the drain of the HEMT. Band structure of the proposed device structure with the energy
gap and the band alignment at stable condition with no applied voltage is shown in Figure 4.

The band structure reveals energy band gap between the conduction and valance band of each
layer of the device. There is a narrow band gap in the InMnSb region when compared to the Si
layer. This narrow band gap in the InMnSb layer allows the charge carriers travel faster from
valance band to the conduction band. Since the InMnSb has dilute magnetic semiconductor
(DMS) nature, it allows the electron to travel much faster with a spin magnetic moment. The lay-
ers are repeated structures rather than single, which makes the electron confined at the interface
of the heterostructures called as heterointerference. Formation of the quantum well is always
a possibility in the repeated structure. The depth of the well and the barrier thickness of the
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Figure 5. Band alignment and 2DEG.

device vary with the doping concentration. Confinement of the electron makes it at higher ener-
gies resulting in formation of discrete sub-bands. The confined structures make a two-dimen-
sional electron gas (2DEG) resulting in less scattering and improved mobility. Considering the
electron confinement and the 2DEG structure, the electron transport and band alignment is
shown in Figure 5.

The number of electrons confined in 2DEG depends on the thickness of the layers and the
doping concentration [25].

3. HEMT electron mobility

3.1. Mobility with low electric field

Electron mobility in the band of the different layers with low electric field depends on the
doping density in regards to the ionized impurity scattering effects at rated temperature.
Reduced ionized impurity scattering with modulated doping makes a smaller number of car-
riers with high mobility. Higher doping concentration of the doping in the HEMT devices
makes the career screening resulting in higher mobility of the carriers. So the carrier concen-
tration, mobility of the electrons, ionized scattering effect and the temperature have the cor-
relation between each other factor resulting in the HEMT device conductivity.

3.2. Mobility with high electric field

The 2DEG electrons attain greater energy and become hot with the moderate or higher elec-
tric field. There will be an energy separation between the sub-bands, and the high mobility
electrons in the lower sub-band get the needed energy from the applied electric field to move
into the lower energy adjacent sub-band. Higher initial mobility in the lower sub-band results
in the faster decay in mobility with the applied voltage [25]. Hence with the applied electric
field, the electrons at different sub-bands get the needed energy to move from their initial
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state and to move into the next state. This process makes the generation and recombination
rate much faster resulting in better conduction of the device.

4. Drain characteristics

Drain current and the drain source voltage characteristics of the proposed HEMT device is
shown in Figure 6. The curve reached a stable drain current at 2.5 mA and continues to be stable.
Further increase in the drain current will be achieved with the increasing gate source voltage of
the device. The stable saturation region in the drain characteristics will make the device operate
at stable Q point resulting in proper amplification of the device when used in amplifier applica-
tions. Increasing drain current with the lower gate voltage makes the device more suitable for
faster switching operation. Faster switching speed makes the devices more suitable for the high
frequency applications. This improved drain characteristics of the device proves the ability of the
device to be used for the microwave application. Similar to the drain characteristics, proposed
device transfer characteristics is also very high when compared to the other HEMT devices.

Figure 6. Drain characteristics of proposed HEMT.

5. Transfer characteristics

Transfer characteristics with the drain current versus gate source voltage graph are shown in
Figure 7. The results reveal that the proposed HEMT device has very high drain current of 22
A. The transfer characteristics of the HEMT device made of different materials and architec-
tures are shown in Figure 8.
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6. Conclusion

Superlattice structure for HEMT applications has shown good progress over the last few
decades, to match the suitability of the device for high-speed applications. This chapter has
dealt with the improved performance of the HEMT device due to the DMS layer made with
the InMnSb layer resulting in improved conductivity and VI characteristics. The resulted
band structure with the proposed device structure has made the low-dimensional structure
with the 2DEG allowing the electron to travel without any collusion. The collision-free trans-
port of the particle in the device structure is predicted to make a better conductivity result-
ing in better device performance. Comparison of the proposed HEMT device with the other
existing devices has substantiated the improved device characteristics in par with the other
HEMT devices. Hence it is evident that the proposed device will have a very good prospect
in high-speed applications.
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Abstract

The metal-semiconductor interface in thin-film transistors (TFTs) is one of the bottlenecks
on the development of these devices. Although this interface does not play an active role
in the transistor operation, a low-quality interface can be responsible for a low perfor-
mance operation. In a-Si TFTs, a doped film can be used to improve this interface, how-
ever, in other TFT technologies, there is no doped film to be used. In this chapter, some
alternatives to improve this interface are analysed. Also, the influence of this interface on
the electrical stability of these devices is presented.

Keywords: thin-film transistors, metal-semiconductor, contact resistance, short channel
effects

1. Introduction

In all electronic devices, an electrical connection to the real world is necessary. In the case of
thin-film transistors (TFTs), the quality of this electrical connection may be the difference in
having high or low performance devices. The connection is made by source/drain electrodes
in contact with the active layer. These metal-semiconductor interfaces have not played an
active role in the transistor operation. However, a low-quality interface can be responsible
for a low performance operation. Indeed, this research topic is one of the bottlenecks on the
development of thin-film transistor technologies.
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It is desirable to have the closest to an ideal metal-semiconductor interface or an ohmic con-
tact with very low contact resistance; in other words, source/drain contacts with no barriers
for the carrier flow in either positive or negative voltage polarization. Ideally, this occurs
when metal and semiconductor work functions are of similar value and there are no interface
states. However, having metal-semiconductor contacts without interface states is difficult and
matching the semiconductor and metal work functions is nearly impossible. For these rea-
sons, it is important to find alternatives to improve the metal-semiconductor interface in TFTs.

In metal-semiconductor interfaces, one may have several cases: ohmic contacts with low or
high contact resistance and non-ohmic contacts with low or high contact resistance. Being this
last, the most commonly obtained. The contact resistance can be extracted experimentally by
the extrapolation of the width-normalized resistance (RW), obtained from the linear regime
of the output characteristics I, vs. V,, for different channel lengths and gate voltages V,, as
indicate in Figure 1 [1, 2].

The problem associated with a high contact resistance is that it induces a potential drop at the
drain/source contacts, affecting the electrical performance of the device [1-4]. On short chan-
nel TFTs, as the channel length is reduced, the source/drain contact resistance may be higher
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Figure 1. Width-normalized resistance (RW) (obtained from the linear regime of the output characteristics) for different
channel lengths and gate voltages V.
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than the channel resistance, as result the electrical behaviour may be governed by the contact
resistance. This may induce several mechanisms: some of them reported the degradation of
the transconductance, drop of carrier mobility, impact ionization, among others. Indeed, there
is not a value of channel length to determine if short channel effects will be exhibited on the
electrical characteristics of the TFT. Reported TFTs exhibited short channel effects at channel
lengths L lower than 20 pm, meanwhile other TFTs (some with high contact resistance) did
not exhibited short channel effects at L of 10 um [1, 3-10]. Moreover, a TFT may exhibit high
contact resistance effects at considered long channel values. These effects can be presented
as superlinear behaviour or current crowding in output characteristics [1, 11, 12]. It is always
desirable to have a low contact resistance; however, the channel resistance must be dominant.

2. Experimental section

The high quality SiO, film was obtained by spin-coating of SOG (SOG700B Filmtronics) diluted
with deionized water and cured at 200°C. The a-SiGe:H active layer was deposited using low
frequency (110 kHz) plasma-enhanced chemical vapor deposition (PECVD) at 200°C, pres-
sure of 0.6 Torr and an RF power of 300 W. The a-5iGe:H films were deposited from SiH, and
GeH, feed gases with H, dilution. The flow rate of SiH, (10% H,) and H, was 45 sccm and 1000
sccm, respectively, and the GeH, (90% H,) flow rate was 105 sccm. The n+ a-Ge:H film was
deposited using low frequency PECVD at 200°C with a pressure of 0.6 Torr and RF power of
300 W, with a GeH, (90% H,) flow of 250 sccm, H, flow of 3500 sccm and PH, (99% H,) flow of
20 sccm. The aluminium was e-gun evaporated.

3. Alternatives for metal-semiconductor interface improvement

The requirements for getting a high-quality metal-semiconductor interface are complex.
Typically, in field-effect transistors, a heavily doped interlayer or contact region film is used
between the semiconductor and source/drain electrodes in order to improve the metal-semi-
conductor interface. However, in amorphous semiconductors, the doping efficiency drops at
high doping levels. Moreover, in some TFT technologies, there are no doped interlayer films
to improve the metal-semiconductor interface. These make even more complex to obtain a
high-quality interface.

3.1. Doped regions for source/drain contacts

In the case of hydrogenated amorphous silicon (a-5i:H), Le Comber and Spear [13] reported
that amorphous silicon prepared by plasma-enhanced chemical vapor deposition (PECVD)
can effectively be doped by adding small amounts of phosphine (PH,) or diborane (B,H,) to
the silane (SiH,) in the discharge gas. As expected, the conductivity increases at low doping
levels. However, at higher doping levels, the conductivity decreases presumably due to the
generation of defect states.
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Figure 2 shows the contact resistance of a-Ge:H films at 200°C as function of the PH, flow. At
low flow of PH, the contact resistance decreases, but at higher flow it increases. This behav-
iour agrees with the reported by Le Comber and Spear. Similarly, Figure 3 shows the con-
tact resistance of the p-type a-Ge:H film as a function of the B,H, flow. At low flow of B,H,,
the contact resistance increases but at higher flow it decreases and finally increases again.
This behaviour also agrees with the reported by Le Comber and Spear. These interlayer films
enhance the tunnelling of carriers through the metal-semiconductor interface, reducing the
contact resistance and improving the interface. The n-type a-Ge:H film was successfully used
as a contact region film in ambipolar a-SiGe:H TFTs [14].

3.2. Plasma processes to improve the contact resistance

In this section, the improvement of carrier mobility, on/off-current ratio and threshold volt-
age using hydrogen plasma at the active layer prior to define the source/drain contacts is
presented. Firstly, an over-etching in the active layer before forming the source/drain contacts
is performed. This over-etching closes the source/drain contacts to the induced channel layer,
as indicate in Figure 4.

Figure 4a shows the structure of the TFT after the deposition of the gate electrode, gate insula-
tor, active layer and passivation layer. Typically, after this step, the passivation layer is etched
to form the source/drain contacts (Figure 4b). In this case, added to the etching of the passiv-
ation layer, an over-etching in the active layer is performed, as indicate in Figure 4c. Moreover,
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Figure 2. Contact resistance of the n-type a-Ge:H films as a function of the PH, flow.
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Figure 3. Contact resistance of the p-type a-Ge:H films as a function of the B,H, flow.

a hydrogen plasma is applied [15]. For comparison, a set of devices without hydrogen plasma
was fabricated. Finally, the source/drain contacts are formed (Figure 4d).

Figure 5 shows the transfer characteristics of the TFTs with and without hydrogen plasma.
The TFTs with applied hydrogen plasma exhibit an on/off-current ratio approximately of 10°
and an off-current approximately of 300 fA at 0 V. While the TFTs without hydrogen plasma
exhibit an on/off-current ratio of 10° and off-current of 20 pA. The subthreshold slopes values
for both TFTs with and without hydrogen plasma were 0.56 and 0.61 V/DEC, respectively.
The slopes are very similar. Typically, in TFTs, the subthreshold slope is largely decided by
the quality of gate insulator-active layer interface. The subthreshold slope is dependent on the
trap density in the active layer (N,) and at the interface (D,). The subthreshold slope can be
approximated as the following equation [15]:

S = gK, T(N,ts+D,)/C, log(e) 1)

where g is the electron charge, K; is the Boltzmann constant, T is the absolute temperature, ts
is the active layer thickness and C__is the gate insulator capacitance per unit area. If N, or D,
is separately set to zero, the respective maximum values of N and D, are obtained. The N,
and D, values were of 2.65 x 10”7 ecm™/eV and 2.65 x 10 cm™/eV, respectively, for TFTs with
applied hydrogen plasma. For TFTs without hydrogen plasma, the values were of 2.88 x 10"
cm?/eV and 2.88 x 10" cm™?/eV, respectively. Since both TFTs have identical insulator-semi-
conductor interface and the over-etching process only affects the source/drain regions, we do
not expect any difference in the quality of the insulator-semiconductor interface of the devices.
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Figure 5. Transfer characteristics of the TFTs with and without hydrogen plasma.

On the other hand, Figure 6 shows the square root of I,  vs. V_of the TFT at a saturation
regime. The threshold voltage and field-effect mobility can be extracted from the intercept
with V_axis and slope, using Eq. (2).

Ids = luFE COX(W/ZL)(VgS - VT )2 (2)

where p, is the field-effect mobility, C__ is the capacitance per unit area of the gate insulator, W
and L are the channel width and the length, respectively, and V_ is the threshold voltage. The
extracted threshold voltage and field-effect mobility were of 0.8 and 0.85 cm?/Vs, respectively,
for TFTs with hydrogen plasma. While 1.86 and 0.52 cm?/Vs were extracted for TFTs without
hydrogen plasma.

