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Chapter 1

Preparation and Characterization of
Thin Films by Sol-Gel Method
Ehsan Rahmani

Abstract

The sol-gel method has been widely used to prepare several materials, such as glass
fibers, catalysts, electrochemical devices, or thin films. Sol-gel is considered an eco-
nomical and straightforward method compared to physical vapor deposition (PVD) or
chemical vapor deposition (CVD), which are more complex and need more facilities.
At the same time, almost the same quality has been evaluated for sol-gel thin films.
Furthermore, chemical tailoring of raw materials to produce new functional composi-
tions is more feasible than conventional methods such as PVD. Thin films utilizing sol-
gel were prepared by dip coating, spin coating, electrochemical coating, and spray
coating methods, where these methods can be used for various substrate types. Pre-
pared thin films may be utilized in several areas of application, such as semiconduc-
tors, catalysts, or photocatalysts.

Keywords: thin film, sol-gel, electrodeposition, dip coating, spin coating, spray
coating, characterization

1. Introduction

Sol-gel processing began by Ebelman and Graham, who studied silica gels as early
as the mid-1800s. Hydrolysis of tetraethyl orthosilicate (TEOS), Si(OC2H5)4, under
acidic conditions, yielded SiO2; these early investigators observed that it was in the
form of a “glass-like material” [1].

Sol-gel method can be implemented in several fields of scientific and engineering
fields, such as the ceramic industry, nuclear industry, and the electronic industry or
the development of new materials for catalysis, membranes, chemical sensors, photo-
chromic applications, fibers, optical gain media, and solid-state electrochemical
devices [2–13]. Thin film and powder catalysts have been widely produced using the
sol-gel method. Several variants and manipulations have been implemented into the
process to synthesize pure thin films or powders in large homogeneous concentrations
and under stoichiometry control [14–16]. Process simplicity, optical complex shapes,
uniform oxide complexes, special shapes of fibers and aerogels, synthesis of
amorphous minerals, synthesis of porous material with high content of organic and
polymeric compounds, and synthesis of highly optical transparent or low initial
investment are the most advantages of the sol-gel method [17–19].
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The term sol is attributed to a stable suspension containing colloidal nanoparticles
(with diameters of 1–100 nm). The sol may contain amorphous or crystalline particles
with dense, porous, or polymeric substructures [20, 21].

A rigid network with pores of sub-micrometer dimensions and polymeric chains
whose average length is greater than a micrometer has been considered a gel [22]. A
diversity of combinations of substances embraced as the “gel” can be classified into four
categories: (1) structures of well-ordered lamellar; (2) networks of covalent polymer
that is completely disordered; (3) formation of predominantly disordered through
physical aggregation of polymer networks, (4) disordered particular structures [23–25].

The gel is attributed to a porous three-dimensional continuous solid network
surrounding and supporting a continuous liquid phase. Synthesis of oxide materials
and gelation is because of covalent bond formation between the sol particles [26, 27].
Gel formation can be reversed due to the presence of van der Waals interactions or
hydrogen bonds. The gel structure network is dependent on the size and shape of the
sol particles to a large extent [28].

2. Preparation of thin film by sol-gel method

Sol-gel monoliths have been prepared by three approaches: method 1,
colloidal powders solution; method 2, alkoxide or nitrate precursors hydrolysis and
polycondensation followed by hypercritical drying of gels; method 3, aging and drying
of alkoxide precursors under ambient atmospheres after hydrolysis and
polycondensation [29, 30].

The hydrolysis and condensation reactions (sol-gel process) would be influenced
by several parameters, such as the metal alkoxide activity, solution pH, ratio of the
water/alkoxide, temperature, solvent nature, and additive used. The addition of cata-
lysts controls the rate, hydrolysis extent, and condensation reactions. By varying
processing parameters, materials with different microstructures and surface chemis-
try can be obtained [31]. The fabrication of ceramic materials in various forms would
be available by further processing the “sol.” By casting the sol into the mold, a wet gel
will form. Dense ceramic or glass particles will form, followed by drying and heat
treatment of the gel [32]. Meanwhile, highly porous and low-density aerogel material
is synthesized utilizing supercritical conditions to remove the liquid in a wet gel.
Many natural systems like opals, agates, and particles are evidence of silicate hydro-
lysis and condensation to form polysilicate gel. Ebelman prepared the first metal
alkoxide from SiCl4 and alcohol and found the first “precursor” for glassy materials
can be Si-(OC2H5)4 and gelled compound on exposure to the atmosphere [33].

Step 1: Hydrolysis
� �

: Si ORð Þ4 þ H2O $ SiOH ORð Þ3 þ R�OH (1)

Step 2: Water condensationð Þ: SiOH ORð Þ3 þ SiOH ORð Þ3 $ Si½ �2O ORð Þ6 þ H2O

Alcohol condensationð Þ: SiOH ORð Þ3 þ Si ORð Þ3 $ Si½ �2O ORð Þ6 þ R�OHÞ┤ (2)

2.1 Electrochemical aided deposition (EAD)

Dip coating, spin coating, and spraying methods are usually used to prepare sol-gel
films. Only flat surfaces can be coated by dip coating and spin coating, while the
rheology of the precursor and fine-tuning must be considered for the spray coating
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method. Sol-gel thin film preparation implementing the electrochemical deposition
technique has been considered in the last two decades. Woo et al. applied this tech-
nique for preparing silane films as binders [34]. Electrodeposition of silane-based
films and proposed its mechanism later studied by Shacham et al. [35]. Preparation of
coatings on conductive materials based on the sol-gel principle utilizing EAD is a
recently developed method, and thicker and rougher sol-gel films can be prepared by
this method. Application of negative potential and in-situ catalysis of sol-gel chemis-
try (hydrolysis and condensation reactions) are the basic principles of EAD. Reduc-
tion of oxygen or some specific ions supporting the electrolyte or hydrolysis, which
leads to an increase in pH value near the electrode, would accelerate the immediate
condensation of the solute on the electrode surface. Equation (3) expressed the
chemical reaction in this process [36],

O2 þ 2H2Oþ 4e ! 4OH� 3ð Þ (3)

During the electrodeposition process, the pH value of the bulk solution does not
change, and no new materials are introduced; the silane component does not lose or
gain electrons at the electrode surface. Electrodeposited films have several unique
advantages compared to conventional self-assembled films [37]:

1.The base catalyst provides an additional driving force for the film, resulting in
thicker and rougher film formation near the cathode surface.

2.Films with greater porosity and better intra-cohesion may be produced due to
gelation, where solvent evaporation occurs during electrodeposition.

3.The derived OH-ions can catalyze the chemical bonding process between the
sol-gel film and the substrate.

Coatings on complex non-planar geometries and controlling the thickness and
composition of the nanocomposite are the significant advantages of depositing
utilizing EAD (Figure 1).

Figure 1.
Electrochemical deposition of a sol-gel film [36].
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2.2 Dip coating method

Sol-gel dip coating consists of depositing a solid film by withdrawing a
substrate from a sol: gravitational draining and solvent evaporation, followed
by further condensation reactions. Sol-gel dip coating, compared to methods
such as chemical vapor deposition (CVD), evaporation, or sputtering, does
not require complex equipment and is potentially less expensive than conventional
thin film-forming processes [38]. The ability to tailor the microstructure of the
deposited film is the most crucial advantage of sol-gel over conventional coating
methods.

The substrate from the liquid bath is drawn vertically at a speed of Uo. By
entraining the moving substrate, the liquid in a fluid mechanical boundary layer may
separate above the liquid bath surface, and the outer layer returns to the bath. The
fluid film terminates at a well-defined drying line by solvent evaporating and
draining. The process is steady with respect to the liquid bath surface when the
receding drying line velocity equals Uo.

The concomitant draining, evaporation, and hydrolysis consolidation step
represents the sol-gel transition. An integrated gel film will be left due to a
withdrawn drying line moving downwards with colorful parallel interference lines.
By implementing volatile solvents, in comparison to the bulk sol-gel process, the
complete transition will be done in a short time. The drying and keeping of the
water content are almost constantly enhanced due to the evaporation and the
resulting cooling. In addition, over the surface of the wet film, a downward
laminar flow of vapors forms. Inhomogeneities deposition in the film properties
may occur by any turbulence or variation in the atmosphere (Figure 2).

A fluid mechanical equilibrium between the entrained film and the receding coat-
ing liquid is the film formation process. The equilibrium state will be affected by
forces such as viscous drag and the gravity force and other forces like the surface
tension, the inertial force, or the disjoining pressure.

Figure 2.
Schematic of sol-gel dip coating method including both capillarity and draining regimes [39].
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The Landau-Levich equation describing the final liquid film thickness h for pure
liquids considers this fundamental theoretical approach [40],

h ¼ c � ηUð Þ2=3
γ
1
6 ρgð Þ12

(4)

where c, η, U, y, and ρ are constant, liquid viscosity, withdrawal speed, the surface
tension of the liquid against air, and liquid density, respectively.

Modified dip coating techniques can be used for more complex geometries,
although this method is particularly suited for coating flat or rod-shaped rigid sub-
strates [41]. A semi-continuous dip coating process for endless flexible substrates like
webs or filaments, while dip coating is a typical batch process. Double-sided coating of
flat substrates, especially in the production of optical filters, is one of the advantages
of the dip coating method. For oxide coatings prepared from the metal salt solution, a
single-layer film thickness can be deposited ranging from only a few nanometers to
approximately 200 nm. With inorganic-organic hybrid materials, due to the lower
shrinkage and the higher flexibility of the network film, several microns are accessi-
ble, and colloidal systems can be implemented to produce thicker films up to 1 μm.

The high-volume industrial production of ordinary optical filters using the dip
coating technique. Three-layer antireflection coatings for technical glasses (e.g., dis-
plays and lighting) form the largest market segment. Dip coating methods have been
implemented by several industrial brands such as the TiOr-based solar-control glass
Calorex® (Irox®) and the antireflection coatings Amiran®, ConturanQ, and
Mirogard®Several and well-known products emerged from these activities [41].

2.3 Spin coating method

The spin coating can rapidly deposit thin layers onto relatively flat substrates. The
target surface is dispensed by coating solution; the spinning action causes the solution
to spread out and leave behind the coated surface of the substrate by the chosen
material very uniformly that is held by some rotatable fixture (often using a vacuum
to clamp the substrate in place).

The viscous drag force precisely balances the rotational accelerations within the
solution. Emslie, Bonner, and Peck (EBP) [I] first described this flow condition.
Simultaneously, solvent evaporation out of the top surface of the solution is also
considered by Meyerhofer [42]. Spin coating runs into two stages: viscous flow con-
trolling and evaporation controlling. Prediction of the final coating thickness, hf, in
terms of several key solution parameters, is according to [42]:

hf ¼ x
e

2 1� xð ÞK
� �1

3

(5)

where e, K, and x are the solution’s evaporation and flow constants and effective
solids content, respectively. The evaporation and flow constants are defined as:

e ¼ C
ffiffiffiffi
ω

p
(6)

K ¼ ρω2

3η
(7)
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where ω, ρ, η, and C denote the rotation rate, solution’s density, viscosity, and a
proportionality constant. In which C depends on airflow flow regime (laminar or
turbulent) and solvent molecules diffusivity in air. Sol-gel film preparation by spin
coating deposition typically results in a coating thickness below 1 μm (Figure 3).

2.4 Spray coating method

Spray coating is suitable for non-flat samples, and the thickness can be very well
controlled and surface modification over large areas. Only a few studies have studied
sol-gel spray coating.

Most of the previously reported research has considered the sol-gel dip coating
method low-cost and accessible. However, it is not easy to control the homogeneity and
thickness of the coating over the entire sample length in the case of dip coating. Further-
more, spray coating is suitable for non-flat samples, and the thickness can be very well
controlled, a better alternative as it allows surface modification over large areas. A three-
step process is a typical example of an organically modified silica hydrophobic coating
prepared by spraying: (1) preparation of hydrophobic alcosol, (2) alcosol spraying on
100°C glass substrates, and (3) trimethylchlorosilane surface modification created by
Mahadik et al. [44]. Due to low cost and lack of specialized equipment, traditional spray
coating is still the most often reported method. At the same time, there are other pro-
cedures, including spray coating with plasma, thermal spray, and powder [45–47].

3. Characterization techniques

3.1 Thin film X-ray diffraction

Thin films have been considered the basic materials for modern electronic devices
of metallic conductors, semiconductors, and insulators. These films should possess
specific mechanical, electrical, magnetic, or optical properties for optimal device
performance, which are affected strongly by the film’s microstructural nature, such as
crystalline or amorphous state, crystallographic orientation, crystallite size, strains,
and stresses [48, 49]. Therefore, for the design and improvement of electronic
devices, it is very important to characterize microstructural thin films.

The microstructure of thin films cannot be easily characterized by methods devel-
oped for bulk materials due to their small dimensions perpendicular to the surface.
X-ray diffraction (XRD) is especially suitable for thin films since it is nondestructive,
noncontact, and highly quantitative among the analytical methods.

Figure 3.
Procedure for spin coating method [43].
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By implementing the XRD test, several thin film features can be evaluated.
Figure 4 indicates XRD patterns of highly crystalline and amorphous films prepared
by the sol-gel dip coating method [50], where results indicate the formation of an
amorphous TiO2:SiO2 thin film (Figure 4a) and a highly crystalline TiO2:SiO2

(Figure 4b) thin film on a glass substrate. XRD results revealed that TiO2 crystals may
not be grown by an increase in SiO2 content of more than 20 mol percent, while highly
crystalline TiO2 has formed on the glass substrate by a lower content of SiO2 (about
15 mol%). Furthermore, by addition of SiO2 crystalline size and crystallinity of TiO2

declined, where Scherrer or Modified Scherrer equations have been used to evaluate
the crystalline size according to XRD pattern and full width at half maximum
(FWHM, β) calculation [51]:

D ¼ Kλ
β cos θð Þ (8)

Or modified Scherrer equation,

ln β ¼ ln
Kλ
L

þ ln
1

cos θ
(9)

In addition, the crystalline phase of the synthesized thin film can be indicated by
considering XRD results. Figure 5 illustrate the XRD pattern of TiO2 nanocrystalline
thin film prepared by different heat treatment. As shown, with an increase in

Figure 4.
XRD pattern for prepared sol-gel dip coating thin film (a) amorphous TiO2:SiO2 and (b) highly crystalline TiO2:
SiO2.
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temperature, the crystalline phase has been transformed from Anatase to Brookite
phases. TiO2 can be prepared in three phases by different heat treatment methods,
where there is the Anatase phase at a heat treatment temperature below 500°C. In
contrast, the Rutile phase will form around 500–750°C, and the Brookite phase for-
mation temperature is approximately 750–900°C.

3.2 Energy dispersive x-ray spectroscopy (EDX)

Investigation of the chemical species present in a material can be evaluated by
energy-dispersive X-ray spectroscopy as a powerful technique. Analysis of the energy
and intensity distribution of the X-ray signal produced by the interaction of an elec-
tron beam with a specimen has been considered the basis of the EDX method.
Directed an electron beam toward the sample has been analyzed in a setup that EDX is
an optional tool installed on electron microscopes. The electrons can interact with the
nucleus or a specific atom’s electrons by certain kinetic energy. The detection of the
emitted radiation due to the loss of any amount of energy of electrons between zero
and the initial energy will lead to a continuous electromagnetic spectrum that
constitutes the background of the collected spectrum [53].

Ionization phenomena usually involve K shell electrons when the primary elec-
trons interact with the atom’s electrons. The electrons from L or M shells can occupy
the vacancy left by the K shell electron because an atom in the excited state tends to
reach the minimum energy. X-ray radiation emission is designated as Kα, and Kβ

Figure 5.
Phase transmission of TiO2 from Anatase to Brookite Phase [52].
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results from a transition between L and K or M and K shells. The emission of Kα and Kβ
X-rays identifies the elements in the analyzed sample because of the energy difference
between L, M, and K levels that are well-defined for each element. In principle, a line
in the continuous electromagnetic spectrum should be given by the detection of this
transition level [54].

Figure 6 shows EDX results for TiO2:SiO2 thin film coated on the glass substrate,
where indicated the presence of Ti, Si, and O in the film. Also, the EDX test revealed
the presence of Na, Mg, and Ca that can be related to the glass substrate due to the
passing of the X-ray over the prepared thin film and the detection of glass substrate
elements. EDX test can be used for mapping and evaluating the synthesized film’s
elements distribution.

3.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is widely implemented in surface science
techniques—an X-ray based on the photoelectric effect photon absorbed by a core or
valence electron. The electron will be emitted by the larger incident photon energy
than the binding energy [55]. A hemispherical electron energy analyzer spectrometer
collected the emitted electrons by an electrostatic lens and performed energy analysis.
The binding energy Ek of the electrons can be determined from the known photon
energy hν and the measured kinetic energy EB [56],

Ek ¼ hν� EB � ϕ (10)

with ϕ as the spectrometer work function. In an XPS experiment, typical incident
photon energies range from several 10s to well over 1000 eV, where the same order of
kinetic energies will be considered.

The X-ray penetration depth into the sample is of the order of hundreds of nano-
meters or more, while the kinetic energy range used in conventional XPS studies,
atoms in the sample photoelectrons elastic and inelastic interactions limited to the
probe depth to a maximum of a few nanometers.

A variety of features is shown in the XPS survey spectrum in Figure 7a, where
results indicate photoemission lines of Ga (Ga 2p1/2, Ga 2p3/2, Ga3s, Ga3p, and Ga
3d), Fe (Fe 2p1/2, Fe 2p3/2, and Fe 3p), and oxygen (O 1 s). The spin-orbit compo-
nents of Ga 2p3/2 and 2p1/2 have been indicated by splitting 26.9 eV, along with a loss

Figure 6.
EDX results for prepared TiO2:SiO2 thin film by dip coating sol-gel method [50].
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feature at around 1136 eV Ga2p (Figure 7b). In addition, Ga is in a +3 oxidation state
confirmed by Ga 2p3/2 peak position at 1118 eV, which is characteristic of native
gallium oxide [57].

Lattice-bound oxygen is assigned by the O 1 s spectrum (Figure 7c) centered at
530.01 eV, while surface hydroxyl and carbonylated groups are attributed to the other
contributions. The component with the most intense in 2p3/2 is at 710.8 eV, with a
13.5 eV splitting from the 2p1/2 component consistent with a Fe+3 oxidation state.

3.4 Atomic force microscopic method

An amazing technique with unprecedented resolution and accuracy is atomic force
microscopy (AFM), which allows us to see and measure surface structure. The
arrangement of individual atoms in a sample or the structure of individual molecules
can be studied by atomic force microscope imaging. The hopping of individual atoms
from a surface has been measured by scanning in an ultrahigh vacuum at cryogenic
temperatures. However, even seeing biological reactions occur in real-time can be
carried out in physiological buffers at 37°C. AFM does not need to be carried out under
these extreme conditions [58, 59]. The crystallographic structure of materials can be
used to have images containing only 5 nm of microscopic images to show about 50
atoms, or 100 μm or larger images. Almost any sample, such as the surface of a

Figure 7.
GFO thin films XPS analysis, (a) different photoemissions features; (b) Ga2p core-level; (c) O1s core-level; (d)
Fe2p core-level [57].
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ceramic material, highly flexible polymers, human cells, a dispersion of metallic
nanoparticles, or individual molecules of DNA, can be imaged by AFM, but it is
challenging [60]. Furthermore, AFM has various “spectroscopic” modes that
measure other properties of the sample at the nanometer scale. A map of the height or
topography of the surface building up as scanning a probe of the AFM goes along the
sample surface.

Figure 8 illustrates the AFM image of a synthesized 15-layer TiO2:SiO2 thin film
prepared by the sol-gel method. The roughness of the prepared TiO2:SiO2 thin film has
been presented in Figure 5, while this roughness belongs to the crystalline formation
of TiO2 in the presence of amorphous SiO2. In this work, TiO2:SiO2 gel was coated on a
wall of an annular photoreactor to remove oily contamination from wastewater.
However, according to AFM results, TiO2:SiO2 thin film roughness has been measured
as 16 nm, where the film’s roughness is necessary to have proper contact between the
reactant and catalyst [61].

3.5 Scanning electron microscope

The scanning electron microscope (SEM) has studied surface details of several
compositions, such as metals, rock minerals, polymers, corrosion deposits, filters,
ceramic membranes, foils, fractured/rough surfaces, alloys, and biological samples.
Conductive or non-conductive material, either in solid or powder form, can be
examined in an as-received or prepared condition by SEM technique [62, 63].
A field emission gun is installed on the SEM to investigate surface features only
1 nm apart. SEM allows large areas of a sample to remain in focus at one time,
yielding 3D characteristics due to its extraordinary ability to depict large depths of field.

The performance of an electron source is expressed by two essential parameters:
current density and brightness. Beam current density Jb is given as [64]:

Jb ¼ Beam current
Area

¼ ib
π

(11)

where ib and d are the current and diameter of the beam, respectively, the bright-
ness (β) of the electron source would be considered as a function of the total number
of electrons (current, I) emitted from a unit area (A) of the source and the solid angle

Figure 8.
AFM image for TiO2:SiO2 thin film prepared by sol-gel method [61].
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(Ω) of emission subtended by those electrons. This relationship can be
expressed as follows [65]:

β ¼ Current
area� solidangle

¼ I
AΩ

¼ jc
πa2

(12)

where jc and α are the current density (expressed in A/cm2) and convergence angle
of the beam in radians, respectively.

The SEM method has been used for analyzing thin films, where surface morphol-
ogy and layer thickness can be evaluated by this method. TiO2:SiO2 SEM micrographs
are illustrated in the Figure 9, where the surface morphology of 10 layers of TiO2 and
TiO2:SiO2 films can be observed in Figure 9 [61]. As indicated, films have been
prepared by fractured morphology utilizing the sol-gel method. Crack formation
occurs through stress and different thermal coefficients of expansion of the overlayer
due to contraction and substrate during the drying and annealing processes of the
films. Micro-cracks will result in better diffusion and may contribute to a higher
surface area while reducing the film’s durability. According to SEM images, the crys-
talline size of TiO2 doped by SiO2 is 32 nm [61].

3.6 Transmitting electron microscope

Ernst Ruska and Max Knoll, in 1931, invented the transmission electron micro-
scope. The electron microscope resolution has improved steadily from around 100 nm
in the early models to 0.1 nm and is even better nowadays [66]. High-resolution
transmission electron microscopy (HRTEM) refers to phase-contrast imaging resolv-
ing single atoms or atomic clusters. A highly coherent source, a well-aligned system, a
good detector, and a suitable sample are essential to achieve HRTEM [67].

Samples of electron microscopy typically have gratings behavior. Most electrons
travel through the sample unchanged, and none may be absorbed. Wave interference
forming A TEM image.

HRTEM image is formed in the image plane when two or more selected Bragg
reflected beams interact (interfere) by a suitably large objective aperture to form an
image. HRTEM imaging is a type of phase-contrast imaging [68]. As a result of the

Figure 9.
SEM images for TiO2:SiO2 multilayer thin film [61].
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contrast that occurs from the distinction in the phase of the beams as a result of their
interaction with the sample, it can be used to resolve the crystalline lattice, columns of
atoms, or sub-Angstrom imaging of the lattice and even single atoms can be prepared in
the case of the most modern aberration-corrected transmission electron microscopes.
Second-phase or amorphous layers and atomic resolution, crystalline defects, and
structure across boundaries can be observed by HRTEM imaging. Furthermore, in the
case of interfaces in multilayer thin films, the topography information that it is aligned
correctly in the direction of the electron beam on the interface is also provided [69].
Analysis of HRTEM images is complicated and can often require simulation to directly
interpret the contrast present in the image, although it is relatively easy to obtain.

Sol-gel spin coating technique has been implemented to prepare highly stoichio-
metric AgInSe2 thin films on a p-type Si(111) substrate. Different temperatures were
used to anneal these films. HRTEM images of the synthesized and annealed thin films
have been shown in Figure 10. The HRTEM image order of the lattice spacing was
indicated as 0.3 nm. Films were indexed to a pure polycrystalline chalcopyrite AgInSe2
structure, as seen in the selected area electron diffraction patterns of the AgInSe2 [70].

4. Conclusion

In this chapter, sol-gel method and coating techniques such as dip coating, spin
coating, or electrochemical deposition have been investigated. Sol-gel coating
methods have been considered economical and more feasible than methods such as
physical vapor deposition

(PVD) or CVD, in which sol-gel has been widely utilized industrially. In addition,
characterization methods for thin films have been discussed. X-ray-based methods
(XRD, EDX, or XPS) were used to investigate the crystallinity and composition of the
prepared thin film. Also, AFM, SEM, and TEM, which have been used to study the
surface and structure of the films, were discussed in detail.

Figure 10.
TEM images for AgInSe2 thin film prepared by sol-gel method [70].
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Chapter 2

Theoretical Analysis of the Solid
State and Optical Characteristics
of Calcium Sulphide [CaS]
Thin Film
Emmanuel Ifeanyi Ugwu

Abstract

The analysis of the calcium sulphide thin filmmaterial which is one of the families of
chalcogenide groups of thin film materials was carried out in this work using a theoret-
ical approach for which the propagated wave through the medium of the thin film that
is deposited on a glass substrate is considered to be a scalar wave in nature. The thin film
material is sectioned into twos, first section is termed homogeneous reference dielectric
constant, εref where no thin film is deposited on the substrate and the second part is
termed perturbed dielectric function, Δεp zð Þ containing the deposited thin film on the
glass substrate. These two terms were substituted on the defined scalar wave equation
that was subsequently solved using the method of separation of variable which invari-
ably utilized in the transformation of the equation into the second type of Volterra
equation. On the other hand, Green’s function approach was also introduced in order to
arrive at the model equation that culminates in an expression showcasing the wave
propagated through the thin film material medium. This was subsequently applied in
the computation of waves, ψ zð Þ that is propagating through the material medium for
various wavelengths within the ultraviolet, visible, and near-infrared region of the
electromagnetic wave spectrum for which the influence of the aforementioned dielec-
tric constant and function were invoked. The computed values from this mechanism
were in turn utilized in the analysis of the band gap, optical, and solid-state properties
of the calcium sulphide (CaS) thin film materials.

Keywords: scalar wave, dielectric constant, analysis, calcium sulphide, thin film,
wave propagation, solid state and optical properties

1. Introduction

The Chalcogenide family of thin films to which calcium Sulphide belong is one of
the sulphide-based thin film that has a wide range of applications and based on that, a
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lot of researchers have shown so much interest in its study and as a result, both
experimental and theoretical techniques are being utilized to get into deep analysis to
unravel more uniqueness the thin film. Based on this various growth techniques have
been utilized to develop the thin film including the CBT growth technique with an
emphasis on the study of its optical and structural properties [1]. Theoretically,
mathematical tools have been used for the analysis of thin films of similar types by
making use of their various properties in conjunction with wave propagating through
the film medium. The first of its type was the use of beam propagation technique
whereby the dielectric properties were employed in studying and computing beam or
field propagation through a medium with variation in small refractive index [2, 3].
The beam propagation method based on diagonalization of the Hermetician operator
that generates the solution of the Helmholtz equation in media with real refractive
indices [4], has been utilized in this study by some researchers while others had
somehow used 2x2 propagation matrix formalism for finding the obliquely
propagated electromagnetic fields in layered inhomogeneous un-axial structure
which also involved bean propagation [5]. Structures such as optical fibers and
optical wave guides in the presence of electro-optical perturbation have been well
understood by the application of this method [6–8]. Although earlier before then,
work had been going on veraciously on the study of wave propagation in a stratified
media, plasma and ionosphere that gave a more clear picture of atmospherics
behavior as regards wave propagating through its medium [6, 9, 10]. Van Roey in
his work derived a general beam propagation relation in a number of specific cases
along with the extensive simulation of wave propagation in a variety of material
mediums.

Scientists have also looked at the propagation of electromagnetic field through a
conducting surface [3] where the behavior of wave propagated through such material
coupled with the influence of the dielectric function of the medium on such material
coupled with the effect of variation of the refractive index on some species of the thin
film had been analyzed as well using the same approach [11]. And a close look at the
concept made it clear that recognition of the importance of the effect of the refractive
index of the medium and dielectric function culminated in the reality of the creation
of two velocity components that normally give rise to phase and group refractive
indices as considered in the study of wave propagation [12–15]. Recently more com-
plicated work had been embarked upon on the study of wave propagation through a
modeled thin with dielectric perturbation in which WKB approximation in conjunc-
tion with numerical approach were used [16–18] along with beam propagation tech-
nique to unravel the mechanism of theoretical analysis of wave propagation through
materials and based on that, lots of work had been veraciously carried out in term of
the influence of dielectric constants and refractive index on beam propagating
through materials [3, 5, 12, 17, 19] in other to ascertain their roles and efficacy on the
use of beam propagation method and again the effect of the refractive index of the
medium in the reality of the two velocity components that normally give rise to phase
and group refractive indices as generally considered when it comes to the study of
wave propagation because their influence on the propagated beam [13]. This had gone
a long way to add and to reveal the efficacy of the theoretical approach in under-
standing the beam propagation mechanism in wave propagating through thin film
material. This is seen to be achieved due to the flexibility of Green’s function as a tool
because this is what facilitated the use of the iterative process that will be involved in
the computational technique in this work that has enabled one to embark on this
theoretical frame work [18, 19].
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2. Theoretical procedures

General wave equation

∇2ψ zð Þ ¼ 1
�
c2
∂
2ψ zð Þ
∂t2

(1)

∇2ψ zð Þ þ ω2μoεoψ zð Þ ¼ 0 (2)

from which we obtain the Helmholtz form of it using the separation of variable
technique which is one of the methods being used for the solution of the wave
propagating through a medium in which a dielectric function as defined in our model
in Figure 1 which shown in Eq. (3).

ε zð Þ ¼ εref þ Δε zð Þ (3)

consisting of two parts is imposed on the wave equation. The dielectric function
consists of a perturbed part, Δε zð Þ representing the part where the thin film is depos-
ited and the reference section where no film is deposited, εref . Substituting the dielec-
tric function in Eq. (2), we obtain [18]

∇2ψ zð Þ þ μ0ε0ω
2ψ zð Þ ¼ �V zð Þ (4)

where

V zð Þ ¼ γ2ε zð Þ (5)

Green’s function technique is used to obtain an expression for a wave propagating
through the film as.

ψ zð Þ ¼
ðz
0
G z, z0ð ÞV z0ð Þψ z0ð Þ (6)

The Integral

ψ z, z0ð Þ ¼ I z, z0ð Þ ¼
ðz0
o
G z, z0ð ÞV z0ð Þψ z, z0dz0ð (7)

p�� (z)

EM Field

ref�

Figure 1.
Scalar wave impinging upon the substrate with reference medium εref and the thin film medium Δεp zð Þ.
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This when critically considered is a homogeneous Volterra equation of the second
type with the kernel.

k z, z0ð Þ ¼ G z, z0ð ÞV z0ð Þ (8)

In this equation, the Neumann series method is not applicable to this type of
equation; hence we apply Born approximation method that enables us to rewrite the
equation as

ψ z, z0ð Þ � I z, z0ð Þ ¼
ðz0
o
Φ z, xð ÞV xð Þψ z, xð Þdx (9)

where we put x in place of z0.
However, according to Born approximation procedure, we replace the unknown

function ψ z, xð Þ in the integral with a known function ~Φ z, xð Þ and use it to get an
approximate solution of ψ z, z0ð Þ.

That is

ψ z, z0ð Þ ¼ I z, z0ð Þ ¼
ðz0
o
Φ z, xð ÞV xð Þ~Φ xð Þ (10)

The sign on Φ z, xð Þ is signified as an indication of the possible phase difference
between the incoming wave and the outgoing wave. Thus neglecting the influence of
the reflected wave in the system, we then use Green’s function as in this case, we have.

G z, z0ð Þ ¼ Φ z, z0ð Þ ¼ 2
z

X∞
n¼1

sin nπz0=z
γ2 � n2π2

z2
(11)

This results in the solution as given

ψ z, z0ð Þ ¼ I z, z0ð Þ

¼ �
X∞
n¼1

γ2

γ2 � n2π
2

z2

ε0 þ cz0ð Þ cos nπ
z
þ 2π

λ

� �
z0

nπ
z
þ 2π

λ

2
66664

þ c
nπ
z þ 2π

λ

� �2 sin
nπ
z
þ 2π

λ

� �
z0

� �
� ε0 þ cz0

nπ
z
þ 2π

λ

c
nπ
z þ 2π

λ

� �2

0
B@

1
CA

3
7775

(12)

ψ λð Þ vs.λ when z and z0 are fixed.
In all use, we considered in the analysis the wavelength within λ = 250 nm to

1200 nm.
From the equation, it is obvious that (ψ zð Þ tends to 0 as the dielectric constant

ε0 ! ∞,
Therefore, for fixed values of other parameters, the resultant solution can

be approximated to any number of terms as may be required in relation to wave
propagation terms.
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This is used to obtain the absorption co-efficient using [20]

I ¼ Io exp αz

α ¼ 1=zIn
1
T

� �
(13)

known as Lamber-Beer- Bouguer law
The absorption coefficient is used in Eq. [21] to obtain the expression below [22].

αhνð Þ2 ¼ A hν� Eg
� �

(14)

In the case of dielectric, further deduction was involved since it is known that the
refractive index and dielectric function which appears in both real and imaginary
parts characterize the optical properties of any material because they are related to
refractive index, n, and extinction coefficient, k.

εr ¼ n2 þ k2 (15)

εi ¼ 2nk (16)

3. Results/discussion

Figure 1 represents a diagram showing the deposited thin film on the glass
substrate which depicts a model of the thin film that is considered to represent a
dielectric function with perturbed and the other part where there is no thin film we
assume to be the termed reference section. This concept is mathematically
represented in Eq. (3). And this equation on the other hand was used in conjunction
with the general scalar wave equation to formulate a second-order differential
equation in terms of dielectric function that was solved using the method of separa-
tion of variables and invariably applied to formulate Helmholtz equation as in Eq. (4).
Eq. (3) was substituted in (2) in order to come up with an expression that signifies a
propagating was through the thin film medium in terms of Green’s function. The
further deduction was made to harmonize the equations in agreement with Green’s
function which depicts a function that is in line with the homogeneous Volterra
equation of the second type as in Eq. (7). The equation was invariably solved using the
Born approximation approach that culminated in Eq. (10) that indicated the phase
difference between the incident wave on the thin film and the outgoing wave of which
the reflected part of the wave was ignored for the entire system in order to enable the
analysis to be carried out in terms of transmitted waves as it propagates through the
material thin film. The result of the solution is given in Eq. (12) which depicts ψ λð Þ as
function of wavelength. The concept was finally made use of in the computation and
deduction of absorption co-efficient as in Eq. (13) which formed the backbone of
deduction as it concerns all the required optical and solid state properties of the
material thin film as required to be analyzed in this work.

Secondly, this also was utilized in obtaining the bad gap as shown in Figure 2 of
the thin film based on the model that was presented in Figure 1 which was presented
separately in terms of all the wavelengths within the UV, Visible and near-infrared
regions of electromagnetic wave spectra. The graph which depicts a plot of αhνð Þ2 as a
function of wavelength within the three regions showcased the extrapolation that
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indicates the positions of their respective band gaps within the wavelength of the
respective spectrum.

In determining the optical properties, the same process was carried out in
determining the percentage transmittance, reflectance and absorbance as in
Figures 3–5, which were also presented in terms of the wavelength spectrum of the
considered region respectively. In the case of transmittance, percentage transmittance
was used and it was discovered that within the visible and near-infrared it is zero
with fluctuation up to a point at the UV region where it rose sharply while the
reflectance appeared to be negative except at a particular point within the visible

(αα
hv

)2 x
10

-4
-m

eV

- 250nm 

- 500nm 

- 750nm 

- 1000nm 

-1200nm 

Figure 2.
A graph of αhνð Þ2 as a function of wavelength for UV, visible and infrared of electromagnetic wave region (CaS)
thin film.
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where it grazes the axis at zero at the point on the visible region. From observation as
depicted in the graph, the absorbance seems to be negative as well.

The dielectric constants of the film were obtained by considering the fundamental
electron excitation spectrum of thin films is described by means of a frequency-
dependent dielectric constant that is related to n and k as shown in Eqs. (15) and (16).
However, the graph showing the plot dielectric constant for both real and imaginary

%
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T
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- T500 

- T750 

- T1000 

-T1200 

Figure 3.
Transmittance VS wavelength, λnm for UV, visible and infrared of electromagnetic wave region, calcium sulphide
(CaS) thin film.
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Figure 4.
Reflectance VS wavelength, λ for UV, visible and infrared of electromagnetic wave region; calcium sulphide (CaS)
thin film.
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parts respectively were plotted as a function of wavelength as considered in this work
and were shown in Figures 6 and 7 while the extinction co-efficient is depicted in
Figure 8 was also plotted in the same manner.

However, it was generally observed that the behavior of the duo appeared to be
irregular in their pattern.

Figure 5.
Absorbance VS wavelength, λnm for UV, visible and infrared of electromagnetic wave region; calcium
sulphide (CaS) thin film.

Figure 6.
Real dielectric constant VS wavelength, λ for UV, visible and infrared of electromagnetic wave region; calcium
sulphide (CaS) thin film.
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Figure 7.
Imaginary dielectric constant VS wavelength, λ for UV, visible and infrared of electromagnetic wave region;
calcium sulphide (CaS) thin film.

Figure 8.
Extinction coefficient constant VS wavelength for UV, visible and infrared of electromagnetic wave region; calcium
sulphide (CaS) thin film.
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Also, the energy band gap as deduced from the figure for various wavelengths have
been shown in Table 1 based on the considered regions of the EM wave.

The electromagnetic wave spectra propagated through the thin film material. As
indicated, each wavelength has a unique band gap associated with it as shown in
Table 1 just as deduced from Figure 2. It is observed that the band gap for near-
infrared is seen to be narrower while that of UV (i) is wider. However, the average of
the duo is considered to be the actual band gap of the thin film that is 2.51 eV. At the
initial stage, it was inferred from the literature based on the experimental result that
the band gap of the thin film is within the range of 3.00–3.39 eV. Thus, appropriately
it is reasonably considered that the computed band gap of CaS is narrower than
the result from the experimental value though with just little margin of about
�0.697 eV.

4. Conclusion

The analysis of the optical and solid state properties of CaS thin film has been
carried out successfully using a general scalar wave equation that was made
solvable by the use of Green’s function technique and which finally led to the
deduction of the propagation wave through the CaS thin film material. However, from
the computed result and analysis in terms of the energy band gaps, it was discovered
that there is a discrepancy between the values of the energy band gaps as observed in
the table. This is the fact that the computed band gap is narrower than the one
obtained experimentally However, the reason may not be farfetched from the
assumptions and approximations that were involved during the mathematical deduc-
tions in formulating the governing equations that were used in computation which
might, of course, affected the computed results of the band gaps, and perhaps the
results of other graphs that showcased the optical properties as shown in graphs and
also as recorded in the table some of which often appeared to be negative contrary to
the experimental results in so many cases. From the computation and analysis, it
was discovered that the computed band gap is narrower than the one obtained
experimentally.

However, the unique feature of this work is that it has indicated that the energy
band gap of any material can be studied in terms of the wavelength of the radiation
propagating through the material since the wavelength of every region of the electro-
magnetic wave spectrum has a band gap associated with it.

Band gaps

Thin
film

Computed band gaps
(eV)

Average computed band gap
(eV)

Experimental values of band gap
(eV)

CaS
(i)
(ii)
(iii)
(iv)
(v)

250 nm – 3.06
500 nm – 2.53
750 nm – 2.42
1000 nm – 2.28
1200 nm – 2.24

2.51 3.00–3.39

Table 1.
Computed band gap as indicated by the extrapolated graphs.
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Chapter 3

From Challenges to Solutions,
Heteroepitaxy of GaAs-Based
Materials on Si for Si Photonics
Junjie Yang, Huiwen Deng, Jae-Seong Park, Siming Chen,
Mingchu Tang and Huiyun Liu

Abstract

Monolithic growth of III-V materials onto Si substrates is appealing for realizing
practical on-chip light sources for Si-based photonic integrated circuits (PICs). Nev-
ertheless, the material dissimilarities between III-V materials and Si substrates inevi-
tably lead to the formation of crystalline defects, including antiphase domains (APBs),
threading dislocations (TDs), and micro-cracks. These nontrivial defects lead to
impaired device performance and must be suppressed to a sufficiently low value
before propagating into the active region. In this chapter, we review current
approaches to control the formation of defects and achieve high-quality GaAs mono-
lithically grown on Si substrates. An APB-free GaAs on complementary-metal-oxide
semiconductor (CMOS)-compatible Si (001) substrates grown by molecular beam
epitaxy (MBE) only and a low TD density GaAs buffer layer with strained-layer
superlattice (SLS) and asymmetric step-graded (ASG) InGaAs layers are demon-
strated. Furthermore, recent advances in InAs/GaAs quantum dot (QD) lasers as
efficient on-chip light sources grown on the patterned Si substrates for PICs are
outlined.

Keywords: heteroepitaxy, III-V materials, Si, defects, integration

1. Introduction

Recently, InP and GaAs-based optical transceivers have been progressively
replacing the traditional copper interconnect due to the unique properties of high
transmission speed, larger bandwidth, and less cooling power required [1, 2].
Although great performances of III-V-based optoelectronic devices have been
demonstrated, the cost and scalability limit the entry of their applications into the
market of consumer electronics and massive production [3, 4]. In contrast, low-cost,
high-bandwidth, and high-speed Si-based PICs and optoelectronic integrated circuits
(OEIC) are ideal candidates to replace high-cost InP and GaAs-based PICs due to the
large scalability and better thermal conductivity [3, 5–8].

However, as a critical component of PICs, a highly reliable and efficient Si-based
laser is missing due to the indirect bandgap structure of Si and Ge bulk materials
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[9, 10]. Fortunately, most III-V materials have superior optical properties and are
ideal to be used as a laser gain medium, but a suitable integration method is needed to
combine III-V materials and Si platforms [11–18]. As one of the most mature tech-
niques, wafer bonding has been commercially used in the Si optical transceivers but
left a questionable yield and cost [19–23]. Even though the integration method of
direct epitaxy of III-V materials on the Si platform could cause many types of crystal
defects, which leads to a substantial deterioration in the device performance, it has
great potential owing to various advantages of large-scale, high yield, low-cost, and
dense integration [24].

The crystal defects generated at the III-V/Si interface will trap carriers and produce
extra heat to the devices by forming nonradiative recombination centers [25, 26].
Hence, a proper strategy to reduce and eliminate these crystal defects becomes the
most critical condition to realize high-performance Si-based III-V optoelectronic
devices. In this chapter, we will introduce the generation of different types of crystal
defects in terms of different physical dimensions, followed by their corresponding
solution and recently demonstrated results. After that, recent advanced works of
monolithic integration of III-V QD lasers on the Si platform along with optical
waveguide are discussed.

2. Direct epitaxy of III-V materials on Si

Although the direct epitaxy of III-V material on Si offers substantial benefits,
issues streaming from large material dissimilarities between these two materials lead
to the generation of nontrivial defects. For instance, the different polarity, large
mismatch of lattice constant, and incompatible thermal expansion coefficient (CTE)
result in the formation of APBs, TDs, and micro-cracks, respectively. Extensive
endeavors have been dedicated to advancing the growth techniques in the last decades
to tackle these three main challenges in III-V/Si heteroepitaxy and realize high-
performance III-V lasers integrated into Si. In this section, the mechanisms of defect
formation and strategies to suppress the defects will be discussed.

2.1 Antiphase boundaries

A planar defect called APB is formed during the heteroepitaxy of polar III-V
materials on nonpolar Si (001) substrates. Si (001) vicinal surface with a small offcut
angle (<1°) exhibits terraces of alternating 1 � 2 and 2 � 1 dimerization, which are
separated by Si single-atomic-height (S) steps [27–30]. These Si S steps are classified
into two groups, that is, Sa and Sb, depending on the dimer orientation in the upper
terrace [31]. The schematic diagram of alternating S steps on the Si (001) surface is
shown in Figure 1, where the Sa steps are straight, and the Sb steps are meandering
due to thermal fluctuation [28]. The terrace width between the adjacent Sa and Sb
steps is defined as L. The relationship between terrace width L and the offcut angle of
the Si substrate θ is defined as

a ¼ L� tan θ (1)

where a is the height of a single Si S step, corresponding to 0.136 nm.
In most zinc-blend structures, for example, III-As and III-P materials, different

atoms occupy the two face-centered-cubic (FCC) sublattices. By contrast, identical

38

Thin Films – Growth, Characterization and Electrochemical Applications



atoms occupy FCC sublattices in the diamond crystal structure of Si [33]. During the
heteroepitaxy of III-V materials on Si (001) substrates, the orthogonal Si dimers in
adjacent terraces lead to the formation of two domains with opposite sublattice allo-
cation, that is, antiphase domains (APDs). The interface between two APDs is an APB
consisting of homopolar bonds (GadGa or AsdAs bonds) and is considered as elec-
trically charged planar defect [34]. APBs propagate within the epilayers and act as
nonradiative recombination centers and electrical leakage paths, severely degrading
the optoelectronic properties of devices due to their relatively large area [34, 35]. In
addition, the elastic strain associated with APBs will distort the crystal lattice and
deform the DFLs. As a result, a high TD density (TDD) will be observed in the active
region [32].

The presence of large-scale APBs can be characterized by using an atomic force
microscope (AFM), electron scanning microscope (SEM), or transmission electron
microscope (TEM). Figure 2(a) shows a typical AFM image of GaAs grown on Si
(001) substrate with dense APBs, illustrated as curved boundaries. In practice, APBs
emerge at the edge of Si S steps, and most of them propagate through {110} planes to
the surface at low growth temperature as {110} APBs exhibit the lowest formation
energy when compared with {112} and {111} APBs in both GaAs and GaP [36]. The
kink of APBs into higher index planes, for instance, {111} and {112} planes, depends
on the growth temperature of the epilayer. This process is crucial for the self-
annihilation of APBs at the intersection [36, 37]. In stark contrast, the Si dimers are in
the same orientation on the double-atomic-height (D) stepped Si surface. As a conse-
quence, the nucleation of APBs is suppressed during the growth of III-V materials on
Si D steps [25]. The APB nucleation and propagation under different circumstances
are summarized in Figure 2(b).

Figure 1.
Schematic diagram of Si (001) surface with S steps. Reprinted from reference [32] ©2021 the author under
CC BY.

Figure 2.
(a) Top view AFM image shows dense APBs on the GaAs surface. (b) Schematic diagram of APB nucleation,
propagation, and annihilation on Si steps.
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A classic and common solution for suppressing APBs is to implement 4°–6° offcut Si
substrates titled toward [110] direction, which preferentially formsD steps-dominated Si
surface and thus inhibits the nucleation of APBs [28]. However, in order to be compatible
with well-established CMOS processing technology, nominal Si (001) substrate with a
misorientation of lower than 0.5° is required [38]. In the past decades, many techniques
have been developed to achieve heteroepitaxy of APB-free III-V materials on on-axis Si
(001) substrates, which will be introduced in the following contents.

2.1.1 Selective area growth

Selective area growth (SAG) allows III-V heteroepitaxy on the prepatterned Si
substrates and attracts intensive scientific interest as it provides efficient defect
reduction, attributed to epitaxy necking effects and aspect ratio trapping (ART)
[39–41]. SAG of III-V materials on the narrow trenches with patterned vertical
dielectric sidewalls (normally SiO2) ensures sufficient TD trapping if a high aspect
ratio (AR) is defined. The AR is defined as the ratio of trench height h and width w:

AR ¼ h
w

(2)

During the epitaxy of mismatched III-V on Si substrates, the misfit dislocation (MD)
inevitably formed at the interface due to strain relaxation. Glissile 60° MDs tend to form
segments that thread up as TDs, which propagate freely on the {111} planes in <110>
directions and move upwards to the epilayer surface [42, 43]. As for the TDs propagat-
ing on the {111} planes perpendicular or parallel to the trench orientation, TDs will
eventually hit the vertical dielectric sidewalls and are trapped if sufficient AR is applied,
as illustrated in Figure 3(a) case (1) and (2). Since {111} planes form an incident angle
of 54.7° with [110] direction, a minimum AR of 1.41 is required to terminate the TDs
within the trench. Unlike the TDs, however, the trench only traps the planer defects
lying on the {111} planes parallel to the trench orientation, as indicated by case (3) and
(4) in Figure 3. Furthermore, V-grooved Si (001) substrates with {111} facets, formed
by using wet etching, were developed to prohibit the formation of APBs even with the
presence of S steps [25, 44], as shown in Figure 3(b).

Through V-grooved Si {111} surfaces via an ART process, Li et al. successfully
demonstrated an APB-free GaAs-on-V-grooved Si (GoVS) template [45]. The Si (001)
substrate patterned with [110] direction SiO2 strips was etched by KOH solution to form
V-grooved Si {111} facets as the etching rate of Si being the lowest in the (111) plane

Figure 3.
(a) Schematic diagram showing TD and PD propagation within the narrow trenches with patterned vertical
dielectric sidewalls. The APB nucleation is prohibited during the growth of III-V on V-grooved Si (001) substrate
with {111} facets (b) even on a Si (111) S step.
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[44]. SAG of GaAs nanowires was performed using a metalorganic chemical vapor
deposition (MOCVD) system with a two-step growth method. Figure 4(a) shows the
initial growth of GaAs on the V-grooved substrate, and planar GaAs nanowire is
observed without APBs, thanks to the Si {111} facets. Interestingly, the unique “tiara”-
like shape formed by Si undercut blocks the propagation of stacking faults through {111}
planes, as shown in Figure 4(b). After removing the SiO2 strips by a buffered oxide
etch, coalesced GaAs thin film was grown to finish the template. High-quality APB-free
GaAs thin film was obtained after 300 nm GaAs overgrowth, as shown in Figure 4(c).

In addition, Wei et al. proposed a novel way of forming Si {111} surfaces by
homoepitaxy of Si on the U-shaped patterned Si (001) substrate. The U-shaped
pattern along [110] direction is formed with a period of 360 nm, ridge width of
400 nm, and depth of around 500 nm by the deep ultraviolet photolithography
(DUV) and subsequent dry etching, as shown in Figure 5(a) [46]. The U-shaped
patterns will then be dipped in a diluted hydrofluoric acid to form a hydrogen-
terminated surface and transferred into an IV molecular beam epitaxy (MBE) cham-
ber for the deoxidation and subsequent homoepitaxy of 500 nm Si to form {111}
facets, as shown in Figure 5(b). Further deposition of Si to 550 nm leads to the
merging of Si ridges and finally forms evolvement of (111)-faceted-sawtooth surface,
which promotes the APB-free GaAs in the subsequent growth.

2.1.2 MOCVD/MOVPE grown APB-free GaAs/Si (001)

Although the pioneering works on SAG growth of APB-free III-V/Si (001) have
been proved promising, the sophisticated processing and patterning of the Si surface

Figure 4.
(a) Cross-sectional TEM image showing the growth of GaAs on the V-grooved Si (001) substrates. (b) Defects are
trapped by the “tiara”-like shape formed by Si undercut. (c)cross-sectional SEM of grown GaAs in the GoVS
template. Reprinted with permission from [45] ©2015 AIP publishing.

Figure 5.
(a) Cross-sectional SEM image showing a U-shaped patterned Si (001) substrate. (b) Si {111} facets formed by Si
homoepitaxy. Reprinted with permission from [46] ©2015 AIP publishing.
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are costly and time-consuming. Regarding the direct growth of III-V materials on
planer Si (001) substrates, forming the D steps-dominated Si surface is the most
straightforward idea to solve the APB issue. Thus, it has also been widely investigated.
The Si D steps can be formed by high-temperature annealing of Si (001) substrates
with proper hydrogen chemical potential, attributed to the preferential and selective
etching of Sb steps by hydrogen [34]. This process is strongly related to the width of
neighboring Si terraces. According to Eq. (1), a slightly large offcut angle of >0.1° is
desired to erase Sb steps to a sufficiently low value and form the D steps-dominated Si
surface.

Volz et al. achieved APB-free GaP on Si (001) substrate with an offcut angle of
�0.12° using metalorganic vapor phase epitaxy (MOVPE) [47–49]. A 500 nm Si
buffer layer was first deposited, followed by postgrowth hydrogen annealing with the
pressure of 950 mbar for 10 min at 975°C to obtain a D steps-dominated Si surface
with an average terrace distance of �120 nm. Nevertheless, S steps still appeared as a
triangle-shaped form and existed between two neighboring D steps, covering �15% of
the surface area [37]. During the epitaxy of GaP on the Si buffer layer, APBs exist
because of imperfect Si D steps. The distribution of APBs that resembles the underly-
ing Si S steps is illustrated in Figure 6(a), where the triangle-shaped S steps lead to the
formation of APBs in two orthogonal directions [110] and [110]. The kinking and self-
annihilation of APBs through energy favorable {112} is observed in the direction
[110], which is perpendicular to the Si step orientation [36, 48]. The typical basal
width of 180 nm for the S terrace yields a maximum height of 65 nm for APBs to be
fully annihilated in GaP, as presented in Figure 6(b). Since the triangle-shaped S steps
become narrow along [110] direction, the decrease in basal length results in faster
annihilation of APBs, which is confirmed by the TEM measurements in Figure 6(c).