It is well known that hydrogen saturates dangling bonds in amorphous films [16]. Thus, the
hydrogen plasma reduces the plasma-induced damage in the source/drain regions of the
active layer, and as result the contact resistance of the TFT is improved. This can be corrobo-
rated with the higher values of carrier mobility and on-current.

Figures 7 and 8 show the output characteristics of the TFTs with and without hydrogen
plasma. The output characteristics of TFTs without hydrogen plasma exhibit a high contact
resistance that appears in the form of current crowding, in the bias range of 0-1V of V. Also,
the driving current capability is higher for TFTs with hydrogen plasma, as indicated by their
values of I . These results confirm the hydrogen plasma reduces the plasma-induced damage
and improve the metal-semiconductor interface. These processes in the source/drain regions
lead to form good ohmic contacts.
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3.3. Planarization of the gate electrode in bottom-gate TFTs

Thin-film transistors are successfully employed in active-matrix displays [17]. In this appli-
cation, the inverted staggered structure is the most used [17]. In an inverted structure, the
gate electrode is placed at the bottom of the structure (bottom-gate structure). The advan-
tage of using this inverted structure is that the gate electrode protects the active layer from
backplane light. The problem is when the active-matrix displays become larger, the number
of address lines must increase and the gate lines must be narrower and longer. To avoid an
increase in the resistance of the gate line, which results in delay on the display performance,
the gate line must be thicker. Then, the problem with this thicker gate is that the gate insu-
lator tends to be thinner around the corners of the gate, increasing the leakage current and
electric stress due to the high electric field at the corner [18]. In order to reduce these effects,
the planarization of the gate electrode was proposed by other groups [19, 20].

As far as we know, the only work related to the study of the planarization of the gate elec-
trode is conducted by Chen et al. [18]. They reported a reduction in the contact resistance
attributed to the planarization process. However, this improvement in the contact resistance
is difficult to understand, since the planarization of the gate electrode improves the insulator-
semiconductor interface but not the metal-semiconductor interface. Firstly, the experimental
characteristics of planarized and unplanarized TFTs are presented. After that using a physi-
cally based simulator (SILVACO), the main interfaces are analysed to understand the origin
of this improvement.
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The experimental transfer characteristics of unplanarized and planarized TFTs are shown in
Figure 9. The planarized TFT shows a subthreshold slope ~0.45 V/DEC and ~0.49 V/DEC, for
n-type and p-type regions, respectively, while on/off-current ratios around 10° were obtained
for n-type and p-type regions. On the other hand, the unplanarized TFT shows a subthreshold
slope ~1 V/DEC for an n-type region and 1.3 V/DEC for a p-type region, on/off-current ratios
~10* and 10° for n-type and p-type regions, respectively.

The threshold voltage and field-effect mobility were extracted from the transfer characteristics
operating in the saturation regime (V, =V, ), using Eq. (2). For planarized TFTs, the threshold
voltage was 1.11 and -2.18 V for n-type and p-type regions, respectively. The extracted field-
effect mobilities were 0.68 and 0.15 cm?/Vs for n-type and p-type regions, respectively. For
unplanarized TFTs, the threshold voltage was 2.4 and -3.35 V for n-type and p-type regions,
respectively. The extracted field-effect mobilities were 0.11 cm?/Vs for an n-type region and
0.02 cm?/Vs for a p-type region.

Figure 10 shows the output characteristics for planarized and unplanarized TFTs. It is impor-
tant to mention that the output characteristics show an ambipolar behaviour. A detailed dis-
cussion and modelling can be found in Ref. [14]. In the output characteristics of unplanarized
TFTs, current crowding appears in the bias range from 0 to 1 V of V. This high contact
resistance effect slightly appears in planarized TFTs. To corroborate this effect, the contact
resistance was extracted from the n-type region of both planarized and unplanarized TFTs.
The contact resistance was extracted by the extrapolation of the width-normalized contact
resistance as indicated in Figure 1. The contact resistance was approximately 1413 Qcm for
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Figure 9. Transfer characteristics of unplanarized and planarized TFTs.
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Figure 10. Output characteristics for planarized and unplanarized TFTs. a) Planarized and b) Unplanarized.

unplanarized TFTs and 589 Qcm for planarized TFTs. This agrees with the higher values of
drain current in planarized TFTs. It is important to note that subthreshold slope is improved
in planarized TFTs. Some authors suggest a better injection of carriers from the source elec-
trode into the active layer [21]. Also, other authors have reported a better subthreshold slope
after improving the contact resistance [22, 23].

The experimental results agree with the reported previously by Chen et al. However, the
improvement in contact resistance by the planarization process is unexplained. Using
ATHENA, both planarized and unplanarized structures were simulated. Then, using ATLAS,
electrical measurements were simulated. The cutline tool within the ATLAS simulator gen-
erates one-dimensional profiles from the insulator-semiconductor and metal-semiconductor
interfaces. Ideal contacts were considered for source/drain contacts in both unplanarized and
planarized simulated TFTs (ohmic contacts without contact resistance).

Figure 11 shows a comparison of the cross-section of planarized and unplanarized TFTs simu-
lated by ATHENA. Applying a positive gate bias of 5 V, the electric field of the planarized
and unplanarized gate electrodes was extracted by ATLAS (Figure 12). As expected, for the
planarized TFT, the electric field is uniform through the insulator-semiconductor interface.
However, for the unplanarized TFT, the electric field is not uniform through the insulator-
semiconductor interface. There is an increase of the electric field due to the thinner gate insu-
lator. This increase in the electric field causes an accumulation of electrons in the channel close
to the corners of the gate, as shows Figure 13.

The difference of the electron concentration in the channel works as a scattering mechanism,
limiting the mobility of the carriers. This can explain the lower extracted field-effect mobility
in the unplanarized TFTs. Also, the variations of the electron concentration reflect an increase
in the conduction band energy of the active layer close to the source/drain contacts, as show
in Figure 14. This increase in energy acts as a barrier for the electrons, where only electrons
with higher energy can pass the barrier. As result, the device contact resistance apparently
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increases. To corroborate these assumptions, Figure 15 shows the simulated output charac-
teristics of both planarized and unplanarized TFTs. The simulation agrees with the behaviour
exhibited in the experimental and simulated results.
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Figure 15. Simulated output characteristics of planarized and unplanarized TFTs.
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4. Influence of metal-semiconductor interface on electrical stability of
TFTs

Despite the high potential of TFTs to enable low-cost electronics, these devices have the dis-
advantage of threshold voltage shift after a prolonged application of gate bias stress. In a-Si
TFTs, the threshold voltage shift mechanisms have been studied to estimate the long-term
behaviour of TFT circuits. Because of the continuous growing application of novel material-
based TFTs in electronics, an updated research for threshold voltage shift mechanisms is
needed. The defect state creation in active layer and charge trapping in the gate dielectric
is presumably the mechanisms responsible for the threshold voltage shift in TFTs. During
the application of gate bias stress (or during normal operation), the charge trapping and
defect state creation mechanisms occur simultaneously; therefore, the experimental results
of threshold voltage shift do not provide any information about the quantitative effect of
each of these mechanisms on the threshold voltage shift of the TFT. In addition, it has been
proposed the relaxation of the threshold voltage after the annealing of the defect states in
the active layer and the charge back tunnelling of trapped electrons inside the gate insulator
[24-26]. However, the experimental published results for the relaxation of threshold voltage
do not support the defect state annealing mechanism. While the estimations of charge trap-
ping and de-trapping from gate insulator traps show a good agreement with the experimental
threshold voltage relaxation. Therefore, from the threshold voltage shift mechanisms, charge
trapping in the gate insulator is reversible [26-30].

On the other hand, the proposed mechanisms responsible for threshold voltage shift are
directly related to the insulator-semiconductor interface. However, it has been also reported
that quality of the metal-semiconductor interface strongly influences the kinetics of threshold
voltage shift and relaxation of TFTs [31]. Based on the results reported for the charge trapping
and defect state creation mechanisms of threshold voltage shift, a general conclusion cannot
be drawn. The kinetics of the mechanisms strongly depends on the fabrication process of the
TFTs. It is important to consider that deposition conditions of the active layer also affect the
rate of the creation of the extra defect states in the active layer.

In this section, a comparison of the threshold voltage shift in TFTs with the same insulator-semi-
conductor interface but different metal-semiconductor interface is presented. The threshold volt-
age shift is calculated as a function of the stress time at gate bias stress of 20 Vand V, =0 V. These
are the typical conditions for electrical stress in TFTs [32-36]. The complete fabrication procedure
of the TFTs can be found elsewhere [14]. The gate insulator was deposited in two sets of devices
using the same deposition conditions. After that the fabrication of the metal-semiconductor
interface was different. In one set of devices, it was employed the over-etching and plasma pro-
cesses described in Section 2.2. As passivation layer a silicon nitride film was used. On the other
set of devices, the active layer and n+ contact region films were continuously deposited with no
vacuum break in the chamber. As passivation layer a silicon oxide film was used. The schematic
cross-section of the fabricated devices is shown in Figure 16.

Table 1 summarises the parameters extracted in both TFTs. Since both TFTs have identical
insulator-semiconductor interface, the slight difference in values of subthreshold slope is
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Figure 16. Schematic cross-section of the fabricated devices.
Parameter TFT SiNx passivation (hydrogen TFT SiO, passivation
plasma)
SS 0.56 V/DEC 0.45 V/DEC
On/off-current ratio 10 >10°
AV (6000 sec) 225V 114V
Field-effect mobility 0.85 cm?/Vs 0.68 cm?/Vs
Off-current ~0.3 pA ~0.95 pA

Table 1. Comparison of the parameters of the TFTs.

considered just statistical fluctuation. The values of off-current are of the same order of mag-
nitude. The on/off-current ratio is very similar for both TFTs. However, an important differ-
ence in field-effect mobility is found. The mobility for TFTs using SiNx as a passivation layer
(hydrogen plasma) was 0.85 cm?/Vs, higher than the 0.68 cm?/Vs for TFTs using SiO, passiv-
ation. This result is related to the metal-semiconductor interface, the higher value of mobility
may indicate a lower contact resistance.

Figure 17 shows the threshold voltage shift AV, as a function of the stress time. The figure
shows a higher shift for TFTs using SiNx passivation. It is important to mention that the
observed threshold voltage shift for both TFTs could not be recovered after a rest period of 48
hours and under the application of negative gate bias, suggesting that the shift is irreversible.
Since the charge trapping in the gate insulator is reversible, therefore, under the applied gate
bias conditions, the shift in the threshold voltage seems to be due to creation of defect states
in the active layer.

The higher value of mobility results of a lower contact resistance, however, the higher insta-
bility of this TFT related to defect state creation suggests a dependency with the fabrication
of the metal-semiconductor interface. Probably due to defects induced by the over-etching
process. Also, the SiNx passivation layer may has influence on the electrical instability of
the TFT. Further research is necessary to address these assumptions. Although both TFTs
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Figure 17. Threshold voltage shift AV as function of the stress time.

have the same insulator-semiconductor interface, the metal-semiconductor interface plays an
important role in the electrical stability of these devices. The research of the kinetics of the
mechanisms responsible for the instability on TFTs needs to be extensively explored for emer-
gent TFT technologies.

5. Conclusions

In summary, some alternatives to improve the metal-semiconductor interface are analysed.
An over-etching at the source/drain regions of the active layer can improve the TFT electrical
performance, since this process gets close the n+ contact layer and the electron induced-chan-
nel. Moreover, the plasma-induced damage by the over-etching process is reduced after the
application of a hydrogen plasma. On the other hand, the planarized TFTs exhibit better per-
formance due mainly to the improved contact resistance. The simulations show an increase in
the conduction band energy in the a-SiGe:H film at the metal-semiconductor interface. This
increase acts as a barrier for the electrons, which results in an apparent increase of contact
resistance. Finally, the influence of the metal-semiconductor interface in the electrical stability
of TFTs is presented. Although the compared TFTs present the same insulator-semiconductor
interface, the fabrication of the metal-semiconductor interface plays an important role in the
electrical stability of these devices.
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Abstract

Organic field-effect transistors have received much attention in the area of low cost,
large area, flexible, and printable electronic devices. Lots of efforts have been devoted to
achieve comparable device performance with high charge carrier mobility and good air
stability. Meanwhile, in order to reduce the fabrication costs, simple fabrication condi-
tions such as the printing techniques have been frequently used. Apart from device
optimization, developing novel organic semiconductor materials and using thin-film
alignment techniques are other ways to achieve high-performance devices and func-
tional device applications. It is expected that by combining proper organic semiconduc-
tor materials and appropriate fabrication techniques, high-performance devices for
various applications could be obtained. In this chapter, the organic field-effect transistor
in terms of device physics, organic materials, device process, and various thin-film
alignment techniques will be discussed.