Based on this technique, a GaAs/GaP/Si (001) is developed as one of the most
commercially successful templates for developing Si-based on-chip light sources.
Many remarkable results have been reported based on this platform [50–52].

In contrast, Alcotte et al. selected a Si (001) substrate with a slightly larger miscut
angle of 0.15° toward [110] direction to further enhance the etching of Sb steps. They
demonstrated an APB-free GaAs grown on a Si (001) substrate by MOCVD without
intermediate Si buffer layers [35]. Prior to growth, a Si wafer was first deoxidized in a
SiConi™ chamber using an NF3/NH3 plasma. High-temperature hydrogen annealing
at 850 to 950°C was then carried out to form Si D steps, as indicated in Figure 7(b). A
surface of GaAs grown on the un-optimized Si substrate is shown in Figure 7(a),

Figure 6.
(a) TEM plane view of GaP grown on pretreated Si buffer layer. Cross-sectional TEM measurement in (b) [110]
and (c) [�110] cross-sections showing anisotropic APDs. Reprinted with permission from [48] ©2011 AIP
publishing.
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where a high density of APBs is visible. By utilizing an optimized Si substrate with the
dominated Si D steps, a 150 nm APB-free GaAs epilayer was obtained with a low
surface roughness of 0.8 nm for a 5 � 5 μm2 AFM scan, as presented in Figure 7(c).

2.1.3 MBE grown APB-free GaAs/Si (001)

Indeed, the above-mentioned APB-free III-V templates grown by MOCVD/
MOVPE have achieved great success in commercialization. Nevertheless, the require-
ment of a hydrogen source is unsuitable for migrating such methods into MBE sys-
tems. The MBE system has a unique advantage in obtaining high-quality QDs [53],
which are insensitive to defects and have been regarded as one of the most promising
gain media for high-performance Si-based on-chip laser sources [54]. Developing an
APB-free III-V layer by a single system simplifies the growth process and is econom-
ical in the long term.

This need was first satisfied by Kwoen et al. who have successfully grown APB-free
III-V lasers on on-axis Si (001) by MBE using a high-temperature Al0.3Ga0.7As nucle-
ation layer (NL). In the study, four samples with identical structures except for the
composition of Al in the first 40 nm AlxGa1-xAs NL were grown and compared by
SEM and photoluminescence (PL). It was concluded that Al0.3Ga0.7As NL promoted
self-annihilation of APBs and delivered the best GaAs quality. Based on this platform,
InAs/GaAs-based QD lasers were developed with high operating temperature [55, 56].

Recently, Li and Yang et al. proposed a new method of using periodic Si S steps to
redistribute the APB nucleation and promote the APB annihilation during optimized
GaAs overlayer growth by a dual-MBE system [57, 58]. In their study, on-axis Si (100)
substrates with unselected miscut angles of 0.15 � 0.1° toward <110> were
deoxidized at 1200°C for 30 min in the group-IV MBE. A 100 nm Si buffer layer was
first grown at 850°C by using a Si e-beam source. This was followed by five iterations
of 20 nm thin Si grown at 850°C and annealed at 1200°C to reconstruct the surface
and form periodic Si steps. The wafer was then transferred into the III-V chamber for
subsequent growth. The schematic image showing the APB-free GaAs buffer layer
structure is illustrated in Figure 8(a), which started with a low temperature (LT)
Al0.4Ga0.6As NL grown at 330°C, and the growth rate was 0.1 monolayers per second
(MLs�1). A temperature ramping step with a ramp rate of 10°C Min�1 was applied
afterward. At the same time of increasing temperature, GaAs was deposited

Figure 7.
(a) AFM image of GaAs grown on an un-optimized Si substrate showing high density of APBs. (b) Si D steps
formed after annealing a Si substrate under optimized conditions. (c) AFM image of a 150 nm APB-free GaAs
layer grown on Si (001). Reprinted from reference [35] ©2016 the authors under CC BY.

43

From Challenges to Solutions, Heteroepitaxy of GaAs-Based Materials on Si for Si Photonics
DOI: http://dx.doi.org/10.5772/intechopen.114062



simultaneously at a rate of 0.6 MLs�1. This growth-during-ramp method was also
applied in the following temperature ramping steps. Following the Al0.4Ga0.6As NL, a
three-step GaAs growth technique was implemented, consisting of 190 nm LT,
180 nm mid-temperature (MT), and 340 nm high-temperature (HT) GaAs grown
at 350, 420, and 580°C respectively. The temperature ramping step was inserted
between these GaAs layers, and the total GaAs buffer layer thickness was 1 μm.

In contrast to the growth parameter proposed by Kwoen et al. [59], the NL was
grown at LT of 330°C in this study to avoid the formation of APB-modified
thermodynamic equilibrium (APB-MTE). In APB-MTE, a (110) APB tends to
enlarge, resulting in the formation of two APDs with opposite polarity, as shown in
Figure 8(b) [58, 60]. Most recently, this growth strategy has been proved efficient by
Gilbert et al. as it maintains the terrace-driven nature of APBs in initial nucleation
rather than nucleation-driven, leading to controllable APB burying in the GaAs over-
growth [61]. Besides, the growth-during-ramping method helps to elongate the {110}
APBs while preventing the APB-MTE. In addition, a suitable high growth temperature
aids in the reconfiguration of the APBs into higher index planes, ultimately promoting
the annihilation of APBs.

To examine the impact of the Si buffer layer on APB annihilation, a comparative
analysis of the surface morphologies was conducted between Si substrates with and
without an annealed Si buffer layer, as shown in Figure 9. For the deoxidized Si
surface, the random distribution of Si atomic steps is observed in Figure 9(a). These

Figure 8.
(a) Schematic image of the APB-free GaAs buffer layer structure. (b) APB-MTE formed during high-temperature
annealing. Reprinted from [58] © 2022 the authors, under CC BY.

Figure 9.
5 �5 μm2 AFM image of (a) a deoxidized Si substrate and (b) a surface-reconstructed Si buffer layer.
(c) 2 �2 μm2 AFM image of the Si buffer layer with periodic S steps. (d) Height measurement of Si steps,
showing Si surface is mainly single-stepped. Reprinted from [57] © 2020 the authors, under CC BY.
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undulating steps arise from the interaction between distinct stress domains on the Si
surface, leading to the reduction in the overall elastic energy of the Si surface at a
small offcut angle [62, 63]. In stark contrast, Figure 9(b) and (c) present the periodic
S steps with a step height of �0.13 nm, demonstrating only Si S steps instead of D
presented on the Si surface after HT annealing [64, 65].

Two samples (sample A without Si buffer layer and sample B with Si buffer layer)
with identical GaAs growth methods were grown and compared to test the impact of
the Si S steps on APB annihilation. The cross-sectional TEM measurements are taken
with a viewing direction of [110] for Figure 10(a)–(d) and [110] for (e) and (f). As
shown in Figure 10(a)–(d), APBs nucleate and propagate through the energy-favored
{110} planes during LT GaAs growth. The APB propagation plane is configured to
higher index planes in the high-temperature growth region, contributing to APB self-
annihilation. The twisted patterns that demonstrate randomly distributed APB nucle-
ation during GaAs/Si (001) (Sample A) are observed in Figure 10(a). In contrast,
periodic APBs occur when GaAs are grown on the Si buffer layer (Sample B), as
illustrated in Figure 10(c).

In both samples, APBs tend to intersect and annihilate with each other within the
high-temperature growth region. However, in Figure 10(a), the randomly distributed
APBs shown in sample A propagate randomly within the GaAs, making them
extremely difficult to eradicate effectively. The remaining APBs thus penetrate
through the whole structure, as displayed in Figure 10(b). In contrast, the well-
organized APBs that nucleate on (Sa + Sb) resemble the underlying S steps and are
closely spaced. The high growth temperature applied afterward sufficiently promotes
the complete destruction of APBs within �500 nm, as shown in Figure 10(d).

Furthermore, the APBs that penetrate through the whole GaAs buffer layer in
sample A are noticed from [110] viewing direction, as indicated in Figure 10(e). By
contrast, since the Si buffer layer is populated by S steps in [110] direction, the APBs
that nucleate on these S steps resemble the step orientation, leaving no APB observed
in [110] viewing direction, as shown in Figure 10(f). This observation differs from
the aforementioned APB-free GaP/Si growth, where triangle-island-shaped Sb steps

Figure 10.
Cross-sectional TEM images from [�110] viewing direction showing APB nucleation and self-annihilation for (a)
regional and (b) 1 μ m range of sample a and (c) regional and (d) 1 μ m range of sample B. TEM images from
[110] viewing direction for (e) sample a and (f) sample B. reprinted from [32] ©2021 the author under CC BY.
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are left near the edge of the D steps. During subsequent growth of GaP on these S
triangle islands, the APBs that resemble the underlying Si steps can be found in two
orthogonal directions, that is, [110] and [110] [48, 49, 66].

The annihilation of APBs at HT is attributed to the difference in GaAs growth rate
of the two domains. During the deposition of GaAs on Si, an Arsenic (As) prelayer is
adopted to avoid Ga etching, and As resembles the underlying Si dimer orientation.
Since Ga atoms diffuse mainly along the As dimer direction, GaAs deposited on the
upper terrace of Sa are more likely to grow along the [110] direction (main phase),
and GaAs deposited on the upper terrace of Sb will grow along [110] direction
(antiphase), as indicated in Figure 11(a) [67, 68]. The main-phase GaAs grow faster
than antiphase GaAs in the [110] direction, forcing neighboring APBs to intersect
toward each other during temperature increases. As a result, the annihilation of
terrace-driven APDs is facilitated, as shown in Figure 11(a).

Interestingly, it has been reported that {110} APBs help to reduce TDs during GaAs
overgrowth [58]. {110} APBs trap {111} TDs to climb along it and promote the termi-
nation of TDs with opposite Burger vector signs. In addition, the trapped TDs can
glide through other {111} planes and might be captured again by other {110} APBs.
This process will recur until TDs are terminated or move beyond the APBs. Conse-
quently, the TDD level reaches 8 � 108 cm�2 for GaAs grown on Si (001) substrate
with periodic {110} APBs, which is half of GaAs grown on Si offcut substrate with
identical growth structure. This result reveals the probability of controlling both APBs
and TDs simultaneously and achieving a high-quality APB-free GaAs/Si (001) tem-
plate by optimizing the GaAs growth technique in the future.

2.2 Dislocations

The second issue that hinders the direct epitaxy of III-V materials on Si is the
formation of dislocations. Most III-V materials, except for GaP and aluminum phos-
phide (AlP), have a large lattice mismatch with Si. During the III-V-on-Si mismatched
heteroepitaxy, the strain energy accumulated inside the epilayer is proportional to the
epilayer thickness. Once the thickness of the strained layer exceeds a certain value, the
so-called critical thickness, MDs, are formed at the interface to relax the accumulated
strain. These MDs introduce missing or dangling bonds along the mismatched

Figure 11.
(a) Schematic diagram of terrace-driven APB burying method. The area within the closed-loop APBs is considered
as an antiphase, while the outside is the main phase. (b) Antiphase GaAs are buried by main-phase GaAs during
the growth. Reprinted from [58]© 2022 the authors, under CC BY.
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interface. The commonly occurred MDs can be classified into two types: (1) edge MDs
with Burgers vector lying in the interface (001) plane and perpendicular to the line
direction. This type of dislocation mainly originates from Si steps and is “sessile”. (2)
60° MDs with Burgers vector of 60° to the dislocation line and 45° to the substrate,
and this type of dislocation is termed “glissile”. Since dislocations are one-dimensional
defects and cannot terminate within a crystal, 60° MDs will move toward the edge of
the crystal or form segments that thread up as TDs, which propagate freely along the
{111} planes and penetrate through whole epi-layers. The TEM image of MD and TD
are illustrated in Figure 12. TDs introduce deep states and act as nonrecombination
centers for carriers, which leads to short carrier lifetime, low photon emission effi-
ciency, and impaired device performance [43].

Several strategies were developed to control TDD in the past decades, aiming to
reduce TDD to a low value of �10�6 and 10�5 cm�2, which is close to the TDD on the
native substrate. For instance, inserting a Ge intermediate or SiGe-graded buffer layer
effectively bridges the lattice mismatch between Si substrates and III-V [69]. Besides,
the three-step GaAs growth method is commonly utilized to control TDD within the
GaAs buffer layer for the GaAs-on-Si system. A thin AlAs nucleation layer grown by
migration-enhanced epitaxy is also adopted to suppress three-dimensional defects
raised at the III-V/Si interface [70], which is followed by MT and HT GaAs to mini-
mize the point defects during epitaxy [54]; Thermal cycle annealing (TCA) is another
effective tool as it provides extra thermal stress to enhance the motion of TDs and
promote higher probability for TD interaction [71].

In addition to the previously mentioned strategies, inserting SLSs serving as dislo-
cation filter layers (DFLs) is another effective method that can sufficiently reduce the
TDD. SLSs consist of periodic lattice-mismatched thin layers without strain relaxa-
tion. The unreleased strain tends to bend TDs at the SLSs interface and forces them to
move laterally toward the edge of a crystal (parallel to the interface), enhancing the
probability of intersection and termination of TDs, as shown in Figure 13. Besides,
MD segments form at the SLSs interface as TD moves, relieving the misfit and
reducing the net glide force of TDs to zero [43].

2.2.1 Optimization of SLSs and asymmetric step-graded filter structure

Optimizing SLSs to improve their filtering efficiency has been extensively
explored. To design a proper SLS, the strain force must be first considered. A trade-off
appears as a higher strain force strengthens the filtering ability, while an over-strain

Figure 12.
Cross-sectional bright-field TEM image showing MDs and TDs.
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force leads to new defects. Thus, for the most commonly used InGaAs/GaAs system,
the indium (In) composition and the thickness of GaAs space layers for InxGa1-xAs/
GaAs DFLs must be carefully designed. Tang et al. demonstrated that 18% of indium
(among 16, 18, and 20%), along with a 300 nm GaAs space layer, delivered the best
filter efficiency in the design of InxGa1-xAs/GaAs DFLs [72]. Besides, in situ thermal
annealing was applied for each set of DFLs when the growth was being pulsed in the
reactor. This approach further reduced the TDD, as the motion of TDs was enhanced,
and thus, a higher possibility for TD self-annihilation was achieved.

Shang et al. provided a comprehensive study of optimizing DFLs on GaAs/GaP/Si
(001) templates, which formed the basis for the high-temperature InAs/GaAs QD
laser with an extrapolated lifetime of over 22 years [51, 71]. In this study,
In0.15Ga0.85As (10 nm)/GaAs (x nm) � 20 SLSs as DFLs were grown and compared. X
represents values 10, 7, 5, 2, 0. A decreasing trend of filter efficiency was observed
when x became lower, attributed to a higher degree of relaxation for In0.15Ga0.85As.
Based on this observation, 200 nm InxGa1-xAs were further analyzed with various
indium (In) compositions (10, 15, 17.5, 20, and 25%). It was concluded that 15 and
17.5% In composition delivered the best filtering efficiency, and a clear blocking effect
of TDs was observed for an In composition higher than 20%. Furthermore, Shang
et al. developed novel filter layers with ASG filter structure, which helps to reduce
blocking effects, as shown in Figure 14(a). Ten minutes of annealing at 530°C was
applied for each InGaAs layer to promote tensile relaxation. Finally, TDD of 2
�106 cm�2 was achieved based on this structure, as shown in Figure 14(b). This is
also proven by TEM results shown in Figure 14(c). Almost all TDs are blocked by this
ASG filter structure, leaving the top GaAs layer with ultra-low TDD.

Figure 13.
Cross-sectional TEM image of GaAs grown on on-axis Si (001), showing TD propagation and annihilation within
four sets of In0.18Ga0.82As/GaAs DFLs.
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2.2.2 Trapping layer

During the postgrowth cooldown period, thermal stress-induced TD motion hap-
pens as a result of the large mismatch in CTE between III-V and Si. Once TDs
encounter the In-contained DWELL structure, the mechanically hardened active
region forces TDs to move laterally, leaving behind the MDs at the interface and
severely degrading the optical properties of QDs. To solve this issue, Selvidge et al.
inserted In-contained trapping layers (TL) to displace MDs above and below active
region, which dramatically improved the optical prosperities of QDs [73]. The thick-
ness of InGaAs TLs was kept below critical thickness (7 nm) without introducing
extra MDs. As shown in Figure 15, inserting TLs does not contribute to TD reduction,
but it displaces the MD formation below it rather than the active region to minimize
the decremental impact brought by MDs. TLs were also applied in the laser structure
to explore its efficiency, as illustrated in Figure 16(a). 7 nm In0.15Ga0.15As and
In0.15Al0.15As were placed 80 nm above and below the active region sandwiched by
cladding layers to minimize the effect of the electrical barrier due to bandgap align-
ment. From Figure 16(b) and (c), TLs were effective for displacing MDs along it
rather than on DWELL. This observation is consistent with Figure 16(c–f), where
MDs lie on the DWELL when no TLs are inserted. Most MDs lie on the TLs, and
further glide of TD segments does not introduce extra MDs in the QD lasers. It was

Figure 14.
(a) Schematic diagram of InGaAs ASG layers. (b) ECCI image showing TDD of 2�106 cm�2. (c) Cross-sectional
TEM image of InGaAs ASG layers. Reprinted from [71] © 2020 the authors, under CC BY.

Figure 15.
Schematic diagrams showing MD formed (a) without and (b) with InGaAs TLs. Reprinted with permission from
[73] ©2020 AIP publishing.
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also demonstrated that the laser with TLs exhibited half of the threshold current (even
lower than state-of-art lasers on Si when higher TDD is presented in this case), a 60%
increase in slope efficiency, and � 3.4 times improvement in peak single facet output
power, revealing the effectiveness of TLs. Such performance is comparable to Si-based
QD lasers with one magnitude lower TDD. Compared with the structure consisting of
thick DFLs, the insertion of thin TLs is more effective in improving laser performance
without introducing a thick epilayer, which is beneficial for the yield and massive
production of Si-based PICs in the long term.

Recent developments of reducing TDD in GaAs monolithically grown on Si (001)
substrates by combining previously mentioned strategies are highlighted in Table 1.

2.3 Cracks

Controlling defect density to a sufficiently low value requires a thick buffer layer
with several micrometers, which introduces the formation of micro-cracks. Because of
the large mismatch in CTE between III-V materials and Si, for example, 5.73 �10�6°
C�1 for GaAs and 2.6 � 10�6°C�1 for Si, the accumulated thermal stress during the
growth is relieved by forming micro-cracks and wafer warping when the epilayer
cools down from high growth temperature to room temperature [79]. Theoretically,
cracks form along the [110] and [1–10] directions when the elastic energy exceeds a
critical value to generate two new surfaces, as shown in Figure 17. In addition, it is
also proved that crack formation originates from other preexisting defects [80] and

Figure 16.
(a) Schematic diagram of proposed laser structure with TLs. (b) Cross-sectional bright-field TEM image showing
MD segments appear on TLs, as indicated by black arrows. (c) Zoom-in image of (b). Cross-sectional tomographic
reconstruction showing (c) MDs lie on the 5th QDs in laser structure without TLs. (d) MDs lie on the TLs. (e) Part
MDs lie on the TLs, and part lie on the 5th QD. Reprinted with permission from [73] ©2020 AIP publishing.
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layer thickness. For example, Yang et al. reported that the crack density increases
sharply about three times when the thickness of the GaAs layer on Si increases from 5
to 6.7 μm [81]. Similar to other defects, micro-cracks are detrimental to the device’s
performance as they serve as scattering centers for light propagation and electrical
leakage paths [81]. Additionally, the high density of micro-cracks will significantly
reduce the total yield of devices [82]. Hence, controlling micro-crack is crucial for the
mass production of Si-based PICs in the future.

Year Substrate Dislocation filter layer structure Total buffer
thickness
(μm)

TDD
(cm�2)

Ref

2021 V-grooved Si
(001)

Two sets of five periods of In0.15Ga0.85As/GaAs
SLSs and two sets of five periods of

In0.15Al0.85As/GaAs SLSs

2.1 1.6 �107 [74]

2020 GaP/Si (001) In0.05Ga0.95As/ In0.1Ga0.9As/In0.05Ga0.95As ASG 2.55 1.5 �106 [71]

2020 Si (001) Two sets of five periods of In0.15Ga0.85As/GaAs
SLSs

2.6 3 �107 [75]

2020 GaP/Si (001) Single In0.1Ga0.9As layer 2.3 7.3 �106 [76]

2019 GaAs/Si (001) Four sets of five periods of In0.18Ga0.82As/GaAs
SLSs

2.3 5 �107 [77]

2019 Si (001) Three sets of five periods of In0.15Ga0.85As/GaAs
SLSs

2 Below 108 [55]

2017 GaP/Si (001) Ten periods of In0.1Ga0.9As/GaAs SLSs 3.1 8.4 �106 [78]

Table 1.
Summary of recent optimization of DFL layers for GaAs monolithically grown on Si (001) substrates.

Figure 17.
SEM image of cracks in orthogonal directions. Reprinted from [79] © 2022 the authors, under CC BY.
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A prolonged cooling down period with a slower cooling rate is suggested after
growth to prevent the micro-cracks [79, 83]. Furthermore, SAG of III-V materials
helps to prevent micro-cracks formation by alleviating thermal stress. However, dense
defects, including TDs and stacking faults, will be generated near the pattern edge,
degrading crystal quality. Moreover, in large patterned areas, micro-cracks remain on
the sample surface [84]. Even though diverse techniques have been demonstrated,
keeping the device thickness below the cracking threshold is the most economical and
effective way [81].

As cracks are formed when the elastic energy exceeds a certain limitation, the
thickness of the epilayers is the most prominent and essential reason for the crack
formation. Yang et al. proposed the relationship between the critical cracking thick-
ness and a dimensionless driving force number Z [85], which calculates the energy
released per unit area for the crack:

G ¼ Zσ2t
Ef

(3)

where σ is the stress in the thin film, t is the thin film thickness and Ef denotes the
biaxial modulus. In a typical system where the substrate and the epilayer have similar
elastic moduli, the Z should be within 2 to 4. The stress in the thin film can be
calculated as:

σ ¼ Ef αf � αs
� �

ΔT (4)

where αf and αs are the CTE of the thin film and the substrate, respectively. While
the ΔT is the temperature difference between the growth temperature and the room
temperature. The critical thickness for crack formation can be derived, provided that
the fracture resistance Γ is twice the energy release rate G [85, 86]:

tc ¼
ΓEf

Zσ2
(5)

Based on the mathematical model given above, the cracking threshold of GaAs is
estimated as 3.9 μm when it is cooled down from the growth temperature of around
600°C to room temperature. However, for most growth of high-performance III-V
compound semiconductor devices on Si, the structure was usually above 4 μm due to
the utilization of a thick buffer layer to minimize the TD generated at the interface.

Furthermore, Shang et al. further improved the previous model and shed light on
the relationship among dislocation density, film thickness, cooling rate, and crack
formation [79]. It has been suggested that lower TDD induces higher equi-biaxial
stress in the film during the cooling down period. The critical thickness is inversely
proportional to the cool rate and TDD, as shown in Figure 18. It is suggested that with
a low TDD of 1.0 �106 cm�2 and a low cool rate of 1°C min�1, the critical thickness of
cracking is approximately 6 μm. Therefore, a thin epilayer with a low cooling rate is of
pinnacle importance to prevent micro-cracks.

Recently, Yang et al. used an optimized 300 nm Ge buffer layer to replace part of
the thick GaAs buffer layer in the laser structure while keeping the TDD unchanged
[82, 87]. As a result, the total thickness of the laser structure can be reduced to
approach the cracking threshold without bringing any negative effects. A comparison
between TD propagation for GaAs deposited directly on a Si substrate and a Ge/Si
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virtual substrate (VS) is demonstrated in Figure 19. As shown in Figure 19(a), a high
density of defects is generated at the GaAs/Si interface, and almost �109 cm�2 TDD is
observed underneath the first DFL [54]. In contrast, a much lower TDD of �6
�108 cm�2 is obtained in the 300 nm Ge buffer layer attributed to the adoption of HT
TCA between 600 and 900°C, as indicated in Figure 19(b). This TDD is comparable
to the 1.4 μm GaAs monolithically grown on Si with one set of DFL. In addition, MDs
are barely introduced in the subsequent GaAs growth since the lattice constants of Ge
and GaAs are almost identical. As a result, TDD reaches 4 �106 cm�2 after applying
four sets of DFLs. Based on this result, a high-quality InAs/GaAs QD laser was devel-
oped with high operation temperature, revealing the feasibility of using Ge/Si plat-
form for reducing micro-cracks in the future.

2.4 Summary

Recent progress in controlling crystal defects during the heteroepitaxy of III-V
materials on Si substrates has been reviewed in this section. Several newly developed
techniques were applied for Si-based PICs, which will be discussed in the following
contents.

Figure 18.
Relationship among critical thickness, cooling rate, and TDD. Reprinted from [79]© 2022 the authors, under CC
BY.
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3. Photonic integrated circuits

The idea of using Si-based PICs in which all major photonic functions are mono-
lithically integrated on a single Si or Si-on-insulator (SOI) substrate has emerged to
promote rapid advances in quantum photonics, quantum computing, LiDAR, and
artificial intelligence-powered nanophotonics [4, 88]. It contributes to the better life
quality of consumers with low cost due to the low material cost and large wafer size of
Si [4, 89, 90]. Over the past decades, an unprecedented boom of key components of Si
photonics, including Si-based modulators [91], photodetectors [92], and waveguides
[93], has been witnessed. Until now, an efficient, electrically pumped Si-based laser
remains a missing piece and becomes the roadblock to the commercialization of Si-
based PICs.