Keywords: organic field-effect transistors, device physics, organic semiconductor
materials, device process, thin-film alignment

1. Introduction

Organic field-effect transistors (OFETs) have received much attention for plastic electronics due
to their good solution processability, low temperature deposition, low cost, and compatibility
with large-area printing technology. Although the conventional amorphous silicon-based semi-
conductors have achieved much progress with charge carrier mobility around 1.0 cm®* V="' s/,
the thin-film deposition of conventional semiconductor usually needs high temperature process
and dustless conditions which significantly increase the fabricating cost. Most importantly, the
silicon-based materials are rare to be processed on flexible substrates due to their poor stretching
characteristics. Nevertheless, compared to the conventional silicon-based semiconductors, the

organic-based semiconductors exhibit low cost, good processibility and can be fabricated on
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flexible substrates. Hence, using organic semiconducting materials has become an important
topic in the development of low-cost, large area, flexible, and lightweight devices.

Organic-based semiconductors have various applications as key components of numerous
electronic and optoelectronic devices, including field-effect transistors (FETs), photovoltaics
(PVs), and light-emitting diodes (LED). Especially for the field-effect transistor, a lot of efforts
have been done to develop new organic materials to improve device performance with high
charge carrier mobility and good air stability. Anyhow, OFETs have been considered as a key
component of organic integrated circuits for application in flexible smart cards, low-cost
radio frequency identification (RFID) tags, sensor devices, organic active matrix displays,
and so on [1-6]. However, it is still far from satisfactory for practical applications. The focus
of recent attention has been devoted to improving device performance and stability, reducing
the fabrication cost, exploring new applications, and developing simple fabrication tech-
niques. Overcoming these challenges relies on the novel organic semiconductor development
and device optimization.

In this chapter, organic field-effect transistors will be discussed from three aspects: the device
physics, device materials, and device processing. The first section will talk about the charge
transport and related mechanisms in organic semiconductor materials and the techniques used
to characterize the charge carrier mobility, such as time of flight, field-effect transistor, and
space-charge limited current (SCLC) technique. In the second section, we discuss the organic
field-effect transistor from basic principle, device structure, and the main parameters, such as
charge carrier mobility, current on/off ratio, threshold voltage, subthreshold voltage, and the
corresponding influence factors in the OFET. The third section will talk about the organic
materials selection, including mostly used aromatic p-type semiconductors and n-type semi-
conductors. The forth section will discuss the fabrication techniques in the organic field-effect
transistors, including vapor deposition, solution deposition, and some thin-film alignment
methods.

2. Device physics

2.1. Charge transport and related mechanisms

The study of electron and hole transport in organic materials has a long history which dates
back to 60 years ago. Many groups have done their efforts on this topic. In the mid-1970s, Scher
group laid the theoretical description of hopping transport in disordered materials by using
the continuous-time random walk model [7]. Until today, the exact nature of charge transport
in organic semiconductors is still open to debate. However, a general idea can be obtained
using the disordered semiconductors and highly ordered organic single crystals as the stan-
dards. In organic semiconductors, the charge carrier transport mechanism depends on the
degree of order and falls between the band and hopping transport which are the two extreme
transport cases. Typically, band transport could be observed in highly purified molecular
crystals at low temperatures. However, the bandwidth in organic semiconductors is smaller
than that in inorganic semiconductors (typically a few kT at room temperature only) due to the
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weak electronic delocalization [8]. Hence, the mobility value in molecular single crystals at
room temperature reaches only in the range from 1 to 10 cm® V="' s~ . In the other extreme case
of an amorphous organic solid, hopping transport prevails, which leads to much lower mobil-
ity values (at best around 103 em?Vtsh.

When localization occurs in conjugated organic materials, the polarons resulting from the
conjugated chain deformation under the charge action could be formed (or the charge is self-
trapped by the deformation) [9]. This mechanism of self-trapping is often described through
the creation of localized states in the gap between the valence and the conduction bands.

To better understand the charge transport in organic materials, a one-dimensional, one-
electron model, the small polaron model, has been developed by Holstein [9]. In this model,
the electron-electron interactions are assumed to be neglected, and the lattice energy, electron
dispersion energy, and the polaron banding energy are the three terms which constitute the
total energy of the system [9].

The charge carrier mobility is temperature and field dependence. For temperature-dependent
mobility, when the mobility is extrapolated at the zero-field limit, the Monte Carlo (MC) fitting
results lead to the following expression:

u(T) = ppexp {— (];?) 2] (1)

where pj is the mobility at room temperature and T, is the room temperature. Since the
temperature helps in overcoming the barriers introduced by the energetic disorder in the system,
the temperature talked about here only depends on the amplitude of the diagonal disorder
width. This expression deviates from an Arrhenius-like law, and this expression generally fits
the experimental data well, as a result of the limited range of temperatures available.

The impact of an external electric field is to lower the energy barrier for the electron conduction
band transport since part of this energy could be provided by the driving force of the electric
field. In the presence of energetic disorder only, the Monte Carlo results generally yield a
Poole-Frenkel behavior when electric fields are larger than 10*-10° V/cm:

u(E) = poexp(BVE) (2)

where 1 is the low field mobility, § is Poole-Frenkel coefficient, and E is the applied electric
field [10]. The field dependence becomes more pronounced as the extent of energetic disorder
grows. The increase in electric field amplitude is also accompanied by an increased diffusion
constant.

2.2. Characterization of charge carrier mobility

Charge carrier mobility can be determined by various techniques [11, 12]. The mobility mea-
sured by the methods with the measurement over macroscopic scales (~1 mm) is often depen-
dent on the material order and purity. Instead, when the mobility measurement is over

127



128 Different Types of Field-Effect Transistors - Theory and Applications

microscopic scales, the measurement result is less dependent on these characteristics. In this
section, the basic principle of most used mobility measurement techniques, time-of-flight
(TOF), field-effect transistor (FET), and space-charge limited current (SCLC) will be briefly
described.

2.2.1. Time-of-flight (TOF)

For the TOF measurement, a few micron thick organic active layer is sandwiched between two
metal electrodes (Figure 1). As shown in Figure 1, first, the material is irradiated to generate
charges by a laser pulse near one electrode. Then, the photo-generated holes or electrons
migrate across the material toward another electrode depending on the polarity of the applied
bias and the corresponding electric field (in the 10*-10° V/cm range). After that, the current at
that electrode is recorded as a function of time. Finally, for ordered materials, a sharp signal
will be obtained, while for disordered systems, a broadening of the signal will occur because of
the distribution of transient times across the material. The hole or electron mobility is esti-
mated via the following equation:

v d
“EETER T ®)

where d is the distance between the electrodes, F is the electric field, ¢ is the averaged transient
time, and V is the applied voltage. TOF measurements clearly show the impact of structural
defects present in the material on charge carrier mobility. Charge carrier mobilities in organic
materials were first measured with the TOF technique by Kepler [13] and Leblanc [14].

2.2.2. Field-effect transistor (FET) configuration

The electrical characteristics measured in a field-effect transistor (FET) configuration could also
be used to extract the charge carrier mobilities (Figure 2). As previously Horowitz talked
about [15], the derived current-voltage expressions for inorganic-based transistors in both
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Figure 1. The setup of the TOF technique.
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Figure 2. The structure of thin-film transistor.

linear and saturated regimes are also applicable to organic field-effect transistors (OFETs).
These expressions in the linear regime are:

%
Ips = fCiH(VG - Vr)Vp, Vp < Vg -V, (4)

and in the saturated regime:

W
IDS = ECIH(VG — VT)Z, VD > VG — VT. (5)

Here, Ips and Vpg are the current and voltage bias between source and drain, respectively,
Vs denotes the gate voltage, Vris the threshold voltage, C; is the capacitance of the gate dielectric,
and Wand L stand for the width and length of the conducting channel, respectively. In FETs, the
charges migrate at the interface between the organic semiconductor and the dielectric within a
few nanometer-wide channel [16, 17]. There are several factors that affect the charge transport,
such as structural defects at the interface within the organic layer, the dielectric surface morphol-
ogy and polarity, and the traps existing at the interface (that depends on the chemical structure of
the gate dielectric surface). Contact resistances at the source and drain metal/organic interfaces
also play significantly important roles, and when the channel length decreases and the transistor
operates at low fields, it becomes more important. Anyhow, its effect can be accounted for via
four-probe measurements [18].

The charge carrier mobilities extracted from the FET current-voltage curves in the saturated
regime are generally higher than those in the linear regime due to different electric-field
distributions. The mobility was found to be gate-voltage dependent [19], and it is often related
to the presence of traps which is usually caused by structural defects and/or impurities and/or
charge carrier density (which is modulated by V() [20].

The dielectric constant of the gate insulator is another important parameter. For instance,
measurements on rubrene single crystals [21] and polytriarylamine chains [22] show that the
charge carrier mobility decreases with the increased dielectric constant because of polarization
effects across the interface. At the dielectric surface, the polarization induced by the charge
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carriers within the conducting channel of organic semiconductors couples to the carrier
motion, which can be cast in the form of a Frolich polaron [23, 24].

2.2.3. Space-charge limited current (SCLC)

The mobilities can also be extracted from the electrical characteristics measured in a diode
configuration with an organic layer sandwiched between two metal electrodes (Figure 3). In
this case, we are assuming that carrier transport is bulk limited instead of contact limited. The
electrode is chosen in such a way that at low voltage, only electrons or holes are injected. In the
absence of traps and at low electric fields, the behavior of the current density | quadratically
scaling with applied bias V is a space-charge limited current (SCLC) characteristic, and it
corresponds to the current obtained when the number of injected charges reaches a maximum
because their electrostatic potential prevents the injection of additional charges [25]. In this
case, the charge density is maximum approaching the injecting electrode instead of uniform
across the material [26]. In this regime, when diffusion contributions are neglected, we can
describe J-V characteristics as:
2
J = geoerti (©

where ¢, is the dielectric constant of the active layer and d denotes the device thickness. (Note
that at high electric fields, it has to consider a field-dependence of the mobility.) With the
presence of traps, the J-V curves become more complex. First, a linear regime with injection-
limited transport is exhibited in the J-V curves. Then, a sudden increase occurs in the interme-
diate range of applied biases. Finally, the V> dependence of the trap-free SCLC regime is
reached. The extent of the intermediate region is governed by the spatial and energetic distri-
bution of trap states, which is generally modeled by a Gaussian [27] or exponential distribu-
tion [28].

Electrode

Semiconductor

Electrode

Figure 3. The structure of a SCLC-based device.

3. Organic field-effect transistors

3.1. Basic principles of field-effect transistors

In 1962, Weimer first introduced the concept of the thin-film transistor (TFT) [29]. This struc-
ture is well adapted to low conductivity materials and is currently used in amorphous silicon
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transistors. As shown in Figure 2, ohmic contacts are formed directly between the source and
drain electrodes with conducting channel. Compared with the metal-insulation-semiconductor
field-effect transistor (MISFET) structure, there are two crucial differences in the TFT structure.
First, the depletion region to isolate the device from the substrate is absent. Second, instead of
the inversion regime, the TFT operates in the accumulation regime although it is an insulated
gate device. As a result, it should be especially careful when transferring the drain current
equations from the MISFET to the TFT. In fact, the absence of a depletion region leads to a
simplification of the equation as the following [30]:

W 1%
I = fci# (VG -Vr— TD) Vb (7)

Here, the threshold voltage is the gate voltage, and the channel conductance (at low drain
voltages) is equal to that of the whole semiconducting layer.

3.2. Important parameters in OFET
3.2.1. Mobility

The FET J-V characteristics in different operating regimes can be analytically expressed by the
gradual channel approximation assumption which means that the electric field parallel to the
current flow generated by the drain voltage is much smaller compared with the field perpen-
dicular to the current flow created by the gate voltage [30, 31].

In the linear regime, the drain current is directly proportional to V¢, and the field-effect mobility
in the linear regime (t4,) can be extracted from the gradient of I, versus V at constant Vp,.

W 1%
ID—fCi[J(VG—VT—TD)VDrVD<VG_VT (8)

In the saturation regime, the channel is pinched off when V, = Vg — V1 The current cannot
increase anymore and saturates. The square root of the saturation current is directly propor-
tional to the gate voltage.

W
I = 57 Citt(V — Vi), Vp>Ve—Vr (9)
4%
Vpsat = ici,u(vc - Vr) (10)

Eq. (10) predicts that plotting the square root of the saturation current against gate voltage
would result in a straight line. The mobility is obtained from the slope of the line, while the
threshold voltage corresponds to the extrapolation of the line at zero current. However, in the
saturation regime, the density of charge varies largely along the conducting channel, from a
maximum near the source electrode to practically zero at the drain electrode. Hence, the
mobility in organic semiconductors largely depends on various parameters, including the
density of charge carriers. Meanwhile, in the saturation regime, the mobility is not constant
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along the channel and the extracted value only represents a mean value. Therefore, it is often
more rational to extract the mobility in the linear regime, in which the density of charge is
more uniform. This is usually done through the transconductance g,,, which follows from the
first derivative of Eq. (3) with respect to the gate voltage [30].

olp W
8 = 3ve 7 CitVp (11)

This equation assumes that the mobility is gate voltage independent. However, the mobility is
actually gate voltage dependent. In this case, an extra term ou/0V should be involved in
Eq. (5), so that this method is only applicable when the mobility varies slowly with the gate
voltage [30]. Moreover, this method is very sensitive to the charge injection limitation and
retrieval at source and drain electrodes.

3.2.2. Current on/off ratio

The current on/off ratio is another important FET parameter that can be extracted from the
transfer characteristics. It is the ratio of the drain current in the on-state (at a particular gate
voltage) and the drain current in the off-state (,,/I,z). For best performing behavior of the
transistor, this value should be as large as possible. When neglected the contact resistance
effects at the source-drain electrodes, the on-current mainly depends on the mobility of the
semiconductor and the capacitance of the gate dielectric. The off-current is mainly determined
by gate leakage current. It can be increased for unpatterned gate electrodes and semiconductor
layers due to the conduction pathways at the substrate interface and the bulk conductivity of
the semiconductor. Moreover, the unintentional doping could also increase the off-current [31].

3.2.3. Threshold voltage

Threshold voltage originates from several effects and strongly depends on the organic semicon-
ductor and dielectric used. Generally speaking, the threshold voltage could be caused by inter-
face states, charge traps, built-in dipoles, impurities, and so on [31, 32]. And it can be reduced by
increasing the gate capacitance, which induces more charges at lower applied voltages. In many
cases, the threshold voltage is not always constant for a given device. The Vy, tends to increase
when organic transistors are operated under an extended time scale. This is called bias stress
behavior, and it has a significant effect on the applicability of organic transistors in electric
circuits and real applications. And thus is presently under intense investigation [33, 34]. A
current hysteresis could be caused by the shift of the threshold voltage on the time scale of
current-voltage measurements. Large stable threshold shifts, for example, induced by polariza-
tion of a ferroelectric gate dielectric, can be used in organic memory devices.

4. Organic semiconductor materials

The mobilities of organic semiconductors have achieved significant progress in OFETs from
the initially reported 10~ cm? V! s* for polythiophene in 1986 [35] to 10 cm® V™' s for
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present diketopyrrolopyrrole (DPP)-based polymers [36]. The high mobility of organic semi-
conductors over conventional amorphous silicon indicates large potential application of
organic electronic devices. The remarkable progress of organic semiconductors provides a
road for organic electronic industry. Generally, for high-performance organic semiconductors,
some critical factors, such as molecular structure, molecular packing, electronic structure,
energy alignment, and purity, play important roles. Among them, tuning the molecular pack-
ing is especially important for high-performance semiconductors since the charge carrier
transport is along the molecular 7t orbitals. Hence, the overlap degree of neighboring molecu-
lar orbitals significantly determines the charge carrier mobility. Molecular packing with strong
intermolecular interactions is favorable for efficient charge transport and high field-effect
mobility. The electronic structure and energy levels are crucial for the materials and device
stability. In order to obtain the high-performance and stable organic semiconductors, structural
modification with electron donors and acceptors are necessary. Except the above talked
aspects, the film morphologies such as grain boundaries also could affect the charge carrier
transport. The grain boundaries and disordered domains could hamper the efficient
intermolecular charge hopping between them. Hence, increasing the crystal grain size and film
uniformity could efficiently improve the charge transport and mobility. In this section, we
introduce some feature compounds with mobility of/over amorphous silicon and/or with high
stability.

4.1. P-type semiconductors

In the last two decades, p-type semiconductor materials have achieved much progress because
of their simple design and synthetic approach. P-type organic semiconductors mainly contain
acene, heteroacene, thiophenes, as well as their correlated oligomers and polymers, and two-
dimensional (2D) disk-like molecules. Several comprehensive reviews have given detailed
information about these compounds [32, 36]. Among them, the polycyclic aromatic hydrocar-
bons are most representative of the class of compounds due to their unique features. Some
representative p-type semiconductors are shown in Chart 1.

Pentacene (1), as the benchmark of organic semiconductors, was first reported in 1970s, but
the numerous OFET applications were only conducted recently [37, 38]. With strong
intermolecular interactions and herringbone packing motif, pentacene exhibits efficient charge
transport. Hence, polycrystalline thin film of pentacene (1) and tetracene (2) showed surpris-
ingly high mobility approaching 0.1 cm®* V-! 5" [37] and 3.0 cm?® V' 57! [39], respectively.
The substituted tetracene derivative rubrene (3) showed the highest charge carriers mobility
with 20 cm? V! s for single crystal device in the FET configuration [40]. This implies that the
conjugated acene is a good building block for the p-type semiconductors. Later on, phthalocy-
anines (4) and more core-extended hexa-peri-benzocoronenes (HBC) (5) containing two-
dimensional (2D) aromatic core were reported and showed typically discotic columnar liquid
crystalline phases. As a result, the HBC showed enhanced mobility along the column due to
the solid-state organization. Moreover, HBC-based OFETs by zone casting method exhibited a
high mobility up to 0.01 cm® V™' s~ [41]. The chemistry based on acene has paved the way for
designing efficient p-type semiconducting materials.
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Chart 1. Chemical structures of some p-type semiconducting materials.

The sulfur containing heteroacenes and their derivatives constitute another large group of
p-type aromatic hydrocarbons, as shown in Chart 1. The thienoacenes and their derivatives
were also synthesized and investigated as semiconductors for p-type materials. The asym-
metric oligoacene, such as the tetraceno-thiophene (6), was also synthesized and showed
similar mobility (0.3 cm® V™' s™!) compared to their centrosymmetric counterparts processed
in the same conditions [42]. The tetrathienoacene (7) with aryl groups had a higher mobility
up to 0.14 cm® V' s~ ! by vapor deposition [43]. The sulfur-sulfur interaction in the packing
motif was believed to enhance the charge carrier transport. The introduction of sulfur and
other heteroatoms induced different energy alignments and crystal packing, which promotes
the development of p-type materials.

Among the p-type polymers, poly(3-hexylthiophene) (P3HT) (8) has been studied extensively
and showed high mobility due to its good crystalline properties and well-ordered lamella
structure which facilitates the efficient charge transport [44]. And it has been widely used as
electron donor in organic solar cells. DPP-based polymers, such as PDDPT-TT (9), have been
shown as high-performance semiconductor materials with hole mobility over 10 cm* V="' s
Moreover, the device exhibited excellent shelf life and operating stabilities under ambient
conditions. Finally, exceptionally high-gain inverters and functional ring oscillator devices on

flexible substrates have been demonstrated [45, 46].

4.2. N-type semiconductors

Although the p-type semiconductor materials have achieved much progress, the development
of n-type organic semiconductors still lags behind that of p-type organic semiconductors due
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to low device performance, ambient instability, and complex synthesis. Owing to their impor-
tant roles in organic electronics, such as p-n junctions, bipolar transistors, and complementary
circuits, it is desirable to develop stable n-type semiconductor materials with high charge
carrier mobility for organic field-effect transistors.

To date, n-type organic semiconductors with high mobility are relatively rare and significantly
lagging behind p-type semiconductors, and most of the n-type materials are still air unstable in
ambient conditions due to its high lowest unoccupied molecular orbital (LUMO) energy level.
De Leeuw et al. reasoned that the air unstable problem is due to redox reaction with oxygen
and water [47]. Based on this result, we can calculate the LUMO energy level and it should be
lower than —3.97 eV in order to be stable toward water and oxygen. N-type organic semi-
conductors mainly contain halogen or cyano-substituted n-type semiconductors that could be
converted from p-type materials, perylene derivatives, naphthalene derivatives, fullerene-
based materials, and so on (Chart 2).

The important n-type semiconductor material perfluoropentacene (11) was first reported by
Sakamoto et al. [48]. This molecule adopted similar crystal packing to pentacene, and transistors
fabricated from vacuum-deposited films showed a high mobility up to 0.11 cm* V' s~ ' and an
on/off ratio of 10°. It was thought that attaching fluorine atoms could lower the LUMO energy
level of this compound. However, the LUMO energy level is not low enough to make the OFET
device stable in the ambient condition. Similarly, the 2,5,8,11,14,17-hexafluoro-hexa-peri-
hexabenzocoronene was synthesized by Kikuzawa et al. from hexakis(4-fluorophenyl)-
benzene [49]. This fluorinated compound was also suitable for the fabrication of n-channel
transistors due to the decreased LUMO energy level, showing a mobility of 1.6 x 10~ cm* V™!
s~ ! and an on/off ratio of 10*. Based on these results, they showed that the halogen substitution
is a proper way to obtain n-type semiconductors.
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Chart 2. Chemical structures of some n-type semiconducting materials.
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Naphthalene diimide (12) and perylene diimide (13) derivatives are two of the most studied
n-type materials used in OFETs. Simple naphthalene and perylene diimides can be prepared
from bisanhydrides and primary amines. Generally, the aromatic diimide in transistors shows
an n-type character due to imide functionalization. Then, cyano or halogen was introduced to
improve the air stability. Naphthalene diimide substituted with electron-withdrawing CN
groups at the core position was reported by Jones et al. [50]. This molecule showed a mobility
as high as 0.11 em® V"' s7! as well as good ambient stability compared to unsubstituted
compound. Cyano-substituted perylene diimide was also reported by the same group [51].
The good air stability was also observed, which indicates that cyano substituent is another
efficient way to lower the LUMO energy level and achieve stable n-type materials. Later on,
the core-expand NDI bearing two 2-(1,3-dithiol-2-ylidene)malonitrile moieties at the core (14)
needs to be mentioned due to its good solution processability and good air stability [52].

Based on these results, it could be concluded that there is an efficient way to achieve stable
n-type materials by combining imide functionalization and cyano or halogen substitutions.
Electron-deficient aromatic diimides, such as ovalene diimide (ODI-CN), have attracted
increasing attention as promising n-type semiconductors for OFETs (15) [53]. The materials of
this class showed not only highly planar conjugated backbone but also easily tunable elec-
tronic properties through core and imide-nitrogen substituents with electron withdrawing
groups and alkyl chains, respectively.

Similar to organic small molecules, the high-performance n-type polymers reported so far are
much scarcer than that of p-type polymers. However, in order to achieve complementary
circuits and plastic electronics, developing high-performance polymeric semiconductor with
good air stability is essential. According to the previous works, the most promising results for
n-type polymers is naphthalene-based polymer (P(NDI20OD-T2)), which exhibited an unprec-
edented high performance, with a mobility of 0.1 cm®* V"' s~ (up to 0.85 cm® V="' s~ ') and on/
off ratio of 10° and excellent air stability in ambient conditions. Furthermore, the semiconduc-
tors could be processed by gravure, flexographic, and inkjet printing technique, and achieve
all-printed polymeric complementary inverters (with gain 25-65) [54].

5. Fabrication techniques

The deposition of semiconductors is the determining step of the OFET fabrication. And it will
decide the performance of the devices significantly. Here, we will introduce some important
techniques commonly used in the OFET fabrication.

5.1. Vacuum evaporation

This technique allows for deposition and purification of small molecule organic semiconduc-
tors. The process is performed in an ultrahigh vacuum environment. The organic semiconduc-
tor material is placed in a metal boat and heated by Joule effects or electron gun, and the
substrate is placed above the boat to allow growth and formation of the organic materials. In
principle, high molecular weight organic semiconductors cannot be deposited by this way,
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because they are too heavy to evaporate and tend to decompose at high temperatures. The
main advantages of the vacuum evaporation are the facile control of the purity and thickness
of the deposited film. Meanwhile, that highly ordered crystalline thin films can be realized by
controlling the deposition rate and the temperature of the substrate. Its major deficiency is that
it requires complicated instruments. This is different with the solution processing technique
which is simple and low-cost.

5.2. Liquid deposition

Liquid deposition process is an important part of most OFET fabrication process, either to
deposit the active layers or to manipulate layers deposited through other means. Many
organic semiconductor materials have been engineered to be soluble or dispersible in solu-
tion, which gives a possibility toward the device fabrication. Many strategies have been
applied to the deposition of organic semiconductors for utilization in OFETs. The common
deposition methods include spin-coating, drop-casting, dip-coating, spray-coating, and roll-
coating techniques (Figure 4) [55].