To circumvent the inherent limitations of Si, integrating direct-bandgap III-V
materials onto Si has been regarded as an attractive approach for the Si-based on-chip
light source in PICs. Such integration leverages the benefits of superior optical prop-
erties of III-V materials, along with large wafer sizes and the low-cost and mature
processing technology of Si. Direct epitaxy of QD-based laser on Si substrates has
achieved remarkable progress [51, 54, 94, 95]. Various novel laser structures were
reported with superior performance, such as distributed feedback lasers [96], comb
lasers [97], photonic crystal lasers [98], topological lasers [99], etc. All key optical
components integrated on a single SOI substrate are highly desired as they offer high
integration density and great compatibility with the current Si microelectronics plat-
form. Until now, the integration of III-V gain regions on SOI substrates mainly relies
on wafer bonding, in which light is evanescently coupled to underlying Si waveguides
[9, 20]. However, from the commercialization perspective, direct epitaxy is econom-
ically favored in terms of cost, yield, and scalability. Considering the integration of
on-chip laser sources, the thick, defective buffer layer adopted for direct epitaxy of
III-V materials on Si hinders the evanescent coupling of light from gain regions to
underlying Si waveguides. In this case, SAG growth of laser structure on a trenched
substrate and butt-coupled to the embedded, prepatterned waveguide is promising for
fulfilling the last missing piece of Si-based PICs. In addition, SAG helps to alleviate the

Figure 19.
Cross-sectional TEM images of GaAs buffer layer grown on (a) a Si substrate and (b) a Ge/Si VS. reprinted from
[82] © 2021 the authors, under CC BY.
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thermal stress of films, potentially preventing the formation of cracks [79]. On the
other hand, such a method is nontrivial as it demands restricted design to minimize
the alignment deviation between the central axis of the embedded Si waveguide and
the InAs/GaAs QD active region and careful handle of polycrystal after the over-
growth of III-V on oxide.

Shang et al. recently reported the first electrically pumped continuous-wave (c.w.)
InAs/GaAs QD lasers grown on a patterned 300 mm substrate [100]. In this study, the
200 nm GaP/Si template by NAsP III/V GmbH was adopted in trenches to prevent
APBs [47, 66]. This was followed by a 1.6 μm GaAs buffer layer and InGaAs asym-
metric graded dislocation filter layers to reduce TDD to around 1.5 � 107 cm�2. The
active region consists of five stacks of InAs/GaAs DWELL structure separated by
37.5 nm GaAs space layers. The QD nucleation temperature was precisely determined
using indium as an ex situ “temperature gauge” in this template to ensure high-quality
QDs. As a result, room temperature with a wavelength of 1300 nm and a full width at
half maximum (FWHM) of 32 meV was achieved for QDs. The as-grown 300 mm
wafer from IQE with an identical growth method is shown in Figure 20(a). The milky
wafer surface caused by the deposited polycrystalline III-V on the oxide brought
challenging tasks for device fabrication. A wet etch process for nonselective polycrys-
tal removal facilitates the following fabrication process, as shown in Figure 20(b).
The top-down view of the as-cleaved laser with probe metal and the cross-sectional
SEM image of the fabricated laser with a ridge width of 3.5 μm in a 20 μm trench are
demonstrated in Figure 20(c) and (d), respectively.

Finally, an electrically pumped InAs/GaAs laser was demonstrated with c.w. lasing
up to 60°C, a maximum double-side power of 126.6 mW, and a threshold current of
47.5 mA. However, this work only presents a demo of an in-trench laser without
demonstrating butt coupling between the laser and the embedded waveguide.

In a parallel effort, Wei et al. took a step further to test the butt coupling efficiency
between their embedded InAs/GaAs QD lasers and Si waveguides. Figure 21(a) shows
a schematic diagram of butt coupling between a trenched laser and a patterned Si
waveguide. The fabricated devices are displayed in Figure 21(b) and (c). Prior to
growth, laser trenches and Si waveguides are prepatterned in an eight-inch SOI wafer,

Figure 20.
(a) As-grown 300 mm wafer surface. (b) the fabrication process of the SAG laser. (c) As-cleaved laser with probe
metal. (d) Cross-sectional SEM image of the fabricated laser in a 20 μm trench.©2022 the authors under CC BY.
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and the periodic Si gratings are patterned inside the trench with 146 nm slab width
and a 209 nm gap, as demonstrated in Figure 21(d) and (e).

Instead of using a commercially available 200 nm GaP/Si template, Wei et al.
adopted homoepitaxy of Si on the grating-patterned SOI trenches, which forms Si
{111} facets to prevent the formation of APBs [46, 101]. The trenched laser is demon-
strated in Figure 22(a). A combination of a thin AlAs nucleation layer, a 2.1 μm GaAs

Figure 21.
(a) Schematic image of butt coupling between laser structure and Si waveguide. (b), (c) SEM and microscope
images of trenched InAs/GaAs laser structure with prepatterned Si waveguide. (d)eight-inch wafer with
predefined trenches and waveguides. (e) Microscope images of trenches for laser epitaxy and embedded Si
waveguide. (f) and (d) patterned Si grating with 146 nm slab width and 209 nm gap for Si homoepitaxy and
form Si {111} surfaces. ©2023 the authors under CC BY.

Figure 22.
(a) Schematic image of the trenched laser structure. (b) 5 � 5 μm2 AFM image of 2.1 μm GaAs buffer layer. (c)
TDD of 2.6 � 107 cm�2 is obtained for the GaAs buffer layer. (d) Cross-sectional TEM image of GaAs/Si (111)
interface. (e) Comparison of PL measurement of trenched QD laser and blanket GaAs (001) laser with identical
growth structure. Inset: Surface morphology of grown InAs/GaAs QDs of trenched laser. ©2023 the authors under
CC BY.
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buffer layer consisting of InGaAs/GaAs DFLs, and GaAs/AlAs SLSs was adopted to
reduce TDD to 2.6� 107 cm�2 while maintaining low surface roughness of 0.8 nm in a
5 � 5 μm2 AFM scan, as shown in Figure 22(b)–(d). The active region consists of
seven stacks of InAs/GaAs DWELL structure separated by 39 nm GaAs space layers,
sandwiched by 400 nm GaAs contact layers and Al0.4Ga0.6As cladding layers. A step-
graded AlGaAs layers were also adopted to enhance the current injection efficiency. A
comparison of PL measurements between a laser with an identical structure grown on
a trench and a GaAs (001) is given in Figure 22(e). A similar PL intensity with a
narrow FWHM of 33 nm is observed for trenched laser, attributed to high density and
high uniform QDs, as shown in the inset of Figure 22(e).

In this study, H3PO4:H2O2:H2O (1:2:20) wet etching was applied to remove
unwanted polycrystalline III-V materials before fabrication. The trenched laser was
processed with one-side cleaved and coated with a high-reflection coating. While the
other side implements wet etch followed by two-step focused ion beam milling to
produce high-quality facets. A High-performance trenched QD laser was fabricated
with c.w. lasing up to 85°C, low threshold current of 50 mA and maximum output
power of 37 mW at an injection current of 250 mA. Butt coupling efficiency between
QD active region and Si waveguide was determined. A maximum power of 6.8 mW
was measured at the end tip of the Si waveguide, indicating ��6.7db coupling effi-
ciency. A further improvement in coupling efficiency can be achieved by using an
advanced silicon spot-size converter with precise control of the gap between the facet
and the waveguide. This laser offers a prospective technique for realizing an on-chip
light source for Si-based PICs.

3.1 Summary

Demonstrating high-performance trenched QD lasers shapes the faith in realizing
the monolithic integration of III-V lasers for Si-based PICs as on-chip sources. It paves
the way toward large-scale, high-density, low-cost PICs for the forthcoming bloom of
quantum and sensing technologies.

4. Conclusions

Heteroepitaxial growth of III-V materials onto Si substrates offers an appealing
approach for achieving practical Si-based on-chip light sources. Because of the large
lattice mismatch between III-V materials and Si, the formation of crystal defects,
including TDs, APBs, and micro-cracks, is inevitable during the epitaxy. Over the past
decades, great advances in growth techniques have been made to control these defects
to a reasonably low value, and state-of-the-art techniques are reviewed in this chapter.
Hence, the performance of InAs QD laser grown on Si substrates progresses rapidly in
terms of threshold current, maximum working temperature, and reliability. A step
further is urgent to migrate these techniques into Si-based PICs, which are primed to
support the growing market of automotive, sensing techniques, and quantum tech-
nologies. In order to integrate the InAs/GaAs QD light source on Si-based PICs, SAG
growth of laser structure on a trenched substrate and butt-coupled to the embedded,
prepatterned waveguide is regarded as a promising candidate for realizing on-chip
light sources. Though only a few reports have demonstrated a demo for coupling light
from trenched InAs QDs active region into the waveguide, the initial results are
promising, which shapes the faith of achieving monolithic integration of III-V lasers as
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an on-chip light source. The realization of Si-based PICs will undoubtedly unleash the
great potential of emerging technologies in the near future.
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Chapter 4

Molecular Beam Epitaxy of Si, Ge,
and Sn and Their Compounds
Daniel Schwarz, Michael Oehme and Erich Kasper

Abstract

In the past decade, the increasing need for high-performance micro- and
nanoelectronics has driven the research on group IV heterostructure devices, which
utilize quantum effects as dominant working principle. The compound semiconductor
SiGeSn has presented itself as promising material system for group IV
heterostructures due to its unique properties. Prominent applications range from the
Si-integrated laser to tunneling field effect transistors for the next complementary
metal oxide semiconductor generations. However, the epitaxy of heterostructures
requires atomic sharp material transitions as well as high crystal quality, conditions
where molecular beam epitaxy is the method of choice since it can take place beyond
the thermodynamic equilibrium. Besides the numerous opportunities, the molecular
beam epitaxy of SiGeSn poses various challenges, like the limited solid solubility of Sn
in Si and Ge and the segregation of Sn. In this chapter, we discuss the molecular beam
epitaxy of SiGeSn at ultra-low temperatures to suppress these effects.

Keywords: molecular beam epitaxy, group IV compounds, silicon, germanium, tin,
silicon-germanium-tin, heteroepitaxy

1. Introduction

Since its inception in the 1950s, the microelectronics market has grown to one of
the world’s most important industries. The upcoming end of Moore’s law and the
steady need for faster and higher-performing devices have driven the research on
novel device concepts. Particularly for devices that functionalize quantum effects and
heterostructures, atomic sharp structures in the nanometer regime become more and
more important and attract the interest of research.

In this context, molecular beam epitaxy (MBE) is a beloved technique since it
allows atomically precise deposition control as well as the process procedure beyond
the thermodynamic equilibrium. Although MBE is not the best-suited tool for mass
production, its uniqueness makes MBE the method of choice for research applications.

Due to the highly developed Si-based complementary metal oxide semiconductor
(CMOS) technology, the MBE of Si and other group IV compounds has become more
and more important in the last few decades. Possible research topics are the Si-
integrated laser [1–3], the last missing key component for optical on-chip communi-
cation, as well as novel transistor concepts for future CMOS generations [4–6].
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Although the beginnings of Si-MBE reached into the late 1970s and early 1980s
[7–10], its number of possible applications increased rapidly since the first synthesis
of Sn-containing group IV compounds [11–15]. However, generally, the epitaxy of Sn-
containing group IV compounds has proven itself quite challenging due to undesirable
effects, like the temperature and strain intensified segregation of Sn [16, 17], the
limited solid solubility of Sn in Ge and Si of less than 1% [18, 19], and the low melting
point of Sn of 231.9°C [20]. Altogether, this reasons the necessity for the execution of
the MBE of group IV compounds at ultra-low substrate temperatures in the range of
approximately 160°C.

In this chapter, we not only lay the basics but also discuss the particularities of the
MBE of group IV compounds. For this, Section 2 deals with the physical processes on
the substrate and undesired effects during the MBE process as well as the various
growth modes of heteroepitaxy. Afterwards, Section 3 presents the requirements for
the basic components of a group IV MBE system. Finally, Section 4 highlights some of
the most important insights of the MBE of SiGeSn.

2. Basics of molecular beam epitaxy

In a typical MBE experiment, several molecular or atomic beams are directed
toward a well-oriented single crystalline substrate with beam flux densities J in the
order of 1015 cm�2 s�1 for matrix elements (group IV elements in our case) and lower
1012 cm�2 s�1 for doping elements (group III for p-doping, group V for n-doping). The
technical solutions for beam sources are described in the next section.

The molecules or atoms on a beam have a velocity vL of several hundred to
thousand meters per second. That velocity defines two time scales. A variation of the
beam intensity (on/off) is transferred to the substrate, which is typically in a distance
of 10 to 50 cm, within a millisecond. In most cases, the transfer of beam on/off is
defined by the technical design of the beam shutter construction. However, beam on/
off switching is obtained within subnanometer and nanometer dimensions of growth,
routinely. This exact control of beam fluxes makes MBE a valued method for research
on nanometer heterostructures.

Another important time scale is defined by the length of interaction between the
arriving beam atoms and the growing layer. Very close to the surface (nanometers or
less), the atoms are attracted and accelerated toward the surface. The time scale for
this interaction is in the picosecond (10�12 s) range.

Elastic scattering would result in a reflection of the atomic beam. The transfer of
energy, momentum, and angular momentum to phonons within the picosecond time
frame would result in adsorption of the atom on the surface. For single atoms with strong
bonding, as in the case of group IV epitaxy, the sticking probability is near unity. This is
important for good control of alloymixing and dopingwith calibrated beam flux densities.

The thermal velocities vB are given by mean energy considerations as

v2B ¼ 3kB
MP

� TB

M
(1)

with the constants, the Boltzmann constant kB ¼ 1:38 � 10�23J=K and the proton
mass MP ¼ 1:67 � 10�27 kg and the variables, the beam source temperature TB and the
atomic weight M. For a Si beam, one will get vB ¼ 1300 m=s with TB ¼ 2000 K and
M ¼ 28.
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2.1 Sticking, adsorption, and desorption of atoms

The sticking of atoms from group IV elements on a diamond-type lattice with
strong bonds is unity. This is proven for Si [21] but can reasonably also be assumed for
other group IV systems. The same conclusion is valid for the doping atoms from
groups III and V, which are strongly bonded on lattice sites. Complete sticking allows
the realization of complex designs with heterostructures and doping transitions using
calibrated beam fluxes.

The arriving atom sticks on the surface as an isolated adatom which is weaker
bonded to the crystal than a bulk atom.

W ¼ Wad þWS (2)

The evaporation energyW of a bulk material is composed of the adsorption energy
Wad and the additional surface energy WS, which is gained from the incorporation of
an adatom on the kink of a surface step, as seen in the left part of Figure 1. The value
of W can be extracted from the temperature-dependent vapor pressure of the matrix
element. At equilibrium, the incoming flux of the vapor equals the desorbing flux
density Feq of the epitaxial surface. The typical value of W amounts to several
electronvolts per atom (Si: W ¼ 4:55 eV=atom).

The adsorption energy Wad depends on the surface orientation and on the recon-
struction of the surface. For model calculations, often a value of 2=3W is assumed. The
impinging flux FS of atoms is usually much higher than the desorbing flux because
MBE conditions are preferably in the lower growth temperature regime. That means
the supersaturation σ is high. We define here the supersaturation as

σ ¼ FS

Feq
¼ 1 (3)

Sometimes, the value of ln σ is also called supersaturation. It must be considered
that supersaturation under growth conditions causes an increase in the concentration
of adatoms from the equilibrium value ns0 to an ns, which is dependent on the distance
to the next step.

Figure 1.
Adsorption and incorporation of an atomic beam. Left: Schematic view of a substrate surface with an adatom
(striped), a surface step, and an incorporated adatom at a kink side of an atomic step (checked). Right: Binding
energy diagram for the movement of an adatom in x-direction with the adsorption energy Wad, the bulk crystal
binding energy W, and the surface diffusion barrier US.

69

Molecular Beam Epitaxy of Si, Ge, and Sn and Their Compounds
DOI: http://dx.doi.org/10.5772/intechopen.114058



Steps on the surface, mainly of mono-atomic or bi-atomic height h, stem from
three sources.

• Slight surface misorientation of the nominal surface with low index planes
(Miller index: (001) planes perpendicular to the cubic axes, (111) planes
perpendicular to the cubic diagonals). The preferred surface orientation for Si
substrates is (001) because the interface quality between dielectrics and
semiconductors is the best. Commercially available substrates typically have a
misorientation angle i below i<0:25° arc i≤4 � 10�3� �

arc i ¼ h
L

(4)

with the atomic step height h and the length of the terrace to the next step L. With
h ¼ 0:14 nm, the mono-atomic step height on Si(001), one obtains terrace lengths
of L> 35 nm. That means commercial substrates already deliver a dense sequence
of steps. The microscopic picture of the macroscopic growth in vertical direction
is, therefore, a lateral movement of step trains. The steps move in the downward
direction by the repeated incorporation of adatoms to the kink position on steps.

• Dislocations generate a step at their point of intersection with the surface. These
steps are pinned to the dislocation position. Under the supersaturation of
adatoms, they wind up as spirals. These sources are available in substrates of
lower quality than Si or in virtual substrates formed by relaxed layers on Si, for
example, Ge virtual substrates. Burton-Cabrera-Frank [22] developed their early
atomic theory of growth from step movement under this assumption.

• Two-dimensional nucleation generates additional steps. This mechanism operates
if the concentration of adatoms is very high. This concentration depends on the
supersaturation of the incoming flux and the diffusion of adatoms toward the
steps. The diffusion of adatoms is described by a diffusion coefficient DS which
results from a Brownian motion across an energy barrier US (see right part of
Figure 1) between the lattice sites for adatoms. One should consider the surface
as populated with very mobile adatoms. Epitaxy by MBE is, therefore, possible at
low temperatures when bulk atoms are frozen into their respective positions.
However, adatoms become less mobile at lower temperatures. Finally, the
adatom flux to preexisting steps does not counterbalance the incoming atom flux.
The resulting increasing adatom density promotes nucleation processes, as seen
in Figure 2, mainly by reducing the needed size for the so-called critical nucleus.

The critical nucleus forms by a dynamic process counterbalancing the incoming
adatom flux, which is proportional to the adatom density, and the leaving adatom flux
which is dependent on the nucleus size. In effect, this means an increase of steps when
the surface adatom supersaturation σS surpasses a value necessary for the formation of
critical nuclei.

σS ¼ nS
nS0

� 1 (5)

There is an important difference of these nuclei steps and steps from
misorientation. The step trains from misorientation follow the inclination direction.

70

Thin Films – Growth, Characterization and Electrochemical Applications



The steps from adjacent nuclei move forward and become extinct when they meet.
For each mono-atomic step, a new nuclei must be formed. The caused periodic
modulation of the step density may be observed with sensitive methods like RHEED
(reflection high energy electron diffraction).

2.2 Growth modes of strained heteroepitaxy

The macroscopic growth mode models, as seen in Figure 3, predict two-
dimensional (2D) growth (Frank v. d. Merve), three-dimensional (3D) growth
(Volmer-Weber), or mixed 2D/3D growth (Stranski-Krastanov) from a balance of
surface energies of the substrate ES and the film Ef and the interface energy Ei

densities

ES � Ei ¼ Ef � cosΘ (6)

The inclination angle Θ≥0 of a 3D island is given by Eq. (6). Solutions with
cosΘ≥ 1 deliver 2D growth. Mixed 2D/3D growth mode is only possible for a
thickness-dependent Ei term

Microscopic theories explain the thickness dependence of the interface energy by
contributions from the elastic film strain and from the interface misfit-dislocation
network. Table 1 gives the lattice constants of the diamond-type lattice cell for the
group IV elements C, Si, Ge, and Sn.

Figure 2.
Schematic presentation of the two-dimensional nucleation. Top: Development of a stable nucleus. Bottom: Decay of
a critical nucleus.

Figure 3.
Monocrystalline growth models on a crystalline substrate (checked). Left: Two-dimensional (2D) growth according
to Frank van der Merve. Middle: Three-dimensional (3D) growth according to Volmer-Weber. Right: Mixed two-
three-dimensional growth according to Stranski-Krastanov.
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For the group IV compound SiGeSn, the lattice constant a0,SiGeSn depends on the
compound composition and follows the relationship in Eq. (7):

a0,SiGeSn ¼ cSi � aSi þ cGe � aGe þ cSn � aSn (7)

In heteroepitaxy, two materials, hence the film and the substrate, with different
electrical and mechanical properties but the same crystal structure, are grown on each
other. Therefore, the lattice constant of the grown film af usually differs from the
lattice constant of the substrate aS. The relative lattice constant difference, according
to Eq. (8), is called lattice mismatch f :

f ¼ af � aS
aS

(8)

Due to the lattice mismatch, three possible cases, as shown in Figure 4, are
conceivable: For pseudomorphic, also known as coherent, growth, the atomic rows of
the film fit exactly to the underlying rows of the substrate. In other words, the in-
plane lattice constant of the film ak,f adapts to the lattice constant of the substrate aS
(see left part of Figure 4). However, due to the different lattice constants of the two
materials, this can only take place under the formation of elastic strain of the film with
the in-plane strain εk ¼ �f .

The elastic strain energy of a pseudomorphic film is proportional to the film
thickness. This pseudomorphic state holds only up to a critical thickness tC of the film.
Above this critical thickness for strained films, dislocations are nucleated and bend to
the interface for a partial relief of strain. Nanometer films and structures may be
strained to much higher values, for example 1% strain in 10 nm thickness, than bulk
material. This high tolerance of high strain values in nanometer structures is the base
of strain engineering in electronics and photonics. Films with a thickness above the
critical thickness, but which exhibit residual strain, are referred to as partially relaxed
(see middle part of Figure 4).

In the case of complete relief of strain, the resulting film is called completely strain
relaxed. The corresponding growth mode is thus called strain-relaxed growth.

C Si Ge Sn

a0 Å
� �

3.56683 [23] 5.43102 [23] 5.64613 [23] 6.4912 [24]

Table 1.
Lattice constants of the group IV elements C, Si, Ge, and Sn.

Figure 4.
Comparison of the growth modes of heteroepitaxy with the grown film (brown) on the substrate (blue) left:
Pseudomorphic growth. Middle: Partial-relaxed growth. Right: Strain-relaxed growth.
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A special case of heteroepitaxy can be performed with SiGeSn. The mixing of
Si and Sn with Ge allows a decrease of the lattice constant with Si and an increase
with Sn. Therefore, SiGeSn allows the decoupling of its electrical and mechanical
properties from its lattice constant. Consequently, SiGeSn can be grown lattice-
matched on Ge and even on GeSn. In order to achieve this so-called lattice-matching
on Ge, a constant ratio of the Si and Sn concentration, according to Eq. (9), has to be
fulfilled:

cSi
cSn

¼ aGe � aSn
aSi � aGe

¼ 3:67 (9)

2.3 Limits of single crystalline growth

Considering a strongly magnified picture of the epitaxy process reveals that
approx. 1015 atoms= cm2sð Þ are impinging on the surface. In the MBE regime without
desorption, the growth rate R is determined by Eq. (10):

R ¼ FS �Ω (10)

with the beam flux density j and the atomic volume Ω ¼ 2 � 10�23 cm3 for Si.
The growth rate equals a coverage of approx. one monolayer (ML) per second.

This means each atom out of the 1015 atoms= cm2sð Þ have to find their position on a
lattice site within roughly 1 s; otherwise, the next monolayer flux would cover and fix
them on unwanted sites, producing interstitials and vacancies. Exactly that is hap-
pening at very low growth temperatures of approx. 20–100°C, resulting in a growth
start with single crystalline layers of high crystal defect density and subsequently an
alteration to amorphous material after a critical thickness of crystalline growth at low
temperatures. It has to be considered that this low-temperature growth critical thick-
ness is not the same as that of the coherent growth of mismatched structures. This
defect-rich growth regime is not applicable for working devices but is useful as a
nucleation starter for dislocations [25] and amorphous structures.

2.4 Segregation

Through the usage of MBE, the influences of the volume diffusion of doping or
alloy atoms within the Si or SiGeSn crystal can be remarkably reduced. However, the
effect of surface segregation, which results in a broadening or smearing of doping
profiles, can also be observed in these epitaxial layers. In order to suppress this effect,
special epitaxial strategies are needed. The basic mechanism of surface segregation is
an exchange of atoms from subsurface states to surface states due to the energetically
favorable surface adatom position (see Figure 5). The segregation is quantified by the
segregation length Δs [9], which is the ratio of the impurity surface concentration nS
and the bulk concentration nB. The segregation length Δs, thus defined, can be
converted into the dimensionless segregation coefficient S by dividing it by the thick-
ness of a monolayer. Segregation leads, therefore, to an increasing impurity surface
concentration nS, which saturates at an equilibrium where the number of segregating
adatoms equals the number of incorporating adatoms. Therefore, the resulting doping
profile shows an exponential increase after the beginning of the co-evaporation of
dopant and lattice atoms. Consequently, the segregation length Δs describes the length
in the growth direction from the beginning of co-evaporation to reaching equilibrium.
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The segregation length is typically in the order of a few nanometers but can, outside
of the optimum growth parameter window, increase to several tenth to hundred
nanometers.

Generally, the perfect abruptness of transitions may be obtained by a growth
interruption, in which the equilibrium adatom concentration of the doping or alloy
element is adjusted. These techniques are called prebuild-up for ramp-up and flash-off
for an abrupt ramp-down.

The surface segregation of Sb in Si and Ge is strongly dependent on the growth
temperature [9, 26–28]. In order to achieve an atomic sharp doping profile, the
growth strategy, which is known as prebuild-up, can be used. For this, the adatom
concentration required for equilibrium, which is typically less than a monolayer, is
evaporated onto the surface before the co-evaporation begins. At the beginning of the
subsequent co-evaporation, the number of incorporated adatoms per monolayer is
already at the desired value.

The biggest disadvantage of the prebuild-up technique to counteract surface seg-
regation is the remaining surface concentration of segregated atoms. Following the
segregation mechanism, the surface concentration decreases linearly subsequently to
the co-evaporation of dopant and matrix atoms, which leads in turn to a nonideal
doping profile. Therefore, special methods are needed to get rid of the segregated
surface concentration such as the flash-off method. Here, a growth interruption is
used for an increase of the substrate temperature to a value where the remaining
segregated atoms are being desorbed from the epitaxial surface. However, depending
on the element to be desorbed, the necessary temperature for this can be relatively
high and in an unfavorable range for the already grown crystal. In order to avoid the
disadvantages of high temperature flash-off, the “freeze out” method may be used by
which growth rate and temperature are reduced to form a delta-doping structure from
the adlayer. This is specially of advantage in device structures with highly doped
regions in contacts, in buried layers, and in modulation-doped quantum wells.

Besides the described prebuild-up technique, other methods can be used to sup-
press or counteract surface segregation. A possibility is the doping by secondary
implantation (DSI) [29, 30]. In the example of Si, which is being evaporated using an
electron beam evaporator (see Section 3.1.2), the molecular beam contains Si atoms as
well as Si+ ions. These Si+ ions can then be accelerated toward the substrate using an
electric field. Once these accelerated ions hit the substrate surface, they can drive
segregated atoms further into the crystal and, therefore, counteract the segregation.
Furthermore, special effusion cells are conceivable in which the evaporated atoms are

Figure 5.
Left: Dopant atom (blue) in subsurface state. Middle: Dopant atom swaps its place with a surface crystal adatom
(gray striped). Right: Further overgrowth leads to the same situation as before.
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ionized in an additional stage, whereby the dopants themselves can be accelerated
toward the substrate surface [31, 32].