Printing comprises a family of techniques and can simultaneously deposit and pattern a target
material. This technique mainly contains ejected drop printing, contact stamp printing, indirect
and offset printing methods, and capillary stylus dispensing. The comparison of these tech-
niques in terms of advantages and disadvantages has been reported by some comprehensive
reviews [55, 56]. Among them, piezo inkjet printing has dominated OFET fabrication printing
techniques due to its excellent compatibility and the availability of sophisticated print heads to
the development community. In this technique, some parameters like ink viscosity, ink surface
tension, and substrate surface energy are crucial for ejection and deposition of the droplets. It is
necessary to control the droplet spreading and drying to avoid “coffee ring” effect and form
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Figure 4. A schematic summary of the solution-based deposition techniques discussed. Reproduced with permission
from Ref. [55]. Copyright 2014, The Royal Society of Chemistry.
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precisely patterned arrays. Some method such as combining the antisolvent crystallization and
inkjet printing has been used to produce highly crystalline organic semiconducting thin films.
By this approach, thin-film transistors with average carrier mobilities as high as 16.4 cm®*V~'s™!
have been achieved based on single crystalline thin films of 2,7-dioctyl[1]benzothieno[3, 2-b][1]
benzothiophene (C8-BTBT) [57].

5.3. Thin-film alignment

Depositing of crystalline organic semiconductors with controlled in-plane orientation is one
important issue for high-performance OFETs. It is generally accepted that charge transport in
organic materials occurs via the hopping mechanism, which depends on the degree of orbital
overlap between the molecules. Since charge carriers are preferentially transported along the
1t-7t stacking direction in organic semiconductors, macroscopically aligned organic films have
potentially higher mobilities and provide more unusual properties, such as optically and
electrically anisotropic characteristics. Therefore, many deposition techniques have been inves-
tigated for patterning and alignment of organic semiconductors [56]. The techniques mainly
contain (1) mechanical forces alignment, such as friction-transfer, nanoimprinting, and the
Langmuir-Blodgett (LB) technique; (2) depositing the organic semiconductors directly on the
alignment layers prepared by different methods, such as rubbing and photoirradiation; (3)
growing the organic semiconductors on inorganic single crystals; (4) using magnetic or electric
field-induced alignment; (5) using solution-processed technique to align organic semiconduc-
tors on isotropic substrates.

Among the solution processing techniques, the traditional techniques such as spin-coating and
drop-casting cannot control the thin-film orientation. Therefore, some methods have been used
to overcome this issue. For example, zone-casting offers a route to control the orientation of the
deposited layers. In this process, a continuously supplied hot solution is deposited by means of
a nozzle onto a moving, thermally controlled support. Under appropriate rates of solution
supply and solvent evaporation, a stationary gradient of concentration is formed within the
meniscus, which gives rise to directional crystallization [58]. Dip-coating is another technique
to give a better thin-film alignment in solution-processed devices [59, 60]. This process can be
controlled by the substrate lift rate, solvent evaporation, and capillary flow. Solvent choice is
especially important because of its effect on the rate of solvent evaporation. The drying speed
which influences the thin-film morphologies can be quantitatively controlled during the dip-
coating process by adjusting the substrate lifting rate.

Solution-sheared deposition is a recently developed approach that can deposit highly crystal-
line and aligned thin films on isotropic substrates [61]. This method is related to doctor
blading, which employs a blade to distribute a viscous solution over a substrate. A small
volume of a diluted organic solution is sandwiched between two preheated silicon substrates,
which move relatively to each other at a controlled speed. The top wafer acts as the shearing
tool and is treated to be hydrophobic and the bottom wafer acts as the device substrate. The
motion of the wafers exposes a liquid front that quickly evaporates to form a seeding film
comprising multiple crystal grains. These crystals act as nucleation sites and allow the remain-
ing molecules in solution to grow along the direction of the shearing direction (Figure 5) [61].
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Figure 5. Schematic diagram of the solution-shearing method (a) and (b) cross-polarized optical microscope images of
solution-sheared TIPS-pentacene thin films, formed with shearing speeds of 0.4 mm/s. Adapted with permission from
Ref. [62]. Copyright 2011, Nature Publishing Group.

It has been reported that by using this method, metastable molecular packing motifs (or lattice-
strained crystal structure) could be formed, which can alter the intermolecular m-mt stacking
distance and enhance the charge transport properties [62].

Slot-die coating is also a promising technique to control the thin-film alignment and self-
assembly process for OFET applications. It has been proved to be a simplistic and manufactur-
able approach to fabricate large area high-performance field-effect transistors. This technique
saves raw materials and controls film uniformity reliably, accurately, and reproducibly. The
slot die coating is scalable to large areas and, therefore, applicable for the fabrication of large
area low-cost electronics. We first applied this technique in the OFET fabrication [63]. Figure 6
schematically illustrates this process. A temperature-controlled vacuum suction plate was used
to fix and preheat the substrates to a certain temperature. A small volume of organic solution is
deposited onto the modified substrate surface by a slot die with different coating gaps ranging
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Figure 6. Schematic of slot-die coating and the AFM image of the film with molecular structure superimposed. (a), (b)
and (c) indicate the crystal axises of the crystal structure. Adapted with permission [63]. Copyright 2013, WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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from 15 to 90 pm. The depositing speed is controlled within the range of 0.1-19.9 mm/s. The
pre-exposed seeding film can act as nucleation sites and allow the remaining molecules in the
solution to grow along the coating direction [63].

6. Conclusions and future outlook

In general, impressive progress has been accomplished in the design, synthesis, and processing
of organic semiconductors in the past few years. In the future, organic semiconductors will
become more attractive due to comparable performance to traditional amorphous inorganic
semiconductor materials, and their near-infinite tunability. Meanwhile, for large-scale fabrica-
tion of low-cost devices, solution-based film deposition processes at low temperatures with
high charge carrier mobility are highly desirable.

Currently, more attention is focused on the solution-processable, air-stable high-performance
organic n-type semiconductor; the relationship between the molecular structure of the organic
semiconductor and device performance; and large area semiconductor thin-film alignment.
Meanwhile, some important issues still need further investigation such as operational stability,
low-cost and large area fabrication process, device integration, as well as functionalization in
sensor fields. The study of the defect electronic structure of organic semiconductors will also be
the important subject in the coming years.

In summary, although organic materials and devices still have some deficiencies, they can be
improved and used in a wide range of low-cost functional devices to meet the needs of
different markets, and they are sure to become a unique feature of our life in the future.
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Abstract

This chapter reviews gas-sensitive field-effect transistors (FETs) for gas sensing. Although
various types of gas sensors have been reported, this review focuses on FET-based sen-
sors such as catalytic-gate FETs, solid electrolyte-based FETs, suspended-gate FETs, and
nanomaterial-based FETs. For recognition of analytes in the gas phase, the combination
of cross-reactive gas sensor arrays with pattern recognition methods is promising. Cross-
reactive sensor arrays consist of gas sensors that have broad and differential sensitiv-
ity. Signals from the cross-reactive sensor array are processed using pattern recognition
methods. Reports of FET-based sensor arrays combined with pattern recognition meth-
ods are briefly reviewed.

Keywords: gas-sensitive field-effect transistor, gas sensor, cross-reactive sensor array,

pattern recognition method

1. Introduction

The importance and demand for sensing gases, vapors, and volatile organic compounds
(VOCs) have been increasing in fields such as diagnostics [1-4], environmental monitoring
for industrial, agricultural, home safety, and so on [4, 5]. Various types of gas sensors and
sensor arrays have been researched and developed [6-8], including field-effect transistor
(FET)-based sensors. Following the report of pioneering work on catalytic-gate FETs, research
on FET-based gas sensors has been extended to various types of gas-sensitive FETs. In this
chapter, catalytic-gate FETs, suspended-gate FETs (SGFETs), and solid electrolyte-based FETs
are introduced. Gas-sensitive FETs based on nanomaterials such as carbon nanotubes (CNTs),
nanowires (NWs), graphene, and transition metal chalcogenides have also been investigated
because the high surface-to-volume ratios of nanomaterials are attractive for improving sen-
sor properties [5, 9]. These nanomaterial-based FETs are also reviewed.

I m EC H © 2017 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,
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For recognition of gaseous and volatile analytes from sensing results, two main methods have
been used [3]. The conventional recognition method uses selective sensors with specific recep-
tors designed for selective interaction with target analytes [3, 6]. Another recognition method
uses a combination of cross-reactive sensor arrays and pattern recognition methods [3, 6-8, 10].
These cross-reactive sensor arrays consist of gas sensors that are responsive to a broad range of
analytes and have differential sensitivities. To date, various gas sensors have been applied in
sensor arrays [6, 8], including gas-sensitive FETs. In this chapter, research on the combination
of FET-based sensor arrays and pattern recognition methods is briefly reviewed.

2. Gas-sensitive FETs and field-effect devices combined with catalytic
metal gates

Catalytic-gate FETs are one of types of gas-sensitive FETs. In 1975, Lundstrom et al. first
reported a Pd-gate FET sensitive to hydrogen [11, 12]. Pioneering research on catalytic-gate
FETs opened up the field of FET-based gas sensors and other gas-sensitive field-effect devices
such as capacitor-based [13-17] and Schottky diode-based sensors [18, 19]. Catalytic-gate
filed-effect devices feature a nanoscale layer of catalytic metals, such as palladium and plati-
num, as a gate electrode on insulating layers in a metal-insulator-semiconductor (MIS) struc-
ture [20]. Figure 1 shows reported schematic illustrations of this structure and the threshold
voltage shift of a Pd-gate FET that is sensitive to hydrogen [21]. In initial reports of catalytic-
gate FETs, Pd as a catalytic-gate electrode was deposited onto the insulating layer of the MIS
structure of the FET [11, 12, 21]. Figure 2 shows changes observed in the threshold voltage [11]
on hydrogen introduction to Pd-gate FETs. The gas-sensitive mechanisms of catalytic-gate
FETs and catalytic-gate field-effect devices have been described in earlier reviews [20, 21].

Porous metal gates in catalytic-gate field-effect devices have allowed for important progress in
NH, sensing [20, 22]. Figure 3 shows reported TEM observations of 3- and 7-nm-thick Pt lay-
ers evaporated onto SiO,. These thin Pt layers consist of discontinuous metals [22]. The choice
of catalytic materials, the structure of the catalytic layer, and the operating temperature affect
the sensitivity and selectivity of catalytic-gate field-effect devices [14, 15, 20]. Furthermore, the
type of insulating materials used in the MIS structure also influences the responsive proper-
ties of gas-sensitive field-effect devices [16].

For operation at high temperatures, silicon carbide (SiC)-based FETs have been investigated.
SiC is a wide-bandgap semiconductor, and can be used as a substrate for the MIS structure
instead of the conventional Si substrate [17]. SiC can be used at high temperatures and harsh
environments because of its chemical inertness [23-25]. SiC-based FETs have been applied to
the sensing of CO [23], NH, [23, 24], NO, [24], and SO, [25]. As with conventional catalytic-
gate FETs using an Si substrate, the catalytic-gate material used in SiC-based FETs influences
the sensitivity and selectivity of the sensor [25].

Catalytic-gate devices consisting of high-electron mobility transistors (HEMTs) have also
been studied for operation at high temperature. For example, GaN/AlGaN heterostructures
that exhibit two-dimensional electron gas (2DEG) induced by spontaneous and piezoelectric
polarization at the interface of the heterostructure have been applied to a catalytic-gate HEMT
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Figure 1. Schematic illustrations of the (a) structure and (b) threshold voltage shift of a Pd-gate FET sensitive to hydrogen.
Reprinted with permission from Ref. [21]. Copyright 1993 Elsevier.
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Figure 2. Changes in the threshold voltage toward H, at different concentrations at 150°C. Reprinted with permission
from Ref. [11]. Copyright 1975 American Institute of Physics.
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S50nm 3nm Pt

Figure 3. Transmission electron micrographs of 3- and 7-nm thick porous Pt metal layers on SiO,. Reprinted with
permission from Ref. [22]. Copyright 1987 Elsevier.

as a gas sensor [26]. In this report, the GaN/AlGaN-based HEMT combined with a Pt gate
electrode was operated at about 400°C for sensing of H,, CO, C,H,, and NO,.

3. Solid electrolyte-based FETs

Solid electrolytes can also be applied to FET-based sensors. For example, an FET-based oxy-
gen sensor using yttria-stabilized zirconia (YSZ) as a solid electrolyte (Figure 4) has been
reported [27]. In this sensor, a YSZ film was formed on an insulating layer consisting of Si,N,
and SiO,. Furthermore, a nanoscale layer of Pt was deposited on the YSZ film as a gate elec-
trode. Figure 5 shows responses of this sensor to oxygen and nitrogen (1 atm) [27]. At room
temperature, a repeated stepwise response curve and a subsequent drift were observed. The
response of the sensor showed a linear relationship against the partial pressure of oxygen in
a logarithmic range between 0.01 and 1 atm. The sensitivity of the sensor to oxygen increased
as the thickness of the Pt layer decreased.