The presence of a third species of adatoms also influences the segregation length
because the species with higher binding energy occupies the crystal positions faster.
We call the third species a surfactant if it is added only to reduce the segregation
length of the second species.

Particularly in the MBE of group IV compounds such as SiGeSn, segregation has a
huge influence on the incorporation of Sn [16, 33]. In this case, segregation not only
leads to a smearing out of the alloy composition but also to a disturbance of the
epitaxy process. The consequences of Sn segregation range from an increased point
defect concentration within the crystal over the formation of Sn precipitates on the
surface and finally to the complete breakdown of the epitaxial process (see Section 4).
Consequently, many of the previously described methods to counteract the surface
segregation are not applicable for the MBE of SiGeSn which in turn justifies the
necessity of ultra-low-temperature MBE of these group IV compounds.

3. Molecular beam epitaxy of group IV compounds and low-dimensional
structures

3.1 Molecular beam sources

3.1.1 Theory of molecular beam sources

Different types of molecular beam sources are used in MBE systems depending on
the physical properties of the material to be evaporated or sublimated. The equilib-
rium vapor pressure p0 as a function of the absolute temperature T of the vaporization
material plays an important role. From this dependency, the particle flux F0 emitted
by a surface is calculated with Eq. (11) as follows:

F0 ¼ p0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NA

2πMrkBT

r
(11)

with the surface temperature T, the molecular weight Mr of the considered ele-
ment or molecule, the Avogadro constant NA, and the Boltzmann constant kB. From
the evaporation rate Γ0 at the surface of a melt, the area-specific particle flux can be
calculated, which vaporizes an area A at a distance r and at an angle ϑ. The flux FS
arriving there is inversely proportional to the square of the distance r and has the same
characteristics as the evaporation rate to a first approximation. At some distance, the
effusion cell acts like a point source of flux with a cosine distribution. The particle flux
FS impinging on the substrate is then given with Eq. (12) as follows:

FS ¼ Γ0

r2
cos ϑ ¼ F0A

r2
cos ϑ (12)

The required working temperatures can be determined with these formulas. For this
purpose, the vapor pressures as a function of the temperature for the corresponding
elements are taken from the literature. It is additionally assumed that the typical
evaporation area is 1 cm2, and the distance between the evaporation surface and the
substrate is r ¼ 30 cm. Furthermore, perpendicular incidence is assumed ϑ ¼ 0ð Þ.
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The left graph in Figure 6 shows the results of the calculations for the matrix
materials of group IV. Therefore, the necessary temperature range to achieve the
required growth rates for the respective molecular beam sources can be seen in this
diagram. The growth rate R corresponds to the right scale on the example of a Si(100)
surface.

For a Si molecular beam source, a working temperature range between
1460°C≤T ≤ 1820°C results in growth rates of 0:1Å=s≤R≤ 10Å=s. Using the melting
point of Si (Tmelt,Si ¼ 1410°C), it follows that Si is evaporated instead of sublimated,
which means that a crucible must be used.

In case of the growth of carbon, the working range of a molecular beam source is
between 2270°C≤T ≤ 2630°C for growth rates of 0:1Å=s≤R≤ 10Å=s. However, since
the melting point of carbon (Tmelt,C ¼ 3550°C) is significantly higher, carbon is only
sublimated under MBE conditions. Therefore, carbon can be used directly as a
filament material.

The right-hand graph of Figure 6 shows the particle fluxes on the substrate as a
function of the surface temperature of the material to be evaporated for typical group
IV doping materials. In Si-based technology, only the element B is used for p-type
doping. For a large variation of the doping concentration between
1016 cm�3 ≤NA ≤ 1020 cm�3, the resulting typical working temperature of a B source
in the range of 1200°C≤T ≤ 1600°C, as it can be read in the vapor pressure curve.
Since the melting point of B is Tmelt,B ¼ 2076°C, B belongs to the sublimated materials
under MBE conditions.

The typical n-type dopants in Si technology are P and As, although Sb is also used.
The respective vapor pressure curves are also shown in the right graph of Figure 6.
The typical temperatures for the evaporation of the element P for doping concentra-
tions between 1016 cm�3 ≤ND ≤ 1020 cm�3 are in this regard in the range of
33°C≤T ≤ 97°C. This is very problematic in an ultra-high vacuum (UHV) chamber,
since an effusion cell coats not only the substrate but also the rest of the chamber,
specifically the chamber walls. However, these P deposits evaporate again at low
temperatures, resulting in a continuous flow of P throughout the growth chamber.
The result is a tremendous background doping in the epitaxial layer.

Things are looking a little better for the next group V element, As. The typical
temperature range here is between 81°C≤T ≤ 172°C. For the conditioning of the

Figure 6.
Particle flux on the substrate as a function of the inverse surface temperature 1=T of the evaporation material. Left:
Typical group IV matrix materials. Right: Typical doping materials for Si-based devices. (data source: [34]).
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UHV, the entire chamber is heated at T ≥ 200°C. In the case of residual As in the
chamber, it would be distributed evenly in the chamber during this conditioning,
leading to a similarly increased background doping.

Consequently, the group V element Sb is typically used as n-type dopant in a
Si-MBE system. The resulting working range of an Sb beam source is between
240°C≤T ≤ 380°C. Since the melting point of Sb is Tmelt,Sb ¼ 630°C, Sb is being
sublimated under MBE condition.

The choice of the appropriate molecular beam source is based on the vapor pres-
sure curve and the melting point of the material to be evaporated. The possibilities
include electron beam evaporators (EBE), effusion cells, and high-temperature
sublimation cells.

3.1.2 Electron beam evaporators

Although any material can be evaporated using an EBE, their technical realization
is very challenging. A schematic drawing of the main components and the function-
ality of a Si EBE is shown in the left part of Figure 7.

A W filament emits electrons which are accelerated in an electric field with typical
energies between 8 and 12 keV. Since metallic impurities in the Si melt are undesir-
able, the electrons, emitted from the filament, are thereupon deflected at an angle of
270° using a magnetostatic field, which does not manipulate the also emitted W
atoms. Due to the high reactivity of molten Si, it would attack any crucible material,
which in turn leads to an excessive contamination of the melt and the molecular beam
with the crucible material itself. Therefore, Si acts in an EBE as its own crucible
material. For this purpose, a high-purity Si ingot is used, which is placed in a water-
cooled Cu crucible. The electron beam melts the Si only partially on the surface. By
using an additional electromagnetic field, the electron beam can be scanned over the
entire crucible to adjust the molten area. Due to the thermal properties of Si, the
molten area is limited to the area directly heated by the electron beam.

Figure 7.
Left: Schematic drawing of the main components and the functionality of an electron beam evaporator (EBE) for
the evaporation of Si. Right: Marangoni convection caused turbulence in the Si melt.
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The EBE is controlled using a quadrupole mass spectrometer (QMS), which
directly measures the intensity of the Si isotope with the mass number 30 in the Si
molecular beam. The measurement signal is proportional to the flux or the growth rate
on the substrate surface and can be used as a control parameter. A problem of heating
with electrons is the Marangoni convection in the Si melt, as seen in the right part of
Figure 7.

Since there are subareas of different temperatures with different surface tensions
in the molten Si, turbulent flows arise in the melt, leading to high flux fluctuations.
Although this effect can be compensated by the regulation using a QMS, the flux of an
EBE underlies higher fluctuations compared to an effusion cell. However, the biggest
advantage of an EBE in comparison to effusion cells is the high rate of change of the
desired Si flux. The disadvantage, on the other hand, is the already mentioned fluctu-
ation of the Si rate, which is in the range of approx. 10%.

3.1.3 Effusion cells

In an effusion cell, the crucible is heated from the outside and from below by
thermal radiation. For this purpose, the crucible is surrounded by an electric heater.
The production of uniform layers requires a constant flux over time. The flux from an
effusion cell is determined indirectly based on the cell temperature and can be regu-
lated by the applied heating power. The task of controlling a cell is to keep the cell
temperature as constant as possible at a specified value, or to reach a new nominal
temperature as quickly as possible. The regulation of the temperature of an effusion
cell by the heating power must be very precise since the evaporated flux increases
exponentially with the temperature.

The thermal properties of an effusion cell are the static and dynamic relationships
between the conversion of electrical energy into heat, the propagation and dissipation
of the thermal energy, and its effect on the evaporated flux. The material flux can only
be controlled precisely if its reaction to the electrical power input is known. Since the
heating element is located inside the effusion cell, the electrical heating power is
initially transferred to the cell. If one neglects delays due to heat capacities, a power
balance can be drawn up at any point in time: The sum of all power losses corresponds
to the electrical power input. Thermal energy can be transported between two bodies
by the following three mechanisms:

1.Thermal radiation

2.Conduction

3.Convection

This results in the following heat loss mechanisms for a typical effusion cell:

1.Thermal radiation through opening the shutter

2.Thermal radiation through the shield

3.Heat conduction via fortifications

4.Evaporation energy and kinetic energy of the molecular beam
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The ratio of the parts in the total power depends on the temperature of the cell and,
thus on the induced electrical power. For the most thermally stable operation possible,
the power loss must be minimized.

A schematic drawing of the structure of an effusion cell can be seen in the left part
of Figure 8. The evaporating material is placed in a pyrolytic BN crucible (PBN). This
crucible is heated using a meander-shaped graphite heater. Side and bottom shields
made of Ta minimize the thermal losses of the effusion cell. A water-carrying cooling
shroud is used for a further reduction of the thermal radiation into the MBE chamber.
The temperature of the crucible is measured using a thermocouple, which has to be
calibrated to the actual temperature of the melt. The molecular flux can be switched
on or off with a shutter.

The illustration on the right part of Figure 8 shows a technical realization of a Ge
effusion cell. The effusion cell is built on a flange with a diameter of 150 mm and has a
crucible with a volume of 100 cm3. The built-in thermocouple of an effusion cell is
used to monitor and control it. Besides that, it is also possible to directly measure and
control the atomic or molecular flux using a QMS. The advantage of an effusion cell is
the very stable molecular flux. However, due to the good thermal isolation of the cell,
the rate of change in the molecular flux is very limited, in comparison with an EBE.

3.2 In situ reflectometry

The in situ analysis describes the measurement of various process parameters
during the epitaxy process in an MBE chamber. In addition to measuring the
composition of the residual gas, the actual surface temperature of the substrate, a
measurement of the reflectivity of the epitaxial layers can also be carried out directly
during the process. The so-called in situ reflectometry is interesting when the optical
properties of the epitaxial layer change compared to the underlying substrate or layer

Figure 8.
Left: Schematic scheme of an effusion cell. Right: Real Ge effusion cell on a 150 mm flange. The crucible has a
volume of 100 cm3. The meander-shaped heater is made of graphite.
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stack. For example, a change from monocrystalline to amorphous growth can be
observed. In the case of heteroepitaxial growth, the thickness of the growing layer can
also be measured using in situ reflectometry.

The perpendicularly incident light beam is reflected both at the growth surface and
at the interface between the substrate and the heterolayer, as it can be seen in the left
part of Figure 9, which leads to the interference of the respective parts.

A typical measurement of the reflectivity during a growth process is shown in the
right part of Figure 9. The growth typically begins with a Si buffer on the Si substrate.
Since the optical properties do not change between the film and the substrate, the
reflectivity measurements remain constant at both used wavelengths. At a time
t ¼ 0 s, the heteroepitaxial growth of a SiGe layer begins. Therefore, the reflectivity of
the epitaxial layer changes from nepi ¼ nsub ¼ nSi to then nepi ¼ nSiGe immediately with
increasing thickness of the SiGe layer. Therefore, the already mentioned thickness
interference can be observed. Using the positions of the arising maxima and minima,
the corresponding thickness d of the epitaxial SiGe layer can be calculated using
Eq. (13) and Eq. (14), respectively.

For nepi > nsub the following Eq. (13) applies for the maxima:

nepi � d ¼ λ

4
� 2mþ 1ð Þ (13)

and Eq. (14) applies for the minima:

nepi � d ¼ λ

2
�m with m∈ℕ (14)

with the wavelength λ of the used light.
Besides that, a weakening of the oscillations for the wavelength of 670 nm is

measured. This is due to the absorption behavior of the SiGe layer. Consequently, the
absorption behavior of the epitaxial-grown material can be determined from these
measurements. On the other hand, at a wavelength of 950 nm, the absorption is
negligible.

The technical implementation of an in situ reflection measurement is shown in
Figure 10. In order to enable the necessary perpendicular incidence of light, a flange

Figure 9.
Left: Schematic drawing of the reflectometry measurement principle. Right: Exemplary in situ reflection
measurements at the wavelengths of 670 and 950 nm during the growth of an Si buffer and a SiGe layer on a Si
substrate.
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with a window is mounted directly under the substrate on the growth chamber. The
measurement head contains several light sources at different wavelengths and a
corresponding detector. For an optimal homogeneity of the layer thickness over the
entire wafer, the substrate is rotated during growth. In order to compensate for slight
wobbling movements, the reflectivity measurement is synchronized with the rotation.

3.3 Substrate heating and temperature measurement

Heating of the substrate surface during the epitaxy process is necessary due to
various reasons. As mentioned in Section 2.1, heating provides not only enough energy
for adatoms to reach their preferred destination on the crystal surface. Furthermore,
heating of the substrate prevents the adsorption of undesired elements of the residual
gas and, therefore, the concentration of impurities.

As described in Section 3.1, thermal energy can be transported by three different
mechanisms. Due to the lack of a transport medium as well as the necessity for
substrate rotation, the mechanism of choice for the transport of thermal energy under
MBE conditions is thermal radiation. The typical temperature regime for the substrate
heating for the epitaxy of group IV compounds is in the range of 100°C≤TS ≤ 1200°C.
According to Planck’s radiation law, the corresponding radiation is, as seen in the left
part of Figure 11, in the wavelength range of λ≥ 1100 nm. However, the absorption of
typically used Si substrates is due to the bandgap of Si of Eg ¼ 1:12 eV limited to
wavelengths λ< 1100 nm (see the absorption border of Si in the left part of Figure 11).
Therefore, the heating of Si substrates in a group IV MBE system is based not on the
fundamental absorption but on the free carrier absorption.

The necessary infrared radiation for the heating of the substrates is generated
using a graphite meander-based electrical heater. A schematic drawing of such a
heater is shown in the right part of Figure 11. The measurement and control of the

Figure 10.
Schematic drawing of the setup for in situ measurement of the reflectivity of the growing layer. The measuring system
is attached to the growth chamber in such a way that the reflectivity can be measured under vertical incidence of light.
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substrate temperature is generally performed using a thermocouple, which is located
behind the graphite heater. Due to the heating via free carrier absorption, the mea-
surement of the thermocouple is calibrated once to the actual substrate surface tem-
perature using a second thermocouple mounted to the surface of a calibration wafer.
Since the amount of free carriers in a semiconductor can be manipulated via doping,
the resulting calibration is dependent on the substrate doping concentration.

Despite the necessity of substrate heating, too high substrate temperatures pro-
mote undesired, epitaxy disturbing effects, especially the already in Section 2.4
described segregation. In particular, the MBE of group IV compounds suffers from the
segregation of Sn [16, 33], which causes its often-reported temperature sensitivity.
Furthermore, the limited solid solubility of Sn in Ge of less than 1%, the instability of
the preferred α-Sn phase with its transition to β-Sn at 13.2°C, and the occurring in-
plane strain of GeSn on Ge amplify this effect. While not only hindering the incorpo-
ration of Sn, the segregation also leads to a high number of lattice defects, and, due to
the increasing surface concentration of Sn, to β-Sn clusters and the subsequent epi-
taxial breakdown. All this together underlines the necessity to perform the epitaxy of
SiGeSn at ultra-low substrate temperatures in the range of TS ≈ 160°C.

However, in this temperature regime, not only the substrate heater itself has an
influence on the actual substrate temperature but also the thermal radiation of the
molecular beam sources. In fact, their influence is, in this regime, the more dominant
one and restricts the controllability of the substrate temperature on the base of ther-
mocouple measurement. Therefore, an alternative method for the measurement of the
actual substrate surface temperature is needed.

In this context, the mid-infrared (MIR) pyrometry in the wavelength range of
8 μm≤ λ≤ 14 μm has proven itself as a suitable solution. Possible realizations include
mid-infrared cameras as well as single detector pyrometers. The left part of Figure 12
shows a mid-infrared picture of an epitaxial GeSn surface. Besides that, the graph in
the right part displays the comparison of the substrate temperature measured once
with the thermocouple and the mid-infrared pyrometer in the moment of the growth
beginning of an exemplary GeSn layer, more precisely, the opening of the Ge and Sn
shutters. For this growth process, the heating power was set to PHeat ¼ 0 W to achieve
the desired ultra-low substrate temperature.

Particularly remarkable is the observable increase of the substrate temperature by
ΔT ¼ 30 K, which can only be explained by the thermal radiation of the molecular

Figure 11.
Left: Thermal emission of a radiative heater according to Planck’s radiation law. Right: Schematic drawing of a
graphite meander-based electrical heater and the used thermocouple for measurement and control of the substrate
temperature.
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sources. Considering the required substrate temperature of TS ffi 160°C, this increase
underlines the huge impact of the source radiation on the actual substrate surface
temperature.

4. Optimization of the molecular beam epitaxy of SiGeSn

4.1 Influence of the molecular flux distribution on SiGeSn epitaxy

As already mentioned in Section 2.2, the electrical and mechanical properties of
SiGeSn strongly depend on its composition. Furthermore, the desired condition for
lattice-matched growth of SiGeSn on Ge requires a constant ratio of Si to Sn according
to Eq. (9). All this underlines the necessity for an as homogeneous as possible distri-
bution of the involved molecular fluxes of Si, Ge, and Sn. However, as already
described in Section 3.1.1, the flux FS impinging on the substrate follows a cosine
distribution of the irradiation angle. Therefore, the installation position and angle of a
molecular beam source strongly influence the homogeneity of the epitaxial layer.
Since only one source can be placed directly central under the substrate, the sources
must be arranged in a circular and tilted manner under the substrate, which leads to
an even worse distribution. This results, in turn, in the necessity of substrate rotation
during growth to achieve at least circular homogeneity of the epitaxial layers. Alto-
gether, the result is a radial-dependent change in the alloy composition, as seen in the
exemplary flux distribution on a 4″ substrate, as shown in the left part of Figure 13.

As can be seen, the exemplary MBE system shows a divergence of the Si and the Sn
flux. Particularly for SiGeSn, this means that the condition for lattice-matching is, in
the best case, only fulfilled at one radius. The resulting SiGeSn film is, therefore, not
completely strain-relaxed but only strain-reduced. The distribution of the residual
strain εk,SiGeSn of an exemplary SiGeSn layer with the lattice-matching fulfilled in the
substrate center is shown in the right part of Figure 13.

4.2 Influence of the growth temperature on the segregation of Sn

It was already previously mentioned that the admixture of Sn to group IV com-
pounds complicates their epitaxy. The main reason for this is the segregation of Sn,

Figure 12.
Left: MIR-picture of a Si substrate during a GeSn growth process. Right: Characteristics of the substrate
temperature according to the calibrated thermocouple (blue) and the MIR pyrometer (red) at the beginning of a
GeSn growth process.
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which is, as already explained in Section 2.4, strongly dependent on the growth
temperature. It was already reported that Sn segregation seems to be intensified when
in-plane strain of the grown film comes into play, as it is the case for Sn-rich GeSn
(SiGeSn with cSi ¼ 0; cSn > 8%Þ [17].

However, by the admixture of Si to GeSn, thus the epitaxy of SiGeSn, it has been
shown that lattice-matched film growth on Ge can be achieved by fulfilling the
condition in Eq. (9). Since the in-plane strain is then almost zero, the segregation of Sn
is therefore expected to be much lower as for the epitaxy of Sn-rich GeSn. Therefore,
higher substrate temperatures should be possible for the epitaxy of lattice-matched
SiGeSn films, which would, in turn, lead to improved crystal quality.

The result of an intensive study to find the optimal growth temperature of lattice-
matched, intrinsic SiGeSn is shown in the graph in Figure 14. For this study, the
growth temperature was measured and controlled using a MIR pyrometer.

As it can be seen in the XRD spectrum on the left side, the growth of lattice-
matched SiGeSn turns to polycrystallinity at too low growth temperatures
(TS ¼ 160°C) and too high Sn concentrations (cSn ≥ 12:5%) due to the reduced surface
mobility of the adatoms (see Section 2.1).

Figure 13.
Left: Relative flux deviation of Si, Ge, and Sn for an exemplary MBE system on a 4″ substrate. Right: Residual
strain distribution of a SiGeSn layer with the lattice-matching fulfilled in the center of the substrate.

Figure 14.
Overview of the optimal growth temperature of lattice-matched SiGeSn. Green: Regions with satisfactory crystal
quality, red: Regions which showed epitaxial breakdown. Orange: Regions with indications for polycrystallinity.
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In contrast to that, too high growth temperatures (TS ≥ 250°C) not only increases
the surface mobility of the adatoms but also strongly intensifies the Sn segregation.
Consequently, the incorporation of Sn is reduced so much that the epitaxy process is
disturbed, which results in alloy decomposition. Therefore, the XRD spectrum on the
right side shows not only a reflection of the SiGeSn film but also of a SiGe film, which
does not contain any Sn. In this context, it is often spoken about as an epitaxial
breakdown.

The compromise between these extremes can be found at growth temperatures in
the range of TS ¼ 200°C and moderate Sn concentrations (cSn ≤ 10%). Here, the
surface mobility of the adatoms is high enough to enable monocrystalline growth. At
the same time, the Sn segregation is well limited, so that the epitaxy process is neither
disturbed nor broken down. However, if the Sn concentration exceeds cSn > 10%, the
amount of impinging Sn atoms is so high that Sn precipitates can form even at a
growth temperature of TS ¼ 200°C. Therefore, other approaches are necessary to
achieve a good crystallinity of these Sn-rich SiGeSn compounds. A possible solution
would be a reduction of the total growth rate, which would in turn reduce the amount
of impinging Sn atoms. Furthermore, the precise control of Sn precipitation is being
considered [33].

In contrast to that, low Sn compounds can be grown even at high growth temper-
atures (TS ≥ 250°C) with a satisfactory quality. Therefore, it can be concluded that the
absolute amount of impinging Sn atoms seems to have a substantial influence on the
resulting crystal quality at a given growth temperature.

4.3 MBE of SiGeSn device structures for electronics and photonics

The previous section reported the optimal growth temperature as the most impor-
tant growth parameter, for lattice-matched, intrinsic SiGeSn. However, in most cases,
not only intrinsic semiconductor regions have to be grown. In order to enable an
electronic device functionality, intrinsic regions often alternate with p- or n-type
doped regions. Since such regions have substantially different electrical and optical
properties, the emissivity ε of the total layer stack, an important parameter for
pyrometry, changes drastically with each material transition. Therefore, the measure-
ment signal that changes in this way can no longer be used for control without any
doubt because the actual growth temperature is no longer represented properly.

In order to prove this hypothesis, the growth process of a Ge pin diode serves as an
example to investigate. Here, the growth temperature was once measured with a
thermocouple and also with the MIR pyrometer. The resulting growth temperature
characteristics are shown in Figure 15.

As it can be seen, the growth temperature, according to the thermocouple signal,
remains constant at TS ¼ 330°C throughout the growth of the p-type doped Ge bot-
tom layer and the intrinsic Ge region. In order to reduce the segregation of Sb (see
Section 2.4) during the growth of the n-type doped Ge top layer, the growth temper-
ature was lowered to TS ¼ 250°C. Here, the signal of the thermocouple follows per-
fectly the desired value. However, at the beginning of the intrinsic region, thus at the
interface between p-type doped and intrinsic Ge, the signal of the MIR pyrometer
starts to increase strongly. Although the signal then follows the drop of the setpoint,
the characteristics show a completely different behavior in the n-type doped region.
This can only be explained by a drastic change in the emissivity ε due to each newly
introduced interface in the epitaxy layer stack. Consequently, other measurement
methods have to be introduced for the growth of device structures, which do not

85

Molecular Beam Epitaxy of Si, Ge, and Sn and Their Compounds
DOI: http://dx.doi.org/10.5772/intechopen.114058



depend that much on the optical properties of the epitaxial layer stack. Another
solution for this problem would be an in situ measurement of the emissivity ε, which
is, in contrast, quite difficult to realize in the MIR wavelength range of
8 μm≤ λ≤ 14 μm.

However, the MIR pyrometer is, as explained in Section 3.3, still the most suitable
method for the measurement of the actual substrate surface temperature at ultra-low
growth temperatures.

5. Conclusion

This chapter has presented the fundamentals to understand the physics behind the
MBE of group IV compounds. For this, important effects like adsorption, desorption,
and the formation of a nucleus have been discussed in detail. Since the epitaxy of
group IV compounds automatically includes heteroepitaxy, its basic growth modes,
the requirements of monocrystalline growth, and other principles and effects of
heteroepitaxy were presented.

Furthermore, this chapter gives a detailed insight into the main components of a
group IV compound MBE system, including selection rules for the right molecular
beam source suitable for the material to evaporate. Besides that, essential methods for
in situ monitoring of the growth temperature as well as the optical properties of the
epitaxial layers, specifically reflectometry and MIR pyrometry have been presented.

Considering the substantial importance of SiGeSn, especially in the current group
IV research, the last part of the chapter covers several technical and physical problems
of its MBE. This includes the strongly temperature-dependent segregation of Sn, thus
the measurement of the actual surface temperature to suppress it, and the control of
the layer composition as well as its homogeneity. In conclusion, MBE is presented as a
powerful tool to realize heterostructures and devices containing them based on group
IV compounds.

Figure 15.
Growth temperature characteristics of a Ge pin diode measured with a thermocouple (dashed) as well as with a
MIR pyrometer (solid).
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Without a doubt, Ge and SiGeSn have shown to be serious candidates for the
wavelength extension of Si photonics from the visual spectrum to the near- and mid-
infrared spectrum [31]. Nevertheless, breakthroughs are expected to close the gap
with the excellence in material and device performance of group III/V compounds and
continuous improvements are necessary to utilize the integration potential of a
silicon-based structure. In the following part, we mention some of the activities that
promise to have a remarkable input on the ongoing progress.

• Increase of process window for MBE of higher Sn content. Now, the growth
temperature is limited to about 200°C, and the postgrowth anneal to below 550°C.
Partial ionization of the molecular beam and short-time laser anneal could introduce
nonthermal energy contributions that improve ordering without destruction of the
single crystallinity. Pavels Onufrijevs [32] reported a direct-indirect band structure
formation by Nd:YAG pulsed laser anneal of a low Sn concentration GeSn (4% Sn).

• Stabilizing of the single crystalline diamond lattice by low-dimensional structures
(quantum well, quantum wire, quantum dot). Bulk GeSn is only stable up to 1%
Sn, but crystalline interfaces stabilize thin epitaxial structures more by up- and
down interfaces (wells [35]), all-around interfaces (wires [36]), and island
formation (dots).

• Local strain platforms for high strain values. Tensile strain and high Sn content
favor the formation of a direct semiconductor GeSn by lowering the energy band
gap of the direct conduction sub-band below the indirect bandgap that dominates
Ge. The global strain platform (virtual substrate, VS) is not as easily applicable as
in the SiGe system because of the limitations in Sn content, whereas in SiGe, the
Ge content can be varied up to 100% Ge. Laser concepts in GeSn semiconductors
rely mainly on direct bandgap material often supported by local strain produced
with micromechanical methods. However, laser functions were demonstrated
[37], often with optical drive, low power output, and cooled operation. Although
the reasons for the low performance are under discussion, the authors of this
chapter believe that the high carrier recombination rate is key to understanding,
as explained in the following.

• Reduction of the electronic defect states, which are caused by vacancy
supersaturation and residual threading dislocations. Vacancies dominate the
point defect equilibrium in Ge and GeSn, whereas interstitials dominate in Si.
Misfit dislocations in lattice-mismatched heterostructures are connected to the
surface by threading dislocations. High-temperature annealing of the virtual
substrate (about 800–850°C) reduces the density of threading dislocations to
several 107 cm�2. Any further reduction needs special concentration profiles and
superlattice filters. The electronic effects of vacancies and threading dislocations
were investigated with the Hall effect, with capacitance-voltage (C-V) and deep-
level transient spectroscopy (DLTS). Unintentional p-type doping [38] of several
1015 cm�3, a mid-gap trap level, and a near valence band level were found. High
carrier recombination from band gap levels causes high nonideal dark currents
[39, 40], reducing the power of lasers and the detectivity of detectors.

• Internal signal magnification for single photon detection and integration of
detector arrays. A proof of concept for single photon detection with a 4 � 4 Ge
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array on Si based on SPAD (single photon avalanche diode) is encouraging for
infrared night vision [41]. Detector concepts based on phototransistors [42] are
integration friendly for large-area arrays. The phototransistors may be based on a
hetero-bipolar transistor [43] or on a field effect transistor [43].
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Chapter 5

Unraveling the Extraordinary
Anisotropic Magnetoresistance in
Antiferromagnetic Perovskite
Heterostructures: A Case Study of
CaMnO3/CaIrO3 Superlattice
Suman Sardar

Abstract

Antiferromagnetic (AFM) spintronics offers advantages over ferromagnetic (FM)
spintronics, such as zero stray fields, closer packing, and imperviousness to disruptive
fields. Anisotropic magnetoresistance (AMR) can be enhanced by materials with
pronounced spin-orbit coupling (SOC) and magnetocrystalline anisotropies. AMR
research aims to develop new materials and heterostructures with enhanced and
tunable anisotropic transport properties for advanced electronic devices. The
nonmagnetic ground state of iridium pseudospin moments in SrIrO3 and CaIrO3 is
determined by SOC and electron correlations (U). This study shows that by coupling
CaIrO3 with a severely distorted canted AFM manganite CaMnO3, the AMR can be
increased by more than one order of magnitude, primarily due to interlayer coupling.
Additionally, the spin-flop transition in a nearly Mott region contributes to an
unprecedented AMR of 70%, two orders of magnitude larger than previously
achieved. The study demonstrates that thin films of canted AFM phases of CaMnO3

and CaIrO3 exhibit dimensionality control, with a diminishing magnetic moment, and
the valence state can be altered at interfaces in superlattices involving manganites.

Keywords: transition metal oxides and heterostructures, antiferromagnetic
spintronics, anisotropic magnetoresistance, spin-orbit coupling, canted
antiferromagnet, spin-flop transition

1. Introduction

Antiferromagnetic (AFM) spintronics has emerged as a promising alternative to
ferromagnetic (FM) spintronics due to several advantages. AFM spintronics offers a
significant advantage over other technologies as its ordered microscopic moments
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alternate between individual atomic sites, resulting in zero stray fields and enabling
closer packing of devices without interference. Thus, AFM materials possess a
remarkable property of being externally invisible in magnetic fields, owing to their
zero net magnetic moments, which implies that any information stored in their mag-
netic moments would be impervious to disruptive magnetic fields and beyond the
detection capabilities of commonly used magnetic probes [1–6]. Antiferromagnets
have been discovered to have greater potential than just being used as passive ele-
ments in exchange bias applications. When a soft ferromagnet is placed next to a
thin antiferromagnet, and a feeble external magnetic field is applied, the
ferromagnet can reposition itself, causing its interfacial moments to pull the
adjacent antiferromagnetic moments via the interfacial exchange spring. Metal anti-
ferromagnets, such as the Ir-Mn alloys, are versatile materials with various applica-
tions, ranging from serving as advantageous passive exchange-bias components to
functioning as active electrodes in Tunneling Anisotropic Magnetoresistance (TAMR)
devices [7–11]. Additionally, AFM spintronics devices require lower operational
power, which makes them more energy-efficient. AFM spintronics allows for ultrafast
control of the staggered spins at terahertz frequencies, which can enable faster and
more efficient data processing. Current-induced spin-orbit torque (SOT) and aniso-
tropic magnetoresistance (AMR) are two important phenomena used in AFM
spintronics devices and in this way, the spin of the AFM material can be accessed for
data writing and reading operations. SOT is a process that utilizes electric current to
generate torque on the magnetization of a material, primarily used in AFM spintronic
devices. The electron’s spin polarization generates a spin current when a current is
passed through a thin layer of heavy metal. The interaction of the spin current with
the AFM moments at the interface generates a torque that can reorient the magnetic
moments of the AFM layer, enabling precise data writing and reading operations by
controlling the current’s direction and magnitude. Moreover, the SOT-based devices
have the advantage of low power consumption and fast switching speeds making
them promising candidates for future high-density data storage and processing appli-
cations [6, 10, 12]. AMR is a phenomenon that causes the resistance of a material to
change as a function of the angle between the direction of current flow and the
magnetization direction. Overall, AFM spintronics has the potential to revolutionize
the field of spintronics and enable the development of faster, more efficient, and more
compact devices [13–15].

Here, a detailed discussion of AMR will be given in 3d/5d perovskite
heterostructures. The origin of AMR depends on whether the material is crystalline or
noncrystalline. In both cases, the AMR response arises from the anisotropy of the
electron scattering or transport properties. In crystalline materials, AMR arises from
the anisotropy of the electron scattering rate, which is influenced by the orientation of
the magnetic field with respect to the crystal lattice [14, 16, 17]. As an example, a high
electronic band coupling to crystal sites can lead to a stronger AMR response and
itinerant electrons from higher energy bands typically contribute to the magnetic
effects in AMR, resulting in a greater change in electrical resistance in LaAlO3/SrTiO3

(111) heterostructure [18]. On the other hand, in noncrystalline materials such as
amorphous alloys, the AMR originates from the anisotropy of the electron transport
properties. Researchers working on AMR seek to design heterostructures with specific
properties that can enhance the AMR effect. One approach is to use materials with
pronounced SOC and magnetocrystalline anisotropies. This can cause the anisotropies
to manifest as anisotropic transport. In some cases, the magnetic field and weak
magnetic moments of the canted AFM phase can couple together, resulting in
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emergent magnetic and topological properties in oxide heterostructures. For example,
3d-5d oxide heterostructures such as epitaxial superlattices (SLs) of iridium oxides
(Ca/SrIrO3)/SrTiO3 and manganite/iridate SLs, have been found to exhibit large
atomic SOC and electron-correlation-dominated AMR [19]. Furthermore, current-
dependent AMR and MR offer an opportunity to explore momentum-dependent
scattering to elucidate the role of Rashba SOC. The Rashba SOC introduces spin
splitting along the momentum axis, whereas atomic SOC does not [20]. However, a
few research groups have proposed that besides the atomic SOC, the Rashba SOC also
plays an important role in the AMR in transport. The primary focus of AMR research
is to design and develop new materials and heterostructures that can exhibit enhanced
and tunable anisotropic transport properties for use in advanced electronic devices.

The nonmagnetic ground state of iridium (Ir) pseudospin moments in SrIrO3 and
CaIrO3 is determined by the interplay between SOC and electron correlations (U).
The value of U, which represents the strength of the Coulomb interaction between
electrons, affects the electronic and magnetic properties of the system. When U is
large, the system tends to favor a Mott insulating state, which is characterized by the
localization of electrons due to strong Coulomb repulsion. On the other hand, when U
is small, the system can exhibit metallic behavior. In epitaxial thin films, the dimen-
sionality of the system can be tuned by controlling the thickness of the film. It has
been found that reducing the dimensionality in epitaxial thin films can increase U and
induce pseudospin-based emergent magnetism in SrIrO3 and CaIrO3 [21–24]. This
emergent magnetism arises from the system’s delicate balance between SOC and U. In
a low-bandwidth SL, i.e., CaIrO3/SrTiO3, the AMR effect is attributed to a combina-
tion of different factors including in-plane biaxial magnetic anisotropy, magneto-
elastic coupling, and interlayer exchange coupling based on tilted oxygen octahedra
with glazer notation (a�a�c+) across the constituent layers [19, 25, 26]. Despite the
concerted efforts to enhance the AMR effect in 3d-5d heterostructures, the maximum
amplitude of the fourfold AMR signal is still limited to 1%. This limitation highlights
the need for the development of new strategies for enhancing the AMR effect, such as
the careful selection of constituent materials and the optimization of heterostructure
architecture to get a larger AMR effect. This study shows that by coupling the CaIrO3

with a severely distorted canted AFMmanganite CaMnO3 and using the same sense of
(a�a�c+) oxygen octahedra tilts, the AMR can be increased by more than one order of
magnitude which is about 20%. This increase is mainly generated due to the interlayer
coupling of the CaMnO3/CaIrO3 layer. Additionally, the spin-flop transition in a
nearly Mott region triggers an additional two-order of AMR amplitude along with a
four-fold symmetry component. By combining these two effects, an exceptional AMR
of 70% has been achieved, surpassing the previous record by two orders of magnitude.
The study also shows controls and other unique facets related to these effects. The
study demonstrates that thin films of canted AFM phases of CaMnO3 and CaIrO3

exhibit dimensionality control, with a diminishing magnetic moment. The M-T curve
shows a signature of a magnetic transition occurring around 70–100 K, representing
an AFM phase transition in the CaMnO3/CaIrO3 SLs. The valence state can be altered
at interfaces in SLs involving manganites, resulting in emergent magnetic phenomena
through the transfer of charge. Research conducted on CaRuO3/CaMnO3 SLs has
revealed that electron leakage into the CaMnO3 layer decreases exponentially from the
interface to the bulk of the layer [27]. From the exchange bias data of CaMnO3/CaIrO3

SLs, it is clear that a charge transfer from the CaIrO3 to CaMnO3 layer near the
interface develops FM and AFM phases at the interface and bulk of CaMnO3 layers,
respectively.
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2. Experimental section

2.1 Sample synthesis and structural characterizations

Pulsed laser deposition (PLD) is a valuable experimental technique in condensed
matter physics for investigating interface properties [27, 28]. Creating a well-defined
interface and high-quality thin film is essential, and PLD involves laser ablation of target
material, plasma plume dynamics, and nucleation and growth of atoms on the substrate
surface. Laser energy selection is critical based on the ablation threshold energy of bulk
materials, and a KrF excimer laser with a wavelength of 240 nm is commonly used in
lab experiments. The gas pressure is used to control plume dynamics and reduce its
energy, resulting in a dense and unidirectional plume. The nucleation of atoms on the
substrate is a crucial step in crystal formation, and the suitable combination of laser
energy, gas pressure, and substrate temperature determines the mobility of surface
atoms. Oxygen gas is supplied inside the PLD chamber from an external cylinder via an
inlet to produce an oxide film, and different growth mechanisms, depending on the
mobility of surface atoms and surface smoothness, occur on the surface (Figure 1).

Reflection high energy electron diffraction (RHEED) technology is used to study
the growth mechanism, providing valuable information about the surface morphology
and structure. RHEED enables the monitoring of various types of growth such as
layer-by-layer (2D) growth and island (3D) growth. The process involves nucleation
and growth of atoms on the substrate surface which can be visualized using the
RHEED set-up. High-pressure RHEED has been developed to monitor surface struc-
ture during oxide deposition at higher pressures, opening up new possibilities for
material synthesis. To obtain the atomically sharp TiO2-terminated surface which is
essential for layer-by-layer growth, the substrates were treated in deionized water and
buffered NH4F-HF (BHF) solution [30], followed by thermal annealing at 960°C for
1.5 hours. The SLs were grown on a substrate maintained at a temperature of 730°C
and under an oxygen partial pressure of 6 Pa. Subsequently, the samples underwent a
post-annealing process at identical temperature and pressure conditions for a duration
of 30 minutes. The thickness of the SLs was precisely controlled and monitored by
using in-situ RHEED. The high structural quality of the SLs was examined in detail by

Figure 1.
Pulsed laser interval deposition [29]. (a) How the oscillation intensity changes with the increasing number of laser
shots and the formation of each layer represented by one complete oscillation. (b) RHEED specular spot intensity
and its surface plot in X-Y coordinates.
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performing room temperature X-ray diffraction (XRD) scans using a PANalytical
X’pert Pro diffractometer. Finally, the thickness of the SLs was confirmed by using
X-ray reflectivity (XRR).

The samples are CaMnO3/CaIrO3 SLs with different configurations based on the
periods of constituent layers. The SLs are coded as (MIxy)z, where M and I refer to
CaMnO3 and CaIrO3 layers, respectively. The value of ‘x’ and ‘y’ represents the period
or unit cell (u.c.) of the CaMnO3 and CaIrO3 layers, respectively, and ‘z’ represents
the number of repetitions. The article discusses the structural properties and varia-
tions in AMR of CaMnO3/CaIrO3 SLs. The samples are categorized based on the period
of constituent layers as (I) The first category involves the simultaneous variation of
CaMnO3 and CaIrO3 u.c., with samples including (MIxy)z for x = y = 2–4, and
(MI84)5 with a larger CaMnO3 period; (II) The second category involves the control
of AMR by fixing CaIrO3 period while varying the CaMnO3 period, with samples
(MIx2)5 for x = 2,4,6,8 and (MIx4)5 for x = 2,4,6; (III) The third category involves
keeping the CaMnO3 period fixed and varying the CaIrO3 period, with samples
(MI2y)z for y = 2,4,5 and (MI5y)z for y = 2,5,8. The SLs were formed by using a
pulsed interval deposition technique and analyzed by using XRD and HAADF-STEM.
In Figure 1(a), the synthesis of (MI82)5 SL is shown, where one complete oscillation
represents the formation of one u.c. Additionally, the Gaussian pattern of the specular
spot intensity after finishing the deposition confirms sharp, layer-by-layer growth, as
shown in Figure 1(b). Figure 2 (a) and (b) provide XRD and XRR data, respectively,
for the primary series and higher periodic SL, i.e., (MI84)5 SL. Also, Figure 2 (c)
shows HAADF-STEM data for (MI84)5 SL. These data offer insights into the crystal
structure, periodicity, and interface quality of the SLs.

2.2 Investigating magnetic-properties of interface

2.2.1 Magnetization measurements, X-ray absorption study, and understanding charge
transfer and spin canting mechanism across CaMnO3/CaIrO3 Heterointerface

The magnetization (M) versus temperature (T) and magnetic field (H) data of
(MIxy)z SLs with x = y = 2–4 are plotted in Figure 3 (a) and (b). As the number of
periods increases, there is a noticeable decrease in both the magnetic transition

Figure 2.
(a, b) Scan of θ-2θ and X-ray reflectivity for (MIxy)z with x = y = 2–4, (MI22)10, (MI33)5, (MI44)5, and
(MI84)5 SLs. (c) Cross-sectional HAADF-STEM image that exhibits the atomic level resolution of CaMnO3 and
CaIrO3 layers in the (MI84)5 SLs is shown. (Reprinted from [14] © 2023 American Physical Society).
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temperature (Tc) and the saturation magnetic moment (Msat), as depicted in Figure 3.
For example, the (MI22)10 SL exhibits Tc of approximately 100 K, while the Tc
decreases to approximately 60 K for (MI44)5 SL and vanishes for the higher periodic
(MI84)5 SL. This trend suggests that the magnetic properties of the SLs are strongly
influenced by the periodicity of the constituent layers, with larger periods leading to
weaker magnetism. The M-H data in Figure 3 (b) shows a saturation magnetic moment
(Msat) of approximately 0.4 μB/f.u. for (MI22)10 SL, which value is consistent with the
reported canted AFM state in CaIrO3/CaMnO3 heterostructures [31]. To further inves-
tigate the magnetic properties of the SLs, the exchange-bias fields (HEB) were measured
by performing field-cooled M-H measurements, as shown in Figure 3(c).

The interfacial charge transfer and electronic structure near the Fermi level were
examined using x-ray absorption spectroscopy (XAS) at both the Mn and Ir L-edges.
The spin-orbit coupled states are obtained in the spectra containing two features, the
L3(2p3/2) and L2(2p1/2) edges, respectively, in Mn 2p core hole, as shown in Figure 3
(d). A clear shift of the L3 edge of the spectra towards lower energy with respect to the
other samples was observed in the (MI25)5 SL, indicating the presence of Mn3+ ions,
which were likely formed by the transfer of charge from the Ir to the Mn at the
interface. This shift was evident in both the surface-sensitive total electron yield

Figure 3.
Displays (a) the temperature (T), (b) field (H) dependence of magnetization (M), and (c) the strength of the exchange
bias field (HEB) for (MIxy) SLs with varying stacking of CaMnO3 and CaIrO3 layers. X-ray absorption spectra
around (d) the Mn L2,3 edge (TEY modes) and (e) Ir L3 edge (FY modes) are also presented for (MIxy)z SLs, where
the insets show a comparison of the (MI25)5 SL with the IrO2 sample. (f) a schematic illustration is shown,
demonstrating the spin canting in the CaIrO3 and CaMnO3 layers. CaIrO3 and CaMnO3 layers are organized into
BO6 planes that are arranged in the ab plane and stacked along [001]. To simplify the explanation, a top-down view
of the canted moments and net magnetic moment is shown along two in-plane directions, namely [010] and [100],
with respect to the pseudocubic STO (100) substrate. The length of the arrows showing the net magnetic moment does
not represent the relative size of the magnetic moment in CaIrO3 or CaMnO3 layers. (Reprinted from [14]© 2023
American Physical Society).
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(TEY) and bulk-sensitive fluorescence yield (FY) mode for Mn-edge and Ir-edge
spectra, respectively, as shown in Figure 3(d, e) and 4. Thinner CaMnO3 layers in SLs
receive a larger fraction of electrons, causing a larger shift in the Mn edge for (MI25)5
with 2 u.c. of CaMnO3 period compared to SLs with thicker CaMnO3 layers compared
to CaIrO3, as shown in Figure 3 (d). Additionally, the larger thickness/volume of
CaIrO3 in (MI25)5 SL will transfer a larger number of electrons to CaMnO3. The
observed minimal shift in the Ir edge, as shown in Figures 3(e) and 4, suggests that
the Ir4+ state is highly stable, and only a small amount of charge transfer occurs across
the interface. Therefore, the remaining change in the Mn valency is assumed to arise
from vacancies in the manganese layer. Approximately, 0.1 hole/electrons per Ir/Mn
ion are transferred at CaMnO3/CaIrO3 interfaces for the (MI82)5 SL, while the
remainder of the change in the Mn valence is due to vacancies in the manganese layer
and, also, the charge transfer is sensitive to the constituent layer thickness, with a
maximum of approximately 0.25 hole/electron per Ir/Mn ion transferred for the
(MI25)5 SL, as shown in the table-I. It is observed from the table that there is charge
transfer from Ir to Mn assuming a valency range of �3.8–3.95 for the bare CaMnO3

layer. As the CaIrO3 layer thickness increases and becomes comparable with CaMnO3

layer thickness, such as in MI25, MI44, and MI42 samples, the fraction of charge
transfer increases, contributing to the larger conductivity and number of carriers
available for charge-transfer in thicker CaIrO3 layers. This is evident in the compari-
son between MI25 and MI62 samples (Table 1).

Figure 4.
XAS spectra around the Mn L2,3 edges for [(CaMnO3)x/(CaIrO3)y)]z measured in the (a) TEY and (b) TFY
modes. XAS spectra of the Ir L2,3-edges for [(CMOx/CIOy)]z measured in the fluorescence yield modes. Insets
depict the comparison view of [(CaMnO3)2/(CaIrO3)5)]5 with the reference IrO2 sample. (Reprinted from [14]
© 2023 American Physical Society).

Sample MI82 MI62 MI42 MI44 MI25

Mn edge valency 3.68(4) 3.78(8) 3.79(2) 3.74(4) 3.59(4)

Ir edge valency 4.09(7) 4.05(7) 4.18(1) 4.17(4) 4.25(9)

Table 1.
Charge transfer across CaMnO3/CaIrO3 interface.
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The charge transfer between CaIrO3 and CaMnO3 layers depends on the volume or
the number of available carriers in CaIrO3 and the number of CaMnO3 layers. Due to
the vacant ‘eg’ orbital near the Fermi level, CaMnO3 with a distorted lattice exhibits a
significant attraction towards electrons. In another study on Ce4+ � doped CaMnO3,
even a small electron doping induced canting of the AFM lattice resulting in a signif-
icant increase in magnetic moments [32]. Leakage of electrons into CaMnO3 decay
exponentially from the interface to the bulk of the layer in CaRuO3/CaMnO3 SLs
[27, 33]. The interface layer receives the maximum charge density, inducing a
double-exchange governed FM phase or a largely canted AFM phase at the CaMnO3

interface layer. The deeper CaMnO3 layer tends to remain AFM. The formation of a
magnetic gradient across the CaMnO3 layer is well supported by both theory and
experiments [33]. The HEB is the signature of FM and AFM phases across the
interface. As depicted in Figure 3(c), the (MI22)10, (MI33)5, (MI44)5, and (MI84)5
SLs display HEB of 3, 15, 50, and 35 Oe, respectively. To achieve a higher HEB, a virtual
arrangement of the FM/AFM interface is necessary, which is absent in the first SL
since its CaMnO3 layers are only present at the interface. However, in the latter
three SLs, the CaMnO3 layer thickness increases along with the FM interface, resulting
in the manifestation of HEB which increases with the thickness of the CaMnO3 layer.
This result can be used to look for the formation of such magnetic gradients also
where the AFM state apart from the interface remains unchanged for both CaIrO3 and
CaMnO3.

2.3 Study on anisotropic magnetoresistance (AMR)

2.3.1 ϕ-AMR in (MIxy)z (x = y = 2: 4)

The AMR, also referred to as angular dependent magnetoresistance, was measured
in three different senses of rotations of the SLs with respect to the magnetic field, as
shown in Figure 5(a), and is calculated as

AMR ¼ ρ B angleð Þ½ � � ρ B angle ¼ 90°ð Þ½ �
ρ B angle ¼ 90°ð Þ½ � (1)

Where ‘angle’ represents the angle between the magnetic field and the current
direction.

In Figure 5 (a), H rotates in the xy, yz, and zx planes while three rotation angles,
namely ϕ, θ, and γ, are depicted. Additionally, the current direction is along the (100)
axis of the sample. Figure 5 (b-f) depicts the magnetic and electrical behavior of
(MIxy)z (x = y = 2–4), which can be explained by the enhancement of ‘U’ induced by
dimensionality and the charge transfers. All SLs demonstrate diminishing AMR in the
range of 70–100 K which is the same as the magnetic transition temperature (Tc) of
the SLs. The sheet resistance was also measured, and it was found to increase with
decreasing CaIrO3 period, as shown in Figure 5 (b). The Mott state is characterized by
a sudden increase in resistivity below 50 K. As the CaIrO3 period decreases, the sheet
resistance increases and the resistance of a 10 nm CaIrO3 film is clearly distinct from
the other SLs. In particular, (MI22)10 tends to exhibit a Mott-type state below 30 K.
These SLs’ emergent magnetic and transport properties are related to their AMR,
which will be discussed further below. Now, it is important to investigate AMR
properties of several 3d-5d SLs including (MI22)10, (MI33)5, (MI44)5, and (MI84)5 as
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a function of temperature, magnetic field, and period of SLs. The AMR measurements
reveal that the ϕ-AMR exhibits four-fold sinusoidal oscillations for both (MI22)10 and
(MI33)5, with a subtle two-fold component superimposed on a dominant four-fold
component, shown in Figure 5 (e). In Figure 5 (f), the ϕ-AMR in (MI22)10 SL is
particularly striking, exhibiting an astounding 70% amplitude at 10 K, which
decreases to 23% at 20 K and gradually ceases to manifest at 100 K. This is the
largest amplitude of four-fold ϕ-AMR reported not only for 3d-5d SLs but also for
other oxide heterostructures. Furthermore, the ability to tune the ϕ-AMR by two
orders of magnitude is demonstrated by varying the period of the SLs. The θ- and
γ-AMRs, shown in Figure 5 (c, d), also show a phenomenal amplitude of 15% for
(MI22)10, which is much larger than observed for any 3d-5d SL. The AMR
decreases with increasing temperature and completely disappears around the transi-
tion temperature in the range of 70–100 K for all samples. The ϕ-AMR observed in
(MI22)10 SL, as shown in Figure 5 (f), is exceptional because it is much larger than
what has been reported in any 3d-5d heterostructures so far, and it is the largest
among complex oxide heterostructures. Additionally, the ϕ-AMR reduces by one
order of magnitude as the period (x = y) increases from 2 to 4. This sensitivity to the
constituent layer thickness suggests the presence of a unique phenomenon that
promotes interlayer coupling.

Figure 5.
(a) Three different rotational geometries schematically illustrating the measurements of AMR. (b) The impact of
extended CaMnO3 and CaIrO3 periods on the sheet resistance was examined by plotting the temperature-
dependent behavior of (MIxy)z (x = y = 2–4) SL and (MI84)5 SL. (c) Polar plots comparing the ϕ, θ, and γ
AMRs are presented for (MI22)10 and (d) (MI33)5 SL. (e) The variation in ϕ-AMR at 30 K is demonstrated for
both (MIxy)z (x = y = 2–4) and (MI84)5 SL. (f) The variation in the ϕ-AMR amplitude as a function of
temperature for H = 9 T is shown. (Reprinted from [14] © 2023 American Physical Society).
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2.3.2 The origin of the AMR

One method for determining the origin of AMR is to compare the behavior of
different types of AMRs and analyze their dependence with the magnetic field. In
particular, the ϕ, θ, and γ AMRs have been studied extensively.