To investigate the YSZ-based FET structure for use as an oxygen sensor, the crystalline struc-
ture and electrical properties were studied for a YSZ film deposited on a layer of Si,N, by
RF sputtering [28]. In the capacitance-voltage curve, hysteresis was observed, and was con-
sidered to be caused by the movement of oxygen ions and/or electrons in the YSZ film. This
resulted in an unstable response at room temperature as mentioned above. Therefore, to
increase the stability and quicken the response of the oxygen sensor at room temperature,
the solid electrolyte-based FET would need to incorporate an electrolyte with a high diffusion
coefficient for oxygen ions [28].
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Figure 4. Schematic illustration of a YSZ-based FET. The YSZ-based FET is n-channel type and depletion-mode device.
A nanoscale Pt layer is formed on a layer of YSZ. Reprinted with permission from Ref. [27]. Copyright 1988 American
Institute of Physics.
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Figure 5. Responses at 20°C of a YSZ-based FET against O, and N,. Reprinted with permission from Ref. [27]. Copyright
1988 American Institute of Physics.

4. Suspended-gate FETs

In 1983, Janata et al. reported an SGFET sensitive to dipolar molecules such as methanol and
methylene chloride [29]. In the SGFET shown in Figure 6, fluid samples can penetrate into
the gap between the insulating layer and the suspended metal mesh. Electrochemical sur-
face modification using polypyrroles has been used to improve the selectivity of the SGFET
[30]. This report described the preparation of SGFETs with differential selectivity by chemical
modification with a polymer coating.
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Figure 6. Schematic illustration of a suspended gate FET. Reprinted with permission from Ref. [29]. Copyright 1983
American Institute of Physics.

Improvement of fabrication processes is an important topic in SGFET research. Hybrid
SGFETs prepared using an improved process and with diverse materials in the sensing layer
have been reported [31]. In the fabrication process of hybrid SGFETs, the gate and body chip
are prepared separately and then combined. This manufacturing technique has advantages
over conventional methods because it allows for incorporation of a diverse range of sensitive
materials in the structure. The flip-chip method has also been applied to the preparation of
an SGFET for sensing ammonia [32]. In this report, a polyacrylic acid layer was formed on the
gate structure by a spraying process.

The air gap in the gate structure of an SGFET causes undesirable effects on the sensing stabil-
ity because of a lack of passivation, small W/L ratio, and a low gate capacity [33]. To over-
come these drawbacks, research on SGFETs has been expanded to capacitively controlled
FETs (CCFETs) [33] and floating-gate GasFETs (FGFETs) [34]. CCFETs contain an FET struc-
ture and a gas-sensitive capacitor with an air gap. FGFETs are a modification of CCFETs that
use a floating gate for improved signal stability [34]. An FGFET with a hybrid-mounted gas-
sensitive top electrode has been reported (Figure 7a) [34]. In this structure, the gas-sensitive
capacitor and read-out transistor were integrated in one chip. Figure 7b shows the equivalent
circuit diagram of the FGFET. The gate and the plate are electrically floating because they are
isolated by the SiO, layer. This FGFET was used for sensing H, (500 ppm).

(a) (b)
Hybrid mounted top electrode
with gas sensitive film Guard-ring
\ A:r gap [ Passivation (Si,N,) V,, + AD
Buried gate i
L Rs Co
Ve Cruss Ve + AVauo
Cox G

Capachtance-well (n) I i t |

Substrate (p-Si) Ve Ve Vo
v

Capacitive voltage divider  P-channel MOSFET
o in the transistor-well (n)

Figure 7. (a) Schematic illustration and (b) equivalent circuit diagram of a reported FGFET. Reprinted with permission
from Ref. [34]. Copyright 2003 Elsevier.
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Different FET-based sensors can be combined to extend the sensitivity range. For example, an
SGFET responsive to high concentrations of H, and a catalytic-gate FET with good sensitivity for
low concentrations of H, have been combined in one chip to increase the sensitivity range [35].

5. Nanomaterial-based FETs

FET-based gassensorshavebeen expanded to sensors containing nanomaterials. Nanomaterial-
based FETs have large surface-to-volume ratios, which contribute to high sensitivity and fast
response and recovery times [3]. Nanomaterials allow for high-packing densities because of
their intrinsic small dimensions [5]. This section briefly reviews FET-based gas sensors using
nanomaterials such as CNTs, NWs, graphene, and transition metal chalcogenides.

5.1. CNT-based FETs

The fabrication of CNT-based FETs was first reported in 1998 [36, 37]. A typical CNT-based
FET consists of a CNT, source and drain electrodes, insulating layer, and a substrate as the
back gate [38]. Both individual CNTs and random networks of CNTs can be used to prepare
CNT-based FETs. Chemical-gating effects of an individual single-walled CNT-based FET
caused by exposure to gaseous NH, or NO, were reported in 2000 [39]. To date, CNT-based
FETs have been applied to sensing H, [40], CH, [40], CO [40], CO, [41], NO, [40], NH, [40], H,S
[40], alcohols [42], and breath samples [43].

To improve the sensitivity and selectivity of CNT-based FETs, they have been modified with
nanoscale catalytic materials such as Pd [40, 44], Pt [40, 44], Rh [40], Au [40, 44], and Ag [44].
Furthermore, modifications with polymers [41], peptides [44], olfactory receptor proteins
[45], and DNA [46, 47] have been reported.

5.2. NW-based FETs
5.2.1. Gas-sensitive FETs using Si NWs

Asa gas-sensitive FET using one-dimensional nanomaterials, an application of an Si NW-based
FET for sensing NH, was reported in 2006 [48]. After that, an FET-based sensor consisting of a
highly ordered Si NW array on a bendable plastic substrate was prepared and applied to sens-
ing NO, at parts per billion levels [49]. Furthermore, Si NW-based sensors have been applied
to sensing H, [50].

Despite the potential of Si NW-based FETs for gas sensing, the sensitivity of bare S5i NW-based
FETs toward nonpolar volatile analytes is limited [51]. To overcome this, the native SiO, layer
on the surface of the Si NWs has been chemically modified with silane monolayers [51]. Silane
monolayer-modified Si NW-based FETs have been used for sensing nonpolar VOCs [51]
and exhaled breath samples [52]. Modification with nanoparticles [50] has also been used
to improve the responses of Si nanomaterial-based FETs to target analytes. In addition, an
Si nanoribbon-based FET functionalized with an organic compound that is reactive toward
nerve agents at sub-ppm levels has been reported [53].
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5.2.2. Gas-sensitive FETs using metal oxide NWs or compound semiconductor NWs

Metal oxide NWs such as In,O, [54, 55], SnO, [56-58], and a-Fe,O, [59] have also been applied
to FET-based gas sensors. For example, an In,O, NW-based FET has been used for sensing
NO, and NH, [54].

Surface modification of NWs with nanoparticles has been used to improve the sensitivity and
selectivity of gas-sensitive metal oxide NW-based FETs. To date, Pd [56, 58], Pt [55], Ag [55],
Au [55], ZnO [57], and NiO [57] nanoparticles have been used to improve the properties of
metal oxide NW-based FETs for gas sensing. For example, Moskovis et al. reported modifi-
cation of SnO, NW-based FETs with Pd nanoparticles, and the application of this device to
sensing H, [58]. In this work, an unusual sensitivity to H, in the charge depletion region of
the device was reported [58]. This device was used for sensing a H, concentration range from
10 to 2500 ppm [58].

Compound semiconductor NWs have also been applied in FET-based sensors [60, 61]. Gao and
coworkers applied NWs of InAs, which is a I1I-V semiconductor, to fabrication of a gas-sensi-
tive FET [60]. This FET-based sensor was responsive to several gases and alcoholic vapors [60].

5.3. 2D nanomaterial-based FETs

Because of their high surface-to-volume ratios in molecular-level interactions, two-dimen-
sional nanomaterials are attractive for use in FET-based sensors [5, 62]. Applications of 2D
nanomaterials such as graphene and transition metal chalcogenides to FET-type gas sensors
have been studied.

Since the potential of graphene-based sensors for gas sensing was first reported [63], other
studies have investigated gas sensing using graphene-based FETs [62, 64]. A reported gra-
phene-based FET is shown in Figure 8 [64]. Figure 8a shows an atomic force microscopy
(AFM) image of the FET based on graphene. Schematic diagram of the back-gate-type FET is
shown in Figure 8b [64]. In the structure, the FET consists of a graphene sample connected

(b} oy

Graphene

Figure 8. (a) AFM image and (b) schematic illustration of a graphene-based FET. Reprinted with permission from Ref.
[64]. Copyright 2009 American Chemical Society.
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with source and drain electrodes of Au/Cr, an SiO,-insulating layer, and a p-Si substrate as the
back gate. In this report, the sensor was used for sensing NH, vapors [64].

As 2D nanomaterials, the transition metal chalcogenides MoS, [65], MoTe, [66], and WS, [67]
have also been applied in FET-based gas sensors. Figure 9a shows a schematic illustration of
a back-gate FET based on MoS, [5]. Figure 9b shows an optical image of MoS,-based FETs. In
this FET, MoS, sheets were grown on an SiOz/Si substrate, with Ti/Au as the source and drain
electrodes. This sensor was responsive to 20 ppb NO, and 1 ppm NH, [5].

(a) (b)

Figure 9. (a) Schematic illustration and (b) optical image of a back-gate MoS, nanowire-based FET. Reprinted with
permission from Ref. [5]. Copyright 2014 American Chemical Society.

6. Combination of gas sensors and pattern recognition methods

According to an earlier review [6], receptors in mammalian olfactory systems do not show
highly selective responses against specific analytes. Pattern recognition methods are thought
to be a dominant mode used in processing signals from the broad responses of the mamma-
lian olfactory system [6].

Cross-reactive chemical sensor arrays combined with pattern recognition methods to mimic
mammalian olfactory systems have been studied as an alternative sensor system to traditional
sensing devices that use a “lock-and-key” design [6]. In intelligent sensor arrays using pattern
recognition methods, complex patterns generated by nonspecific cross-reactive sensors are
analyzed for classification and identification of analytes [3, 6-8]. Cross-reactive sensor arrays
are constructed using sensors that are responsive to a broad range of analytes and have differ-
ential sensitivity [3, 6]. Conventional semiconductor processes can be applied to miniaturize
FET-based sensors for the fabrication of cross-reactive sensor arrays.

Before data analysis, complex signals obtained from sensor arrays can be preprocessed and
normalized for the application of appropriate computational methods [7, 8, 10]. After pre-
processing and feature extraction, the selected method is performed. Currently, there is no
general rule for the selection of computational methods. Therefore, computational methods
must be appropriately selected on the nature of the data and the particular situation [7].

Various types of gas sensor arrays have been used with pattern recognition methods [6-8],
including FET-based gas sensor arrays. For example, Lundstrom et al. reported combination
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of catalytic-gate FET-based gas sensor arrays with pattern recognition methods [68, 69]. The
signals from the FET-based sensor arrays were processed using conventional partial least-
squares regression and an artificial neural network to predict the concentrations of individual
gases [69]. Molecularly modified Si NW-based FET sensors have also been combined with an
artificial neural network to recognize VOCs and estimate their concentrations [70].

7. Overview and outlook

For the introduction of gas-sensitive FETs, a broad overview of catalytic-gate FETs, solid
electrolyte-based FETs, suspended-gate FETs, and nanomaterial-based FETs is given in this
chapter. Arrays of these sensors can be combined with computational pattern recognition
methods. As introduced, the combination of cross-reactive gas sensor arrays with pattern rec-
ognition methods is a promising method for the recognition of analytes in the gas phase.
Cross-reactive sensor arrays should contain sensors that are responsive to a broad range of
analytes and have differential sensitivity. Conventional semiconductor processes can be used
for miniaturization of FET-based sensors. FET-based sensors may have advantages over other
sensors used in device miniaturization of cross-reactive sensor arrays.
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Abstract

The impressive improvement in biomolecular detection has gone from simple chemical
methods to sophisticated high throughput laboratory machines capable of accurately
measuring the complex biological components and interactions. In the following chap-
ter, we focus our attention on transistor-based devices as an emerging platform for
easy-to-use, portable amplified biodetection for preventive personalized medical appli-
cations and point-of-care testing. Electronic sensing devices comprise biosensors based
on field-effect transistors (bio-FETs) and organic electrochemical transistors (OECTs).
Transistor sensing devices can transduce electronic and ionic signals thereby creat-
ing an effective human-machine communication channel. In this chapter, we survey
the progress done on the development of transistor innovative concepts to examine
biological processes, i.e., biosensors integrated with textiles, flexible substrates, and
biocompatible materials. Electrochemical and field-effect transistors can operate at low
voltages possibly serving for highly sensitive, selective, and real-time sensing devices.
The exploration of biosensors integrates different disciplines such as organic electronics,
biology, electrochemistry, and materials science.