3. Non-quadratic dependence of ϕ-AMR with field

One observation that has been made is that none of the ϕ, θ, and γ AMRs follow a
quadratic dependence on themagnetic field becauseϕ-AMR does not vary linearly with B2,
as shown in Figure 6. These results rule out Lorentz scattering as the origin of the effect.
Lorentz scattering is a mechanism in which the magnetic field causes the scattering of
electrons, leading to a change in resistance [19]. Another observation that has beenmade is
that the magnitude and phase of the θ and γ AMRs for the sample (MI22)10 are coincident.
This eliminates the possibility of spin Hall MR or s-d scattering as the underlying mecha-
nisms. Spin Hall MR is a mechanism in which the spin Hall effect causes a change in
resistance, while s-d scattering is amechanism in which the scattering of electrons between
the spin-polarized d-band and s-band causes a change in resistance [34–37].

3.1 Intra and interlayer coupling in ϕ-AMR for varying periodicity: (MIx2)z for
x = 2, 4,6 and 8 and (MI2y)z for y = 2,4 and 5 SLs

In the canted AFM phase of these SLs, interlayer coupling controls the domain
scattering mechanism based on biaxial magnetic anisotropy, which is believed to be
the underlying cause of the AMR. Domain scattering refers to the scattering of elec-
trons as they pass through the domains (regions) with different magnetic orientations
in a material. In this case, the domains are created by the canted AFM phase of the
SLs, and the domain scattering is thought to be responsible for AMR observed in the
material. The magnitude of interface coupling and the dimensions of the individual
layers are determining factors in the strength of interlayer coupling. The magnetic
interactions for intra- and interlayer bonds of neighboring iridium ions can be
expressed in a common form [eq. (2)], with different coupling constants for
inter- and intralayer bonds [38].

Figure 6.
At various temperatures, the (MI22)10 and (MI33)5 SL display non-quadratic dependence of B as seen in the
polar plots of ϕ, θ, and γ - AMRs presented. (Reprinted from [14] © 2023 American Physical Society).
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Where Jij is the in-plane isotropic Heisenberg exchange among pseudospin

S
!
i and S

!
j, and J1c represents the first interlayer interaction. In the case of 5d material,

pseudospin is an entangled state of spin and orbital moment denoted as Jeff [39]. Γij
represents symmetric exchange anisotropy that favors collinear c-axis spin order, and

D
!
ij whose direction is along the c-axis represents antisymmetric exchange anisotropy

via Dzyaloshinskii-Moriya (DM) interaction that favors canting of in-plane spin order
in the ab plane. Specifically, octahedral rotation and tetragonal distortion lead to
symmetric and antisymmetric exchange anisotropy terms that are responsible for ϕ-
AMR [38, 40]. This is due to the strong SOC that locks the staggered AFM
pseudospins moments to the antiferrodistortive octahedral, and as a result, canted
pseudospin as well as the net in-plane moment is obtained. To prevent the cancelation
of canted moments, they must be aligned parallel to each other across the interlayer.
The in-plane canted moments and their stability depend on the strength of interlayer
AFM coupling as well. The Hamiltonian is originally proposed for layered Sr2IrO4 for
explaining the strength of interlayer coupling between IrO2 layers separated by
nonmagnetic SrO layer. In a different study, the theory of interlayer coupling is
used to describe the magnetic properties of artificially synthesized SLs, i.e.,
SrIrO3/SrTiO3 [41]. Increasing the insulating SrTiO3 layer helps to reduce interlayer
coupling and decrease magnetic transition temperature. The magnetic exchange
interactions can be governed directly from one layer to another layer of the IrO2 plane
separated by the SrO layer in Sr2IrO4 or can be governed by electron hopping through
the SrTiO3 layer in SrIrO3/SrTiO3 SL. As the periodicity increases from (SrIrO3)1/
(SrTiO3)1 (1/1-SL) to (SrIrO3)1/(SrTiO3)2 (1/2-SL), the transition temperature is
significantly reduced due to the decrease in interlayer exchange coupling. The inser-
tion of additional insulating SrTiO3-blocking layers hinders the electronic hopping and
exchange coupling along the c-axis, causing a decrease in interlayer coupling. Both
Sr2IrO4 and 1/1-SL exhibit net magnetizations originating from the canting of the
AFM moments within the IrO2 plane [22]. The coupling of LaNiO3 to the insulating
FM LaMnO3 at the interface can lead to the stabilization of an induced AFM order in
the [111] direction, which can generate interlayer AFM coupling between two
LaMnO3 layers separated by 7 u.c of LaNiO3, as suggested by the authors in a separate
study [21].

3.2 CaMnO3 and CaIrO3 periodicity dependent AMR study in
CaMnO3/CaIrO3 SLs

In this section, we discuss a study conducted to understand further the role of
individual layers in AMR. The study aims to determine the specific role of individual
layers in achieving a large AMR in (CaIrO3)x/(CaMnO3)y SLs. The AMR of different
sets of heterostructures is analyzed, and the results are presented in Figure 7 (a-d).

i. (MIx2)5 for x = 4, 6, and 8 as (MI42)5, (MI62)5, and (MI82)5, with the CaIrO3

period fixed to 2 u.c.: The ϕ-AMR values of this series of SLs are plotted in
Figure 7(a). It is clear that, except for x = 2, the ϕ-AMR of all other SLs is in
the range of 0.4–0.8%.
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ii. (MIx4)5 for x = 2, 4, and 8 as (MI24)5, (MI44)5, and (MI84)5, with the CaIrO3

period fixed to 4 u.c.: In this case, the variation of the CaMnO3 period for a
fixed larger CaIrO3 period (4 u.c.) shows a ϕ-AMR in the range of �0.02–
1.5%; however, except for (MI24)5, the AMR of the SLs is less than 0.2%.
These data are plotted in Figure 7 (b).

iii. The SLs (MI2y)z for y = 4 and 5 are considered, with a fixed CaMnO3 period
of 2 u.c. The data shows that as the CaIrO3 period increases from 2 to 4 and 5,
the AMR decreases significantly. The plot of the AMR data is given in
Figure 7 (c).

iv. The SLs (MI5y)z for y = 2, 5, and 8 are studied, with a fixed CaMnO3 period of
5 u.c. It is observed that the decrease in AMR is pronounced as the CaIrO3

Figure 7.
Exhibits the ϕ-AMR for (a) (MIx2)5 with x = 4, 6, and 8, and (b) (MIx4)5 with x = 2, 4, and 8, recorded at
various temperatures with a 5 T magnetic field. Figures (c) and (d) display the ϕ-AMR for (MI2y)z with y = 4
and 5 and (MI5y)z with y = 2, 5, and 8, respectively, measured at different temperatures with a magnetic field of
5 T. (Reprinted from [14] © 2023 American Physical Society).
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period increases. For (MI58)5, the AMR follows the behavior of a CaIrO3 film
of the same thickness. The plot of the AMR data is given in Figure 7(d).

v. It is found that the AMR of (MI58)5, having a large CaIrO3 period of 8 u.c.,
matches with that of a 10-nm-thick CaIrO3 film in terms of phase and
amplitude.

The first three points suggest that a short CaMnO3 period contributes to a high
AMR value when the CaIrO3 period is also small. However, when the maximum
period of CaMnO3 and CaIrO3 in CaMnO3/CaIrO3 SLs is reached, the interlayer
coupling necessary for biaxial anisotropy is lost, and the SL behaves like a single
CaIrO3 film, as stated in the fifth point. SLs with a higher periodic thickness of
CaMnO3 and CaIrO3, such as the (MI33)5 and (MI24)5 SLs, exhibit reduced octahe-
dral distortion. As a result, these SLs demonstrate a decrease in AMR response com-
pared to the (MI22)10 SL. This reduction results in a lower possibility of obtaining a
net canted moment from each IrO2 plane, thereby reducing the AMR response of
(MI33)5 and (MI24)5 SLs in comparison to the (MI22)10 SL. The AMR value of �1%
for (MI24)5 and (MI52)5 SL confirms that the CaMnO3 and CaIrO3 periods have an
equal impact on interlayer coupling in CaMnO3/CaIrO3 SLs. Therefore, in CaIrO3/
CaMnO3 SLs, the similarity of magnetic phase and structural distortion of (a�a�c+)
type in low dimensions is a unique attribute and can be argued as a decisive factor for
strong interlayer coupling. The structural distortion of both constituent layers in
CaIrO3/CaMnO3 heterostructures contributes to a parallel interlayer alignment of
moments, as shown in previous studies [19, 42]. This results in biaxial anisotropy and
a large fourfold sinusoidal AMR in the heterostructures.

3.3 Dynamics of ϕ-AMR in (MI22)z: Biaxial anisotropy and spin-flop transition

The trough and crest of ϕ-AMR are assigned by the difference in scattering by soft
(100) and hard (110) axes in (MI22)10 SL, a biaxial anisotropic system, as shown in
Figure 8 (a, b). There appears a transition from uneven scattering from (110) family
of axes at 25 K to (100) axes at 14 K, as emphasized in Figure 8 (c).

At 25 K, the stronger crest peaks at (110) and (�1–10) axes suggest larger scatter-
ing compared to that at (�110) and (1–10) peaks, despite the uniformity in scattering
observed by the (100) family of axes, as shown in Figure 8 (b, c). Similarly, at 14 K,
crest peaks are uniform in magnitude whereas trough peaks are not uniform in
magnitude. Hence, the ϕ-AMR in (MI22)10 SL deviates from regular four-fold sinu-
soidal symmetry. As scrutinized in very close temperature intervals in the range of
10–25 K, as shown in Figure 8(c), as one moves from the (100) to the (110) crystal
axes, a new superimposed feature in the form of a four-fold pattern of AMR kinks
emerges alongside the underlying sinusoidal pattern. At 25 K, there is a clear and well-
defined four-fold pattern of ϕ dependent AMR, but as the temperature decreases to 22
and 18 K, the pattern becomes more complex, with multiple kinks. Finally, at 15 K, the
pattern reverts to a symmetric and sharp four-fold single kink configuration. The
smooth pattern appears at 14 K which further transforms to a sharp step-like humun-
gous amplitude of 70% at 10 K. The polarity of AMR peak amplitudes transforms for
different fields, i.e., 9 and 5 T, as shown in Figure 9 (a). This unprecedented ϕ-AMR
is complex both in its pattern and amplitude. At 5 T, the smooth sinusoidal
modulation of the ϕ-AMR displays a modest 10% increase, as shown in Figure 9 (a).
However, when the magnetic field is increased to 9 T, a remarkable metamagnetic
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transition occurs, which is responsible for generating a substantial 70% step-like
AMR. This transition is identified as a spin-flop transition [43] since the trough of the
ϕ-AMR at 5 T coincides with the crest at 9 T. By comparing the ϕ-AMR at these two
fields, it is clear that there is an abrupt drop in resistance at 9 T when the sinusoidal ϕ-
AMR peak starts appearing at 5 T, as shown in Figure 9 (a). These observations
establish that the spin-flop metamagnetic transition is responsible for the enormous ϕ-
AMR at 9 T and 10 K. Magnetic-field dependence of ϕ-AMR was conducted at 15 and
25 K to investigate spin-flop-induced transition. Figure 9 (b) and (c) shows a kink-
like transition indicative of the spin-flop transition only at 9 T and 15 K, absent at 25 K.
Two primary phenomena are responsible for the diverse characteristics of the ϕ-AMR.
Firstly, a robust biaxial magneto-crystalline anisotropy contributes to the sinusoidal
ϕ-AMR, which can reach up to 20%. Secondly, the spin-flop transition induces kink-
and step-like metamagnetic AMR of up to 70% at a maximum field of 9 T. To explain
the anomalous AMR of CaIrO3/CaMnO3 SLs, a competition between pseudospin–
lattice (S-L) coupling and field-pseudospin coupling is proposed. The S-L coupling in
iridates is represented by Eq. (3) with the Hamiltonian Hs-ι [19, 38].

Hs�ι ¼ Γ x2�y2ð Þ cos 2αÞðSix Sjx � Siy Sjy
� �þ Γ xyð Þ sin 2αÞðSix Sjy þ Siy Sjx

� �
(3)

The energy scales of S-L coupling to the distortions along (100) and (110) are
denoted by Γ x2�y2ð Þ and Γ xyð Þ, respectively, while α represents the angle between the
staggered moments and the (100) axis. As it is mentioned previously that AFM

Figure 8.
(a) The crystallographic in-plane directions for the (100) and (110) families are labeled as a, B, C, D, and A0, B0, C0,
D0 respectively. (b) The ϕ-AMR for (MI22)10 is shown at different temperatures between 25 K and 100 K with a
magnetic field of 9 T. (c) The ϕ-AMR for (MI22)10 is displayed for the temperature range between 10 K and 22 K,
showing a fourfold symmetry, and indicating the onset of the spin-flop transition at 22 K. (d) The field dependence of
ϕ-AMR for (MI22)10 is presented at 15 K. (e) The spin arrangement in relation to the AMR is shown. The spins
depicted in red and blue correspond to the two sublattices of the antiferromagnetic order. A subtle canting in AFM order
at B = 0 is observed, which increases at a field of 9 T along the easy (100) axis (1 and 2), while the effect is less
pronounced when B is applied along the (110) hard axis (panel 3). For B = 9 T along (010), the spin-flop
arrangement at 10 K is depicted in the last panel (panel 4). (Reprinted from [14]© 2023 American Physical Society).
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staggered pseudospins in ab plane are entangled to the antiferrodistortive octahedral
via SOC, resulting canted pseudospin, hence, pseudospins have some special sym-
metric directions, i.e., xy and x2 � y2 quadruple symmetries. The competition between
xy and x2 � y2 quadruple symmetries of pseudospins have two solutions: α=0 for
Γ x2�y2ð Þ<Γ xyð Þ and α=45° for Γ x2�y2ð Þ>Γ xyð Þ.Sr2 IrO4 and an engineered SL, SrIrO3/
SrTiO3, both possess a similar magnetic structure and exhibit the former phenome-
non, whereas the latter is observed in CaIrO3/SrTiO3 heterostructures. In both cases of
SrIrO3 and Sr2IrO4, the ϕ-AMR phase lags by 45° compared with CaIrO3/CaMnO3 SL
[19, 44]. In the case of CaIrO3/CaMnO3 SLs, the optimal solution is achieved at α=0
since the minimum of AMR oscillation aligns with the (100) axes, which is analogous
to that of CaIrO3/SrTiO3 SLs. The difference in the phase lag between SrIrO3- and
CaIrO3-based 3d-5d SLs is due to the different sense of octahedral rotations in their
low-dimensiona limits (Figure 10).

Figure 9.
Comparison of ϕ-AMR at T = 10 K for (MI22)10 reveals differences between measurements at 9 and 5 T. field
dependence of ϕ-AMR for (MI22)10 is measured at 15 and 25 K. (Reprinted from [14] © 2023 American
Physical Society).

Figure 10.
Temperature dependence of the ϕ-AMR amplitude for (MIxy)z SLs at H = 5 T. (Reprinted from [14] © 2023
American Physical Society).
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3.4 Temperature dependence of ϕ-AMR in the context of
magneto-elastic coupling

The behavior of solid-state materials in the vicinity of a magnetic transition is a
complex and fascinating area of research. At such points, the coupling between the
spin and lattice degrees of freedom, known as S-L coupling, plays a critical role, and
its strength changes as the temperature decreases [38, 45]. One of the most striking
manifestations of S-L coupling is the appearance of a sinusoidal ϕ-AMR due to the
continuous lattice deformation under the influence of an external magnetic field.
There are two ways in which S-L coupling can occur in CaMnO3/CaIrO3 SLs, namely,
the coupling of pseudospins with octahedral distortion and the response of
pseudospins to lattice vibrations or phonons that vary with temperature. It is note-
worthy that the structural transition responsible for octahedral deformations has not
been reported yet in layered systems, i.e., SrIrO3/SrTiO3 or CaIrO3/SrTiO3 SL.

As the temperature changes, the strength of S-L coupling can be described in two
regimes based on the magnetic moment of the layered system. (i) In lower magnetic
moment-based SLs such as (MIx2)5 (x = 4, 5, 8), the anisotropic scattering of electrons
due to the orbital degree of freedom via lattice vibration is more prominent near the
transition temperature, leading to strong pseudospin-lattice coupling. At lower tem-
peratures, however, due to the stiffness of the lattice, the response of pseudospins
with the lattice is low, and AMR is expected to be governed by field-pseudospin
coupling only. (ii) In higher magnetic moment-based SL such as (MI22)10, at a tem-
perature of 10 K, the (MI22)10 SL exhibits a sharp four-fold single kink separated by
90° with no sinusoidal variation observed in its ϕ-AMR. This suggests that the orbital
degree of freedom of electrons contributed by lattice vibration is suppressed at this
temperature, and the step-like AMR pattern in (MI22)10 SL is a result of field-
pseudospin coupling, facilitated by higher magnetic moment. In contrast, the
absence of the kink pattern in (MIx2)5 (x = 4, 5, 8) represents the absence of field-
pseudospin coupling. Thus, the AMRmechanism in (MIx2)5 (x = 4, 5, 8) SLs is mainly
governed by orthorhombic distortion through S-L coupling restoring the sinusoidal
resistance [22].

Furthermore, it is noteworthy that the sinusoidal ϕ-AMR pattern with a kink
observed in the temperature range of 15 to 22 K in the (MI22)10 SL indicates the
coexistence of both S-L coupling and field pseudospin coupling. Additionally, in the
cases of both (MI22)10 and (MI33)5 SLs, the amplitude of ϕ-AMR steadily increases
with decreasing temperature. This suggests that the competition between these two
couplings, which varies with temperature, ultimately determines the ϕ-AMR behavior
in the (MI22)10 SL. Specifically, at high temperatures, the S-L coupling is responsible
for the reorientation of moments, whereas at lower temperatures when the lattice is
rigid but the moments are larger, the direct coupling of field pseudospin dominates.

3.5 Metamagnetic transitions in perovskite manganites and iridates

Metamagnetic transitions are a fascinating phenomenon that has been observed in
a variety of materials including manganites and iridates. Over the past few decades,
much attention has been focused on the ABO3 perovskite-type mixed valent manga-
nites which have the general formula, i.e., R1-xAxMnO3, where ‘R’ represents a triva-
lent rare-earth cation and ‘A’ represents a divalent cation [46]. These materials have
been extensively studied due to their intriguing properties arising from the interplay
between the charge-orbital coupling. One of the most interesting features of these
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compounds is the colossal magnetoresistance phase that emerges due to the interplay
between charge and orbital ordering. The evolution of different magnetic ground
states is also observed in these compounds as the value of ‘x’ varies from 0 to 1. For
instance, in Nd1-xSrxMnO3, the magnetic phase transitions from FM metallic state to a
C-type insulating phase as ‘x’ increases from 0.3 to 0.8, via an A-type AFM metallic
phase with a ferromagnetic plane featuring uniform dðx2�y2Þ-type orbital order. In
another material, Pr1-xCaxMnO3, a transition from a charge-orbital ordered AFM-CE
type insulating state to FM metallic state is observed as the temperature decreases in
the presence of an external magnetic field. Moreover, a larger field of 27 T is required
to destabilize the charge-ordered insulating state via a metamagnetic transition at low
temperatures in the half-doped Pr1-xCaxMnO3 (x = 0.5) material [46, 47]. These
results indicate that mixed valent manganites exhibit strong spin-charge-orbital-
lattice coupling, resulting in the field-induced metamagnetic transition [48]. More
recently, materials based on late transition metal ions with strong SOC have come into
focus. These compounds no longer treat spin-orbital separation as a separate entity
that requires magnetism to be reformulated using pseudospin. Spin-flop-based
metamagnetic transitions, which are the result of spin-lattice coupling, have been
observed in these materials [45, 49]. As an example, the theoretical basis for the spin-
flop transition lies in the stronger interlayer coupling that varies from Sr2IrO4 to
Sr3Ir2O7. Overall, the occurrence of metamagnetic transitions in manganites and
iridates, as well as the diverse phenomena associated with these transitions, highlight
the complex interplay between charge, orbital, and spin degrees of freedom in these
materials.

3.5.1 Metamagnetic transition in thin-film

Obtaining a spin-flop transition in thin films can pose a significant challenge due to
the reduced thickness of the film. However, in a thin film, the magnetic moments are
often constrained by the surface and interface effects as well as defects [48, 50–53].
These effects can create a preferential orientation for the magnetic moments, hinder-
ing their ability to rotate easily in response to an external magnetic field. It is crucial to
have a strong SOC effect to effectively leverage large magnetoresistance anisotropy.
However, if the magnetic moments are aligned along an easy axis that is perpendicular
to the film plane, it becomes quite challenging to rotate them away from this easy axis
and towards the basal plane. As a result, utilizing TAMR effects may be impossible.
On the other hand, in Mn2Au, the magnetic moments are oriented in the basal plane of
the structure. This makes it relatively easy to rotate them from one easy in-plane
direction to another with the aid of a relatively small external excitation [54]. Defects
and imperfections in thin films can also have a considerable impact on the spin-flop
transition based on the rotation of spin [55]. These defects can act as pinning sites for
the magnetic moments, impeding their motion. Thus, a sharp interface is essential for
achieving a spin-flop transition. Careful consideration of the film thickness, interface
effects, shape anisotropy, and defects, among other factors, is necessary to optimize
the magnetic properties and achieve the desired behaviors. The resistance oscillations
in the current CaIrO3/CaMnO3 SLs stem from a magnetic moment that oscillates with
respect to the crystallographic axis embedded in a system with in-plane biaxial mag-
netic anisotropy. Along with these oscillations, there are sharp kink- and steplike
transitions that induce an additional large component ϕ-AMR and originate from
spin-flop metamagnetic transition. In Figure 8 (e), there is a depiction of a
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pseudospin arrangement that corresponds to the crest and trough of the spin-flop-
based AMR. When a field of 9 T is applied along the (100) easy axis, the canting angle
and magnetic moment increase. The canting effect is less pronounced when the field is
applied along the (110) hard axes, where the AFM spin arrangement is rotated along
the direction of the field. When the magnetic moments are tilted at larger angles along
the (100) and (010) directions, the material shows less resistance to the flow of
electric current compared to when the magnetic moments are tilted along the (110)
direction. Additionally, Figure 8 (e) illustrates a spin-flop transition that occurs at
10 K in a field of 9 T.

4. Conclusion

Ultimately, it should be highlighted that the selection of a suitable 3d compound is
crucial for achieving efficient interlayer coupling and distortion, which are necessary
to adjust a significant ϕ-AMR. In the case of CaIrO3/SrTiO3 SLs, the CaIrO3 layers with
distorted (a˗˗a˗˗c+) octahedral as per Glazer notations convey this distortion between
them via distortion of the mediating SrTiO3 layer octahedra, only for one layer thick-
ness of the latter [19]. In present CaIrO3/CaMnO3 SLs, in contrast, the presence of
AMR in (MI82)5 SL, 8 u.c.s thick CaMnO3 mediating SL, suggests that CaMnO3 is the
most suitable candidate known so far to promote interlayer exchange coupling. Here,
the coupling is such long-range that the CaIrO3 layers separated by even eight u.c.s of
CaMnO3 in (MI82)5 SL are capable of inducing a ϕ-AMR of 0.25% at 5 T and 50 K. The
reason for this is that when few unit cells are considered, both CaMnO3 and CaIrO3

films exhibit orthorhombic distortion with the same octahedral rotation pattern
(a˗˗a˗˗c+) according to Glazer’s notations. Moreover, they also share a similar in-plane
DM-type canted AFM phase. This similarity of distortion of both the constituents is
key for phenomenal CaIrO3 interlayer coupling, and, hence, a large biaxial anisotropy
is obtained. The presence of a stronger HEB, as observed in (MI44)5 and (MI84)5,
leads to the formation of a graded AFM/FM phase within the CaMnO3 layer, which
acts as a hindrance to a uniform interlayer coupling of CaIrO3. The impact is evident
in the comparison between (MI22)10, which has an AMR of 23% in the absence of
HEB, and (MI33)5, which has a moderate HEB and a reduced AMR of just 3%.

The CaIrO3/CaMnO3 SLs prove to be the most potent 3d-5d heterostructures for
achieving an unprecedented AMR of about 70%, utilizing two key factors of a strong
biaxial anisotropy and a spin-flop metamagnetic transition. On the fundamental side,
employing the tolerance factor to appropriately manage the structural and surface
layer construction of a large bi-axial magnetic anisotropy, fine-tuning the interlayer
coupling facilitated by an exceptionally thick layer, and showcasing the spin-flop
transition to enhance the degree of anisotropic AMR are all significant advancements
in the realm of 3d-5d SLs. These developments hold immense promise in the field of
contemporary quantum materials and their application in technological advance-
ments. This proof-of-concept study opens new avenues for designing highly sensitive
AMR readout devices for emerging AFM spintronics.
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Chapter 6

Growth and Interfacial Emergent
Properties of Complex Oxide Thin
Film Heterostructures
Snehal Mandal

Abstract

Non-trivial/chiral spin textures like skyrmions originate from inversion symmetry
breaking. Moreover, inversion symmetry breaking combined with strong spin-orbit
coupling (SOC) can lead to a large Dzyaloshinskii-Moriya interaction (DMI). Electri-
cally, these phenomena can be detected through what is called the topological Hall
effect (THE). In artificially layered complex oxide thin film heterostructures com-
posed of ferromagnetic or antiferromagnetic layers, this THE appears as an emergent
property at the interfaces because it is not intrinsic to the bulk layer of such oxides.
Thus these heterostructures provide a playground for the competition among DMI,
exchange interaction, and magnetic anisotropy to produce novel non-coplanar spin
textures and THE in a designable way due to inversion symmetry breaking at the
interfaces. With the advancement in modern fabrication techniques, these properties
can be tuned at will by engineering the interfaces of the heterostructures, especially
due to crystal structure compatibility of these materials. In this chapter, growth,
detection and manipulation of interfacial emergent phenomena in complex oxide
heterostructures will be discussed.

Keywords: complex oxide heterostructures, interfaces, magnetism, topological Hall
effect, Dzyaloshinskii-Moriya interaction

1. Introduction

Magnetism and magnetic materials lie at the heart of all the electronic storage
devices that we all know of (like, magnetic random access memory (MRAM), hard-
disk drives (HDD), pen-drives). However, the ever-shrinking dimensions and ever-
increasing demands in the storage areal density limit the data transfer rate in the
present-day magnetic materials based devices.