Keywords: bio-FETs, OECTs, transistor biosensors, electrolyte-gated transistors

1. Introduction

Biosensors are devices that incorporate biological sensing elements or bioreceptors to detect
specific molecule/chemical analytes and produce a measurable signal (current, voltage, and
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color change). Enzymes are protein molecules that act as biological catalysts that bind/react
highly specific to certain molecules therefore enzymes can be excellent bioreceptors. The
transducer is the mechanism by which selective binding of analytes and bioreceptors is con-
verted into a measurable signal. Common transducers are based on optical, electrochemical,
and electronic signal modulations upon addition of the analyte.

Electronic devices based on polymer electrodes, organic thin-film transistors, and organic
light-emitting diodes can be interfaced with biological moieties, i.e., cells, microorganisms,
proteins, oligonucleotides, small molecules, for medical applications, and environmental and
food quality control [1-7]. The scope of bioelectronics is shown in Figure 1 [7]. Transistors,
polymer electrodes, and organic light-emitting diodes can be coupled with recognition ele-
ment bioreceptors, i.e., enzymes, nucleic acids (DNA), or antibodies to selectively detect an
analyte, i.e., proteins, complementary DNA chains, viruses, nutrients, hormones, collected
from blood, urine, or saliva [8, 9]. Transistor-based biosensors can be divided into field-effect
transistor biosensors (bio-FETs), discussed in Section 2 and organic electrochemical transis-
tors (OECTs), discussed in Section 3.

1.1. Background of biosensors and main transducer mechanisms

Since the introduction of insulin as a treatment for diabetes, monitoring glucose in blood
became an important issue. Glucose sensors are nowadays by far the most successful com-
mercial application of biosensors with more than 85% share of a multibillion dollar market in
the USA [8, 10]. For this reason, glucose biosensors lead the path toward the development of
new biosensing concepts.

The main transducer mechanisms involve optical, electrochemical, and electronic processes.
1.1.1. Optical transducers

The early glucose biosensors were based on colorimetry. Colorimetry is a technique in which
the color of a solution is taken as an index of the composition of the solution. The color of the

Organic Than-Fim Tramistors Ok Light-Emilting Diedes

Organic Electronics

Figure 1. A cartoon showing the scope of organic bioelectronics [7]. Copyright © Materials Research Society 2010.
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solution can be modified by a chemical reaction and the concentration of its constituents can
be revealed by comparison with a suitably prepared set of color standards in a color compara-
tor [11]. The color comparison of the solution with its standard can be made visually or with a
colorimeter. Colorimeters are devices that measure light absorption or reflection in the visible
spectrum.

Most of the colorimetric methods to measure glucose in blood produce a color change by the
reduction of an aromatic organic compound. The introduction of Dextrostix (Ames Co.) in 1964
provided a simple tool to measure blood glucose. Dextrostix is a cellulose strip with reagents
that vary in color and intensity as a function of the amount of glucose present in the blood [12].
The reagents in Dextrostix are glucose oxidase, peroxidase, and a chromogen (i.e., tetramethyl-
benzidine). Glucose in blood samples is first oxidized into gluconolactone and eventually into
gluconic acid [13]. This oxidation reaction is assisted by the enzyme glucose oxidase (GOx)
biological catalyst. Oxygen dissolved in blood is necessary to carry this oxidation process and
the by-product is hydrogen peroxide (H,O,). Hydrogen peroxide then reacts with the chromo-
gen system to result in a specific color pattern specific to the glucose concentration in blood.

To avoid the operator subjective comparison of the strips by visual inspection, the color
change in Dextrostix strips can be evaluated with a simple reflectance meter or with more
sophisticated spectrophotometers.

Despite the simplicity of optical transducers, its early development was hampered by the
requirement of bulky and costly optical equipment or by the intrinsic inaccuracy of visual
inspection [14].

One possible solution may be replacing costly reflectance meters or spectrophotometers with
software algorithms to enable digital cameras in smartphones quantitative screening when
fast diagnosis is needed. Common CMOS cameras found in smartphones have successfully
monitored glucose, protein, and pH in artificial urine with interphone repeatability and mini-
mal operator intervention [15].

Silicon optical photonic-crystal waveguide arrays capable of sensing up to 128 compounds
within a few millimeters of space with excellent signal-to-noise ratio have been recently
reported [16, 17]. The operating principle is similar to that in surface plasmon resonance sen-
sors that measure the change in reflectivity of a thin gold metal film deposited on a glass
prism upon addition of the analyte. Photonic-crystals are optical structures in which a periodic
modulation of the refractive index exists for a given material. Depending on the exact periodic
modulation, a given bandwidth of light cannot be transmitted through such material thus
defining a photonic band gap. A given bandwidth of light can be confined in the waveguide.
Since the band gap is very sensitive to the refractive index at the crystal surface, when in con-
tact with aqueous medium, biomolecules adhere to the crystal surface and modify the refrac-
tive index resulting in a shift in the band gap. This property can be utilized for biosensing.

Surface functionalization with a binding bioreceptor of the photonic-crystal can be employed
to improve analyte selectivity. While the requirement of additional optical and electronic
components makes photonic-crystal biosensors relatively complex they can be made ultra-
compact in a single integrated chip embedded in an easy-to-use and portable device.
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1.1.2. Electrochemical transducers

Electrochemical sensors originally called “enzyme electrodes”emerged as highly sensitive,
easy-to-use, portable, and user-friendly sensing devices. Electrochemical biosensors are now-
adays the most widespread transducers for glucose sensing [18].

Electrochemical sensors measure electrochemical processes occurring in an electrode function-
alized with enzyme bioreceptors immersed in an electrolyte solution containing the analytes.
Electrochemical processes include the measurement of tiny changes of voltage (potentiom-
etry), current (amperometry), or resistance/conductance (conductometry) specific to the
presence of an analyte. Electrochemical sensors usually involve two electrodes, the working
electrode and the counter electrode under which a voltage is applied. A third reference elec-
trode can be employed to set and monitor the potentials vs an absolute reference value.

In the absence of the reference electrode, it is somewhat difficult to measure a small current
change in a reproducible way, thus the reproducibility of electrochemical sensors is generally
less accurate than those employing optical transducers [19]. However, because electrochemi-
cal sensors can be miniaturized and manufactured inexpensively, they actually dominate the
biosensor market [10, 19, 20].

Electrochemical glucose sensors alike their analogue glucose optical sensors employ glucose oxi-
dase (GOx) enzyme to bind the glucose molecule and facilitate its oxidation process. Oxygen and
GOx oxidize glucose into gluconic acid and generate hydrogen peroxide as by-product. During
this process, GOx is reduced and can be regenerated (oxidized) by adding ferricyanide which in
turn is reduced into ferrocyanide. A metal electrode can regenerate ferrocyanide (reduced form)
into ferricyanide. The reduction-oxidation cycle of glucose generates electrons at the metal elec-
trode and can induce a spontaneous electric current (with no voltage applied) proportional to the
glucose concentration. To obtain a quick glucose measurement, a change in the electrical current
is measured as a function of a voltage applied between the electrolyte and the metal electrode.

Another popular redox system to detect glucose is based on enzyme glucose dehydrogenase as
catalyzer and nicotinamide adenine dinucleotide, replacing oxygen to oxidize glucose [21, 22].

1.1.3. Electronic transducers

After the discovery of the enzyme electrode, ion-sensitive field-effect transistors (ISFETs),
Figure 2 (right), in which the gate electrode in a conventional metal-organic field-effect tran-
sistor (MOSFET), Figure 2 (left), is replaced by an aqueous solution and a reference electrode,
emerged to measure ionic species in electrochemical and biological environments. Double lay-
ers formed at the oxide electrolyte interface result in a different conductive state at the transistor
channel proportional to the electrolyte ion concentration [23]. The gate oxide can be sensitive
to specific ions similar to a glass electrode [24] or can be modified with a selective membrane
or molecular receptors to filter specific ions [25, 26]. ISFETs are not strictly biosensors because
they do not employ a biomolecular receptor as an active component to sense ions but they laid
the foundation toward field-effect transistor biosensors (bio-FETs).

Electronic transducers include the field-effect transistor and the organic electrochemical tran-
sistor, reviewed in greater detail in the following sections.
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Figure 2. Schematic representation of MOSFET (left) and ISFET (right) typical structures [27]. Copyright © 2002 Elsevier
Science B.V.

2. Field-effect transistor-based biosensors

ISFETs can be considered a close version of field-effect transistor-based biosensors (bio-
FETs). Bio-FETs have the transistor semiconductor channel directly coupled with molecular
bioreceptors sensitive to specific analyte molecules in the electrolyte without an insulating
layer and can be directly gated through an electrolyte medium or through a back gate/gate-
insulator as shown in Figure 3. The molecular bioreceptors act as a filter that allows only one
type of analyte to selectively interact with the semiconductor channel. The analyte of interest
can bind covalently to a specific molecular bioreceptor and change the semiconductor doping
state. The conductive state of the functionalized semiconductor channel can be tracked by
measuring the transistor drain-source current as a function of the electrolyte analyte concen-
tration and the voltages applied.

Analytes Molecular Bioreceptors

Electrolyte-Gate

e o o o
Electrolyte®

Drain 3 33333 Source

Back-Gate Dielectric
Back-Gate

Figure 3. Schematic structure of field-effect transistor-based biosensors (bio-FETs).
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Sensing mechanism may differ significantly when applied to different analyte molecules
despite the common architectures among bio-FETs. As a thought experiment, a substance
impermeable to ions that prevents the ionic doping of the semiconductor can be placed on
top of the transistor channel. If the permeability of this substance changes following an inter-
action with a specific analyte allowing access of ions from the electrolyte into the semicon-
ductor, the increased permeability of the barrier can be revealed by the modulation of the
semiconductor conductive state as a function of a gate voltage [28]. Ions in proximity with the
semiconductor can induce a doping/dedoping process by the field-effect or tune the effective
energy barrier height required to inject charge carriers from the drain-source metal electrodes
into the semiconductor. Because the chemical structure of the semiconductor remains unmod-
ified, desorption of the analyte or ionic species from the semiconductor surface is possible for
real-time reversible sensor detection.

Sensing DNA hybridization with FET devices is paving the way toward virus sensing and
DNA disease prevention [29]. The working mechanism of DNA field-effect transistor sensors
deserves attention. Carbon nanotube FETs typically operate as unconventional Schottky bar-
rier transistors in which current modulation occurs primarily by tuning the contact resistance
rather than the channel conductance [30].

Synthetic DNA hybridization consisting of random generated sequences and different oligo
lengths (15 and 30 mer) was detected with bio-FETs made of gold drain-source electrodes
functionalized with MercaptoHexanol and single-walled carbon nanotube channel material,
Figure 4 (left). Selective response to addition of complementary DNA was observed and
almost no change occurred upon addition of phosphate-buffered saline (PBS) solution or
mismatched DNA, Figure 4 (right). MercaptoHexanol self-assembled monolayer provides
a nice passivation on gold electrodes against nonspecific binding of mismatched DNA and
provides ideal conditions for efficient hybridization with nearly 100% binding efficiency of
analytes carrying complementary sequences. The formation of double stranded DNA on gold
electrodes lowered the effective work function of gold facilitating charge carrier injection.

i Thictated DA (Probe) |
# complementary Target DNA (GM)
§ MercaptoHexancl (MCH)

Figure 4. Schematic illustration of DNA FETs sensing device in operation (left) and real-time normalized conductance
monitoring of 30 mer DNA hybridization in phosphate-buffered saline solution, pH 7.4. Two other devices were used
to simultaneous test complementary (CM30) and mismatched (MM30) DNA buffer solutions. Selective response to
addition of complementary DNA is observed and almost no change upon addition of phosphate-buffered saline solution
or mismatched DNA [29]. Copyright © 2006 American Chemical Society.
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Real-time DNA biosensors to detect cystic fibrosis genes have been demonstrated with
sensitivities up to the femtomolar range [31]. These bio-FETs hinge on silicon nanowire
(5iNWs) channels functionalized with peptide nucleic acid receptors that are complemen-
tary to the wild type of cystic fibrosis genes. Tailoring SiNWs is relatively easy due to
the well-known modification of silicon oxide surfaces as opposed to graphene or carbon
complex surfaces. Although a nonspecific interaction of negatively charged oligonucle-
otides with NW sensors was observed, specific detection was possible by analyzing the
magnitude of the conductance change following introduction of wild vs mutant DNA
sample solutions. After detection, the conductance was reversible to its original state upon
addition of DNA-free solution.

Highly selective and sensitive real-time protein detection was reported with SINW bio-
FETs [25]. Nanotube/nanowire semiconductor channels offer higher surface area than pla-
nar devices and increase sensitivity to the point that single-molecule detection is possible.
Sensing of calcium ions (Ca?*) was possible by immobilizing calmodulin onto SINW surfaces.
A drop in conductance upon addition of 25 pM Ca?*" solution was observed with a subse-
quent recovery in conductance when the device was rinsed with a Ca* free solution, Figure 5.
Control experiments with unmodified SiNWs did not show a change in conductance when
Ca* ions were added.

SiNW arrays modified with antibodies for influenza A or adenovirus displayed selective
conductance change corresponding to single-virus binding/unbinding of influenza A and
paramyxovirus [32]. Many bio-FETs can be built in parallel for multiplexed biodetection.
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Figure 5. Real-time detection of calcium ions. Plot of conductance vs time of a bio-FET channel of calmodulin-terminated
silicon nanowire where regions 1 and 3 correspond to the operation under pure buffer solution and region 2 corresponds
the operation under 25 uM Ca* solution [25]. Copyright © 2001 by the American Association for the Advancement of
Science.
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No purification of virus samples was required in these measurements. Figure 6 shows the
conductance vs time recorded simultaneously for influenza A (nanowire 1) and adenovi-
rus group III (nanowire 2) sensors set in proximity with a microfluidic system that allows
the sequential flow of 1-4 adenovirus, influenza A, pure solution, and 1:1 mix solution of
adenovirus and influenza A, respectively. Adenovirus is negatively charged in the solu-
tion resulting in a positive conductance change of nanowire 2 with an on-time duration of
ca 16 s. Negative conductance change of similar duration was observed when influenza A
was introduced and binded to nanowire 1. Bottom arrows in Figure 6 indicate singulari-
ties in which the proximity of adenovirus in device 1 resulted in a short-lived positive
change of conductance ca 0.4 s, and similarly, the proximity of influenza A resulted in a
short-lived negative change of conductance in device 2. The excellent binding selectivity,
single viral particle sensitivity and selective multiplexed detection enables rapid identi-
fication of viral samples as required for robust medical solutions, fundamental virology,
and drug discovery.

Label-free amplified biodetection has been reported with floating-gate transistor archi-
tectures, Figure 7 (left), in which the gate voltage is indirectly applied via a secondary
electrolyte [33]. In such structures, the semiconductor does not need to be modified with
selective bioreceptors and is not in direct contact with the analytes therefore the semicon-
ductor can be selected on its electronic performance and doping mechanism (field-effect
vs electrochemical) and not on the ease of its chemical modification or robustness in elec-
trolytes, thereby reducing fabrication complexity. Bioreceptors are set on one part of the
floating gate coupled with a secondary electrolyte compartment and entirely separated
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Figure 6. Conductance vs time recorded simultaneously from two silicon nanowire sensors, nanowire 1 was modified
with influenza A antibody (top) and nanowire 2 was modified with adenovirus group III antibody (bottom). Arrows
1-4 correspond to the introduction of (1) adenovirus, (2) influenza A, (3) pure buffer, and (4) 1:1 mixture solution of
adenovirus and influenza A. Bottom arrows highlight short-duration conductance changes corresponding to nonspecific
diffusion of viral particles. Solutions made by 40 viral particles per ul in phosphate buffer 10 uM, pH 6.0 [32]. Copyright
© 2014 National Academy of Sciences.
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Figure 7. Device architecture of the floating-gate transistor structure (left) and transistor transfer characteristics (right),
drain-source current (I,) vs gate voltage (V,), of control device, curve 1 and floating-gate functionalized with alkylthiol
derivatives right-shifted 225 mV from the control device, curve 2 [33]. Copyright © 2015 American Chemical Society.

from the primary electrolyte [34-36]. The bioreceptor-free gate electrode is coupled with
the primary electrolyte. Well established self-assembled monolayer chemistry on metal
electrodes can be employed to tune the effective potential of the floating gate for bioelec-
tric signal amplification [37]. Geometric considerations of the gate electrode play a crucial
role in the device operation [38, 39]. Self-assembled monolayers of alkylthiol derivatives
on the floating gate had a measurable voltage shift (ca. 200 mV) on the transistor electric
characteristics, Figure 7 (right).

Label-free DNA hybridization has been sensed by a floating-gate transistor based on poly(3-
hexylthiophene) and an ion gel electrolytes [36]. The DNA is hybridized at the floating gate
resulting in a shift in the threshold voltage of the transistor with a relative magnitude pro-
portional to the DNA mismatch. The response of DNA with three mismatched base pairs was
undistinguishable from a fully random DNA sequence.

3. Organic electrochemical transistor biosensors

Organic electrochemical transistors (OECTs) are emerging as a promising platform for ampli-
fied biodetection with enhanced sensitivity and low voltage (<1 V) operation [33, 40, 41].
OECTs typically consist of a polymer semiconductor included between source and drain
electrodes and coupled with a gate electrode through an electrolyte. Polymer semiconductor
materials are based on pi-conjugated carbon and hydrogen backbone structures that are rela-
tively soft, flexible, and permeable to ionic species. Polymers can be soluble in organic solvents
and be printed on flexible substrates. The gate electrode and the semiconductor channel can be
approached as the electrodes of a conventional electrochemical sensor (two electrodes) assign-
ing the transistor channel together with drain and source electrodes as the working electrode
and the gate electrode as the counter electrode. By modifying the channel, electrolyte or gate
electrode with biochemical receptors, chemical binding events can result in large changes in
conductivity in the semiconducting channel. This effect can be the basis for bioelectric signal
amplification [28, 34, 42, 43].
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To mitigate the reproducibility and sensibility issues related with electrochemical biosensors,
a simplified electrochemical transistor architecture can be employed in which the use of high
surface area activated carbon electrodes results in sub-1 V operation and renders unnecessary
presence of a reference electrode to control the applied potentials [38, 44].

Early OECTs consisted in Au microelectrodes drain-source and gate electrodes and polypyr-
role channels in aqueous electrolyte media, i.e., CH,CN/0.1 M [n-Bu,N]CIO, displaying typical
transistor p-type characteristics [45]. When the gate is held at negative voltages, polypyrrole
is dedoped and the device is switched off. When the gate voltage is positive, polypyrrole is
oxidized resulting in an increase in the channel current, the device is switched on.

Nowadays, polystyrenesulfonate-doped poly(3,4-ethylenedioxythiophene) (PEDOT:PSS)
is the most commonly employed channel material in OECTs. PEDOT:PSS is intrinsically a
p-type conducting polymer, stable in water, and nontoxic.

Enzymatic glucose OECT biosensors have been reported [46—-48]. Hydrophilic ionic liquids
like triisobutyl-(methyl)-phosphonium tosylate ([P, ,, 1[Tos]) are particularly interesting as
effective enzyme immobilization medium in biological environments [49]. Sensing experi-
ments were carried out by placing enzyme-glucose oxidase (GOx, 500 units per mL) and fer-
rocene mediator [bis(n-5-cyclopentadienyl)iron] (Fc, 10 mM) in 1.43 mL of [P [Tos] and
50 mL glucose-PBS solution.

1,4,4,4]

Glucose is oxidized by the application of a gate voltage while the enzyme (GOx) is reduced.
In the back cycle, oxidation of GOx is coupled with the conversion of Fc to ferricenium ion
(Fc") which shuttles electrons to the gate electrode (Figure 8a) and cations into PEDOT:PSS.
PEDOT:PSS is dedoped by metal cations (M") (Figure 8b) decreasing the drain-source cur-
rent as a function of glucose concentration. The measured sensitivity of such devices is in the
range of 107-102 M [49].

OECTs hormone biosensors have been reported by incorporating Nafion, a material that has
high specific affinity for epinephrine hormone molecules, on top of the gate electrode [50].
The sensitivity was improved by introducing gate electrodes modified with SWNTs and gra-
phene flakes which enhanced electrocatalytic activity of the gate electrode compared to that
with platinum gates thus improving the detection limit of the device. Sensitivities up to 0.1
nM were obtained.
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Figure 8. Reactions at (a) the gate electrode and (b) the channel of the OECT [49]. Copyright © 2010, Royal Society of
Chemistry.
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Label-free, flexible DNA OECT sensors have been demonstrated in flexible microfluidic sys-
tems [51]. Single-stranded DNA (ssDNA) probes were immobilized on gold gate electrodes
and poly(dimethylsiloxane) (PDMS) microfluidic channels were fixed on top of prepatterned
PEDOT:PSS channels (Figure 9a) set in contact with gold drain and source electrodes. The
device was able to bend on both sides (Figure 9b) and its electric characteristics remained
consistent before and after bending (Figure 9c). Transient curves indicate that the drain-
source current reaches a stable plateau value after several seconds of applied gate voltages
(Figure 9d) revealing ion permeation into the transistor channel [52]. Further investiga-
tions revealed that the maximum bending strain was about 5% with negligible effect on the
PEDOT:PSS film conductance.

Biocompatible materials have been investigated due to the rapid development of OECTs
and their potential use in biological applications. Skin itself can be utilized as a noncon-
ventional gate electrode to sense heart beatings, Figure 10a. Campana et al. demonstrated
transparent transistors fabricated on biodegradable poly(lactic-co-glycolic acid) substrates
to sense heart beatings [53]. Traditional electrocardiograms utilize Ag/AgCl to estab-
lish a Faradaic contact between the skin and the electrodes and to sense small voltage
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Figure 9. (a) Schematic diagram of the OECT integrated with a flexible microfluidic system and gate gold electrodes
before (control) and after DNA modification and DNA hybridization. (b) Photographs of a device bent on both sides.
(c) Transfer characteristics (I, vs Vgs) of the OECT measured before and after bending it on both sides, inset shows the
output characteristics (I,, vs V). (d) Time-dependent channel current of the OECT measured after applying different
gate voltages. The drain-source voltage (V) in the transfer and time-dependent characteristics was -0.1 V [51]. Copyright
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 10. ECG recording with a bioresorbable OECT operated in direct contact with the skin. (a) Wiring diagram of the
experiment. (b) Measured drain-source current (bottom, left axis) as obtained during transistor recording (Vgs =05V,
V,,=—0.3 V) and comparison with a normal electrocardiogram potentiometric recording with standard disposable leads
(top, right axis) [53]. Copyright © 2014 WILEY VCH Verlag GmbH & Co. KGaA, Weinheim.

perturbations that exist on the skin per heart beatings [54]. To reduce the skin's impedance,
an electroconductive gel was employed between the skin and PEDOT:PSS channels. The
OECTs recorded heartbeats with I, amplitude of ca 0.1 pA equivalent to measuring signals
at the gate with amplitudes of ca 50 uV whereas traditional electrocardiograms monitor
spikes at ca 500 uV, Figure 10b.

Wearable electrochemical transistors as a platform for real-time detection of biomarkers in
external biological fluids was demonstrated with a simple device structure [55]. Drain, source,
and gate PEDOT:PSS electrodes were screen printed on textile fabrics. Adrenaline, dopamine,
and ascorbic acid in artificial sweet were sensed in the order of tenths of uM concentrations.
The device operation was stable despite several hand-washing cycles and deformations.
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Flexible lactate sensors with ionogel solid-state electrolytes have been developed [56]. The
concentration of lactate in blood can indicate circulatory effectiveness of anaerobic metabo-
lism. The ionogel was prepared by dissolving ferrocene mediator (Fc) in hydrophilic ionic
liquid 1-ethyl-3-methylimidazolium ethylsulfate [C,mIm][EtSO,] followed by mixing it with
monomer N-isopropylacrylamide (NIPAAm) cross-linker N,N’-methylenebis(acrylamide)
(MBAAm) and photoinitiator (dimethoxyphenyl)acetophenone DMPA. Under application of
a gate voltage, lactic acid was oxidized to pyruvate and Fc was converted to ferricenium ion
(Fc"). Fc* transduce electrons to the gate electrode and the PEDOT:PSS channel is dedoped
with cations from the solution which leads to a decrease in the drain-source current.

A disposable alcohol breath sensor, to estimate the content of alcohol in the blood, was
demonstrated using organic electrochemical transistors [57]. Alcohol dehydrogenase and
nicotinamide adenine dinucleotide (NAD*) enzymes were immobilized on a collagen-based
gel. PEDOT:PSS was employed as drain, source, and gate electrodes. When NAD" is in con-
tact with ethanol and alcohol dehydrogenase, it can get reduced to NADH and oxidized
back to NAD*, freeing two electrodes that can change the conductivity state of PEDOT:PSS.

4. Conclusion

In this chapter, we reviewed emerging concepts of biosensors based on transistor structures
with relevance in the field of easy-to-use, portable, and user-friendly devices for preventive
personalized medical applications and point-of-care testing. Soaring healthcare costs, trips to
the hospital and the stress and pain related to draw blood for testing represent major inconve-
niences in patients that require being examined regularly, i.e., insulin-dependent. We believe
that the staggering progress done in biosensors based on field-effect transistors and organic
electrochemical transistors represents a major opportunity to empower people globally with
medical information in a timely and cost-effective way.
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