Magnetic skyrmions (or simply, skyrmions), which are nanoscale swirling or chiral
spin textures arising out of non-trivial real-space topology, are argued to have the
potential to be the basis for next-generation magnetic storage devices. Because of the
topological protection, these spin textures cannot be unwound without forming a
discontinuity, providing them with high stability against external perturbations, even
at small sizes. Along with skyrmions, there are other various chiral topological
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textures that are stabilized due to various magnetic interactions and can be classified
by their unique topological properties. The basic requirement for such textures is to
have strong spin-orbit coupling (SOC) along with inversion symmetry breaking,
which gives rise to Dzyaloshinskii-Moriya interaction (DMI) [1, 2]. Interestingly, this
DMI shows up as an anomalous topological contribution to the Hall effect, which thus
is called the topological Hall effect (THE), and provides a tell-tale sign of the existence
of chiral textures. Although many direct imaging techniques have been developed
over the last few years, electrical detection by means of THE has also become a
promising technique.

To harness topological textures practically, it is important to develop materials that
can stabilize these textures across a wide range of temperatures, and develop all-
electrical pathways to manipulate them. A large family of topological textures and
control mechanisms have been discovered in magnetic metal-based heterostructures,
or chiral magnets such as Heusler compounds [3] and B20 systems [4, 5], making them
favorites for developing skyrmionics. However, to no wonder, in nature only a few
bulk materials have crystal structures that intrinsically aids to the formation of
skyrmions. One way out is to design systems in such a manner that these phenomena
can “emerge” due to some new interactions, which otherwise are absent in the bulk.
Thin films offer this extra space where one can utilize the interfaces and surfaces to
modify/tune the interactions separately from their bulk counterparts. Most often,
these phenomena emerge at or near the surfaces/interfaces of thin films/
heterostructures that are designed at will; due to which they are called “interfacial
emergent phenomena”.

Correlated oxide magnets have sparked great attention because they provide the
following specific advantages: (i) They host myriad of phases (like, magnetic,
multiferroic, etc.) due to strong correlations among various degrees-of-freedom (i.e.,
charge, spin, orbital and lattice), which are quite susceptible to external perturbations.
These couplings provide innovative practical avenues for controlling both intrinsic
and emergent magnetic characteristics, such as anisotropy, symmetric exchange
interactions, and DMI [6]. (ii) Because of their lower and configurable charge carrier
densities, oxides are very responsive to electric fields, making them excellent candi-
dates for non-volatile control. (iii) Additionally, using standard growth techniques,
high-quality crystalline oxide thin films with carefully regulated interfaces and/or
surfaces and heterostructures thereof, permitting spatial inversion symmetry break-
ing (with extremely low defects), can be fabricated at will. This chapter focuses on the
two key proponents in the field of oxide skyrmionics: the creation of oxide
heterostructures and detection and tuning mechanisms, which might set the course
for practical oxide-based devices.

We start with a brief discussion on the basic physical interactions that can
generate non-collinear or chiral spin textures, followed by their notions in electrical/
magnetotransport properties. As a prelude to the electrical detection of such
interactions/spin textures, we then discuss the various types of Hall effects and
their phenomenological origin that show up in the experiments and cover a large
part of the chapter on how to extract (from raw data) the topological Hall effect
(THE), i.e. associated with such chiral spin structures. Finally, we discuss the
ways one can harness these properties in complex oxide heterostructures. We go
straight into the growth/development part of complex oxide heterostructures,
followed by the detection and manipulation of the interfacial emergent properties in
them. The recent progress in this field of research along with some future outlook is
also concluded.
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2. Brief basics of Skyrmions

2.1 Skyrmions

A magnetic skyrmion (or simply skyrmion) is a collection of magnetic moments
forming non-coplanar/chiral texture. Mathematically it can be described by the topo-
logical skyrmion number (Nsk), which counts the times magnetic moments wraps a
unit sphere, and is given by the following expression:

Nsk ¼ 1
4π

ðð
m! r!
� �

�
∂m! r!
� �

∂x
�
∂m! r!
� �

∂y

0
@

1
Ad2 r! (1)

where m!( r!) is the magnetic moment. For trivial spin arrangements/textures, like
ferromagnet or antiferromagnet, Nsk = 0. For magnetic vortices (as in magnetic
nanostructures), Nsk ¼ � 1

2. For non-trivial spin textures like skyrmions, Nsk = 1. There
are two basic variations of skyrmions with different spin arrangements along the
radial direction, viz., Bloch-type skyrmions and Néel-type skyrmions. In Bloch-type
skyrmions, the spins rotate in the tangential planes (that is perpendicular to the radial
directions), when moving from the Center to the circumference (periphery).
Whereas, in a Néel-type skyrmions, the spins rotate in the radial planes when moving
from the Center to the circumference. These are schematically shown in Figure 1. It is
worth mentioning that there are other types of chiral spin textures apart from
skyrmions and the skyrmion number topological charge can be used to identify the
topological distinction of these different types of spin textures.

The type of chiral spin texture formation depends on the interplay of different
magnetic interactions in a material.

2.2 Interactions involved in stabilizing chiral spin textures

There are various magnetic interactions that can generate skyrmions in magnetic
systems, and at times, multiple such mechanisms may contribute simultaneously.

2.2.1 Dzyaloshinskii-Moriya interaction (DMI)

The Dzyaloshinskii-Moriya interaction (DMI) is an asymmetric exchange interac-
tion that favors canting of spins in materials that would, in contrary, be ferromagnetic
(FM) or antiferromagnetic (AF) with collinearly aligned spins (either parallel or anti-

Figure 1.
Schematic of spin textures in two types of skyrmions: (a) Bloch-type skyrmion, (b) Néel-type skyrmion.
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parallel). The DMI originates from spin-orbit coupling (SOC) and inversion symme-
try breaking (typically through bulk crystal structure or multilayer heterostructure).
Its Hamiltonian is written as:

HDMI ¼
X
i, j

D
!

ij � S
!
i � S

!
j

� �
(2)

where D
!

ij is the DMI vector. The direction of the DMI vector depends on the
symmetry of the system. For bulk material with no inversion symmetry such as B20

compounds, the D
!

ij is parallel to the vector that connects S
!
i and S

!
j [4, 7]. On the other

hand, in multilayer heterostructure composed of a FM layer and a layer with strong

SOC, the D
!

ij is often parallel to the interface [8], as shown in Figure 2.

2.2.2 Magnetic dipolar interaction

In magnetic thin films with perpendicular easy-axis anisotropy, the dipolar inter-
action favors an in-plane magnetization, whereas the anisotropy prefers an out-of-
plane magnetization. The competition between these two interactions results in peri-
odic stripes in which the magnetization rotates in the plane perpendicular to the thin
film. An applied magnetic field perpendicular to the film turns the stripe state into a
periodic array of magnetic bubbles or skyrmions.

Apart from these, frustrated exchange interactions and four-spin exchange
interactions can also aid to the formation of chiral spin structures. However, in these
two cases, the skyrmions are of atomic size length scales (often of the order of the
lattice constant �1 nm).

In case of dipolar interactions, skyrmions are typically of the order of 100 nm to 1
μm, which is comparable to the period of the spiral determined by the ratio of the
dipolar and exchange interactions. In case of DMI, the size is determined by the
strength of DMI and is typically 5 nm – 100 nm. As a result, skyrmions in skyrmion
crystals in cases (1) and (2) are larger than the lattice constant, and therefore the
continuum approximation is justified. In these two cases, the energy density of the
skyrmions is much smaller than the atomic exchange energy J, and the topological
protectorate holds. In other words, discontinuous spin configurations — called
monopoles — with energy of the order of J can create or annihilate the skyrmions.

In complex oxide based thin film heterostructures, one can easily comply with the
dipole exchange interaction as well as the DMI interaction by harnessing the inversion

Figure 2.
Schematic of the interfacial DMI mechanism that gives rise to emergent phenomena in thin film heterostructures.
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symmetry breaking at the interfaces and/or surfaces of the heterostructures, using
heavy Z-based elements (Z = atomic number) for strong SOC and of course the
thickness to generate anisotropy along various directions with respect to the film
plane.

2.3 Detection techniques

There are many various techniques for detection of skyrmions. These include
advanced imaging techniques like magnetic force microscopy (MFM), Lorentz trans-
mission electron microscopy (LTEM), spin polarized scanning tunneling microscopy
(SP-STM), photoemission electron microscopy (PEEM), etc.; synchrotron radiation
based techniques like x-ray magnetic circular dichroism (XMCD). But very intriguing
and easy technique is the electrical one, the topological Hall effect (THE). Electrical
detection can be easily performed nowadays with the available cryogenic and magnet
based systems in any condensed matter physics laboratory.

3. Magnetotransport properties: the family of Hall effect

The Hall effect was discovered by Edwin Hall in 1879 (even before the discovery of
the electron) when he observed the evolution of a transverse voltage in conductors for
applied electric and magnetic fields which were mutually perpendicular (schemati-
cally shown in Figure 3(a)) [9]. Couple of years later, he again reported that the effect
was ten times larger in ferromagnetic conductors than in non-magnetic conductors
[10], which was hence termed as the “Anomalous” Hall effect (AHE). Then, about a
century later, other members started to appear in the family, like the spin Hall effect
(SHE), quantum Hall effect (QHE), planar Hall effect (PHE), quantum spin Hall
effect (QSHE), to name a few. A recent addition to the family is the topological Hall
effect (THE) that is related to the chiral spin textures in materials. All of these effects
have different origin in themselves, except for the fact that the experimental arrange-
ments remain same (and hence this arrangement is commonly called the “Hall
configuration”). For simplicity and distinguishablity, the original Hall effect is often

Figure 3.
Basic configuration for Hall effect measurement: (a) for bulk or layered (thin film) samples, (b) for patterned thin
film samples in the form of “Hall bar”.
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called as the ordinary Hall effect (OHE). The schematic of the Hall configuration is
shown in Figure 3.

Needless to say that this section can form a chapter in itself; so we will try to keep
it simple for the readers and discuss phenomenologically some of the important Hall
effects, i.e., OHE, AHE, and ofcourse THE, those are of interest for this chapter.

3.1 Ordinary Hall effect (OHE)

When electric current (I) flows (say along x-direction) through a metal or a
semiconductor placed in a perpendicular magnetic field (μ0H, say along z-direction),
the charge carriers inside the material are deflected from the straight path by the
magnetic field as per the Lorentz force (given by Eq. (3)).

F
! ¼ q E

! þ v! � B
!� �h i

(3)

This results in charge accumulation on the sides (in y-direction) preferably
depending on the type of charge carrier, giving rise to a transverse voltage along the y-
direction (i.e., mutually perpendicular to that of both I and μ0H). This voltage is called
the Hall voltage (Vxy); and in a non-magnetic material it is proportional to the applied
magnetic field. The Hall resistance (Rxy = Vxy/Ixx) due to OHE is expressed as ROHE =
μ0R0H, where R0 is the ordinary Hall coefficient.

3.2 Anomalous Hall effect (AHE)

In conducting magnetic materials with uniform magnetization (M), like ferro-
magnets, an anomalous contribution to the Hall signal is often observed in addition to
the OHE, which is called “anomalous”Hall effect (AHE). AHE occurs intrinsically due
to the spin-orbital coupling as a result of the “fictitious” magnetic field added by the
magnetization and thus the anomalous Hall resistance is proportional to the magneti-
zation Mz, expressed as:

RAHE ¼ RAMz (4)

where RA is the anomalous Hall coefficient. However, apart from intrinsic source
(i.e., M), there can be extrinsic sources (impurity scattering like, side-jump or skew
scattering) can contribute to the anomalous Hall signal. Information of the contribut-
ing source (intrinsic or extrinsic) is generally contained in the RA: For intrinsic
sources, RA ∝ R2

xx; and for extrinsic sources RA ∝ Rxx (where Rxx is the longitudinal
resistance of the sample).

Thus AHE basically occurs due to the effect of magnetic field on the spin orienta-
tion in momentum (reciprocal) space and not in position (real) space that makes it
different from topological Hall effect which is associated with spin arrangements in
real space (Figure 4).

3.3 Topological Hall effect (THE)

In materials with topologically protected real space chiral spin textures, such as
skyrmions, strong exchange coupling occurs between the moments of the conduction
electrons and the local magnetic moments at each sites. The spin of the electrons
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adiabatically follow the spin texture and thus pick up a quantum-mechanical Berry
phase, which obviously is sensitive to the topology of the texture. The Berry phase is
considered to give rise to another “virtual” (or emergent, or effective) spatially vary-
ing magnetic field, beff . As a result, the conduction electrons “feel” the emergent
virtual magnetic field (beff ) arising from the spin textures and are deflected perpen-
dicularly to the applied current direction, resulting in the so-called topological Hall
effect (THE). This THE appears as a bump or dip during the hysteretic Hall resistivity
measurements. Thus, unlike OHE or AHE, it is obviously neither proportional to
external magnetic field (μ0H) nor to the magnetization (M) of the sample.

In contrast, the topological Hall voltage signal is proportional to emergent mag-
netic field (beff ). In case of skyrmions, the beff contains the information of the
skyrmion density; it is proportional to nsk, and hence for skyrmions, the THE voltage
is inversely proportional to the size of the skyrmions. The topological Hall resistivity
can be given by the following equation [11]:

ρTHE ¼ PR0beff
en

¼ PΦ0

d2sken
(5)

Here, P- spin polarization of carriers, dsk- distance between skyrmions, n- carrier
density and Φ0 is the quantum flux (h=e). The skyrmion density (nsk) gives rise to the
emergent magnetic field as beff = nskΦ0. Thus from Eq. (5), one can say that separation

of skyrmions (dsk) varies as n
�1=2
sk . Eq. (5) can thus also be re-written as

ρTHE ¼ PR0nskΦ0 (6)

It must be mentioned here, that, in case of skyrmions, the emergent magnetic field
(beff ) is expected to be independent of temperature and often is very high (may range
from few tens of Tesla to few hundreds of Tesla) [12].

It is highlighted here that the appearance of distinctive bumps or dips in Hall
resistivity signal of such chiral magnetic systems is a direct consequence of stabiliza-
tion of non-collinear topological spin textures. However, it should be noted that
complications in AHE, e.g., arising from the electronic band structure or sign change
of the dominant scattering mechanism might influence the Hall resistivity signal
equivalently [13], resulting in similar transport features. The emergence of a bump/
dip characteristic in the Hall effect, for example, may not hold strict for skyrmions;
and thus cannot always suffice as an unambiguous evidence for identifying non-

Figure 4.
Schematics of THE typical signatures of Hall resistances arising from different types of Hall effects: (a) OHE only,
(b) AHE only, and (c) THE only.
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collinear “topological” spin textures [14, 15]. Hence, along with THE detection, other
imaging/x-ray based techniques (as mentioned above) might be required to support
the claim of skyrmions as the origin of THE.

In any case, the acquired total Hall resistance signal contains the three components:
OHE, AHE and THE. It is thus necessary to discuss in detail how to extract individual
components in order to eliminate any experimental artifacts [16].

3.3.1 THE signal extraction technique

Step-1: During experiments with unpatterned thin film samples (say, as in
Figure 2(a)), electrical four-probe (or van der Pauw) contacts are often made with
conductive paints or solders by eye estimation, which adds the longitudinal magneto-
resistance (MR) component in the Hall resistance due to the inevitable misalignment
of the electrodes. This has to be removed, first, by using Rxy(H)↑ = [Rraw

xy (H)↑ -

Rraw
xy (�H)↓]/2, where Rraw

xy (H)↑ stands for the measured raw data in the 4th and 1st

quadrants with the magnetic field scanning from -∣μ0Hmax∣ to +∣μ0Hmax∣ and
Rraw
xy (�H)↓ the measured raw data in the 2nd and 3rd quadrant for the reversed field

scanning. Similarly, the Rxy(H)↓ branch was extracted using [Rraw
xy (H)↓ -

Rraw
xy (�H)↑]/2. In this way one can eliminate the longitudinal (MR) contribution due

to misalignment of electrodes. Apart from this, another way to eliminate it from
appearing in the Hall data is by pattering the thin film samples in the form of Hall bar.
This leaves us with pure Hall signal (Rxy) which contains the contributions: Rtotal

xy =
μ0R0H + RAMz + PR0beff .

Step-2: The ordinary Hall resistance component (which varies linearly with the
applied magnetic field) is subtracted from the total Hall resistance loop by slope-
deduction method at the high field region. This leaves us with the AHE and THE
components: Rtotal

xy - ROHE = RAHE + RTHE.
Step-3: Finally the AHE component (RAHE) is subtracted from the above equation

to obtain only RTHE contribution. There are two methods to find RAHE: one is by
measuring out-of-plane magnetization (Mz) and the RA from longitudinal resistivity
(as mentioned in Section 3.2). The other method is by fitting with trial tanh or
Langevin functions to estimate the AHE, which though is a crude method. Finally
what remains is the RTHE signal only. The complete process is shown schematically in
Figure 5. In the next sections we discuss the origin of and ways to manipulate the
topological Hall effect in complex oxide heterostructures.

4. Oxide Heterostructures

The quest for magnetic textures in oxides have taken new thrust very recently
after the celebrated discovery of chiral spin texture in La1.37Sr1.63Mn2O7 com-
pound [17]. In this manganite compound, promisingly low threshold current density
(Jc � 107 A/m2) was recorded for their electrically driven motion. Since then, over the
years, various layer-by-layer or step-flow oxide growth techniques have emerged,
which have enabled the creation of high-quality interfaces for novel heterostructure
design. Interface engineering in complex oxide heterostructures has developed into a
flourishing field as various intriguing physical phenomena can be demonstrated which
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are otherwise absent in their constituent bulk compounds [18]. Such capability has
opened doors for stabilizing Néel-type skyrmions by engineering the interfacial DMI.

4.1 Growth of oxide heterostructures

Practical applications demand high-quality thin film growth. Owing to some sig-
nificant advances in the fabrication techniques of high quality oxide heterostructures
and the structural compatibility of these kind of complex oxides, the minute tuning of
interfacial properties can be routinely achieved. Advanced techniques such as
sputtering, pulsed laser deposition (PLD), and molecular beam epitaxy (MBE) have
been successfully used to produce high-quality crystalline manganite thin films.
Moreover, the presence of a substrate adds another degree of freedom, the external
pressure in the form of stress. This is why one of the major characteristics of epitaxial
thin films is the strain, which induces modifications in the physical properties (struc-
ture, transport and magnetic order) with respect to the bulk.

On the other hand, most of the interfacial emergent properties are highly sensitive
to the structure of the interfaces/surfaces, since they arise out of various modified
exchange interactions across the interfaces or at the surfaces/terminations (as we will
soon explore in upcoming sections of this chapter), and may easily get lost due to
presence of slightest of defects.

Intuitively, one has to create a very clean engineered surface or interface to play
with such emergent phenomena.

5. Interfacial emergent properties of oxide Heterostructure

As discussed in earlier sections that THE arising from stabilized chiral spin struc-
tures or skyrmions require DMI. Considering that the DMI arises from spin-orbit
coupling combined with broken inversion symmetry, it is possible to artificially
introduce DMI at the surface/interface of complex oxide heterostructures, as
discussed below.

Although the individual layers as whole may not show exotic/non-trivial spin
structures, various mechanisms like strain, exchange interaction, proximity effect,

Figure 5.
Steps for extracting THE THE signal from typical Hall data:- (a) gray curve: Rtotal

xy . Find OHE by slope-deduction
method (red curve) at high field region. (b) after performing Step-2 (mentioned in text), dark gray curve: RAHE +
RTHE. (c) RAHE determined from magnetization (M�H) data. (d) Finally after performing Step-3 (as in text),
what remains is THE pure THE resistivity signal (black curve).
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etc., at the interfaces or surfaces may induce such phenomena and hence, in these
heterostructures these properties are called “interfacial emergent” properties.

5.1 Origin and tuning of interfacial DMI

Skyrmions were observed in epitaxial ultrathin ferromagnetic films in the proxim-
ity of heavy metal layers, which are subject to giant “emergent” DMIs induced at the
interface that breaks inversion symmetry and the strong SOC with neighboring heavy
metal. The first investigated system in this class showing “emergent” DMI was
heterostructure of Fe monolayer grown on Ir(111) [19].

It is well know that 3d transition metal ions rarely show any SOC effect and thus
are unlikely to show DMI alone. Rather 4d and 5d ions are a very good candidate for
DMI as they bear inherent strong SOC. For example, SrRuO3 (SRO) (a 4d transition
metal oxide) has a SOC strength of �150 meV, while 5d transition metal oxide SrIrO3

(SIO) has SOC strength of �450 meV, 3 times larger than that of SRO [20].
Thus 4d and 5d based oxides provide platform for engineering the interfacial DMI

along with the manganites (Mn based (3d) oxides), which have myriad of magnetic
phases. The most versatile candidates are SrRuO3 (SRO), SrIrO3 (SIO), BaTiO3 (BTO)
and La2/3Sr1/3MnO3 (LSMO); additionally, they posses very common crystal struc-
ture- the ABO3 Perovskite structure and hence high quality layer-by-layer growth can
be easily achieved. In the following sub-sections, some recent progress in this field is
presented, highlighting the origin and tuning mechanisms of the interfacial DMI,
detected electrically through topological Hall effect.

5.1.1 Bilayer structures with strong SOC based oxide

The first investigated system in this class was epitaxial bilayer heterostructure of
SRO and SIO in 2016 [11]. SIO is a paramagnet which can host 5d electrons with strong
spin-orbit coupling [21], and SRO is an itinerant ferromagnet with a Curie tempera-
ture (TC) of �160 K [22]. The bilayers were grown by PLD on SrTiO3 (STO) substrate
with different SRO layer thickness (m, basically the number of unit cells) ranging
from 4 to 7 unit cells, while keeping the SIO layer thickness fixed at 2 unit cells (uc).
So in the layered structure STO//SRO (m uc)/SIO (2 uc), the interface between SRO
and SIO provided the broken inversion symmetry and the SIO layer provided the
strong SOC, mimicking an effective “heavy metal” layer. The systematics of the
magnetic and transport properties of the bilayers were governed by SRO and could be
precisely controlled by tuning SRO layer thickness, m.

Using techniques mentioned as in Section 3.3.1 above, THE component was
extracted from the Hall resistivity data for each measurements, where AHE compo-
nents were derived by measuring the Kerr rotation angle (the Kerr signal magnitude is
proportional toM and thus to AHE as well). Among the samples, the THE was highest
form = 4 uc. With increasing m to 5 uc, similar peak structure related to THE could be
observed, however, the THE component decreased. Upon further increasing m, THE
decreased and vanished at only m=7 uc.

At the high magnetic field regions (say �9 T) where the magnetization gets
saturated, the spins at the Ru sites align ferromagnetically (in corresponding direc-
tions depending on field), which lead to absence of spin chirality and the Hall resis-
tivity in those high field regions could be attributed to AHE only. Decreasing the field
from 9 T to 0 T, it remains in the ferromagnetic (FM) state with positive magnetiza-
tion, which corresponds to the observed finite AHE and the negligible THE. With
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further decrease of the magnetic field from 0 to�0.8 T, absolute value of THE sharply
increases upto �0.06 T and then gradually decreases to zero at around �0.4 T. This
field (�0.4 T) coincides with the field at which the hysteresis inM vs. μ0H loop closes.
This is indicative of the fact that some specific spin structure with finite scaler spin
chirality might have been induced when the FM spins started to reverse. The appear-
ance of hysteresis in magnetization and THE in Hall resistivity at simultaneous field
range indicates a coexistence between co-planar FM phase and the scalar spin chiral
phase.

As discussed earlier, the most plausible chiral spin texture responsible for THE is
magnetic skyrmion which gives rise to the emergent magnetic field. This emergent
magnetic field strongly affects the electron transport and marginally affects the
magnetization.

Due to the broken inversion symmetry at SRO/SIO interface and the strong SOC of
SIO, the finite DM vector pointed in the in-plane direction, which might give rise to a
Néel-type magnetic skyrmion. The fact, THE appeared only when 4 ≥ m ≤ 6,
suggests that it was derived from interfacial DMI.

It is worth mentioning that in contrast to the very narrow T �H window of THE
in bulk B20 compounds (which exhibit Bloch type skyrmions), the THE in oxide
bilayer heterostructures was found within a wide T range upto around 90 K. The
thickness variation also revealed the stabilization of 2-D nature of the Néel-type
skyrmions.

Moreover, utilizing Eqs. (5) and (6) with P � -9.5 % for SRO [23], the distance
between skyrmions in these bilayers was approximately estimated to be around 10 nm
to 20 nm. This provided an estimation of the length scales of the skyrmions, which
was always larger than the film thickness (�2 nm in this case) and confirmed the two-
dimensional nature of the skyrmions.

5.1.2 Single layer ultrathin film

In another contrasting work, a few years ago, THE was observed in a single layer
SRO film grown on STO insulating substrate; but this time, astonishingly, without the
presence of any 5d based metal oxides like SrIrO3 [24]. Here the thickness of SRO
films ranged from 3 nm to 10 nm, all having tetragonal structure. From structural
characterizations it was observed that the strained SRO films in tetragonal phase
showed rotation of the RuO2 octahedra about the c-axis, which could persist upto
several tens of nm.

In this case also, the THE appeared in the vicinity of the magnetization reversal,
which was consistent with the previous result as mentioned above. Furthermore, the
amplitude of the THE resistivity increased with increasing T from 20 K to 80 K, and
above 85 K, THE signal vanished. The itinerant magnetic property and the strong
perpendicular magnetic anisotropy in these single layer SRO films are indicative of the
fact that the non-trivial topological spin texture responsible for the THE must be the
Néel skyrmion.

Needless to say, the terminating surface provides the broken symmetry for this
single layer system, while Ru ions at the surfaces are the sources of SOC. This gave rise
to the DMI, where DM vector also point along the film plane. The oxygen octahedral
rotation due to combination of substrate induced strain and natural termination of top
layer has a significant effect on THE of the SRO single layer.

Further, in order to elucidate on the origin of SOC of Ru ions at the surface layers,
Hall transport was measured in presence of extra electric field, provided by ionic
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liquid gating. Although the electric field generated from the ionic liquid could be
much higher as compared to that with conventional voltage gating, the penetration
depth of the electric field might only be a nm or less due to the high carrier density of
the SRO. It was observed that upon applying negative gate bias, the THE diminished.
The reason is as follows: Upon applying gate bias, the momentum space around the
Fermi level of SRO changed [25]. The electric potential gradient near the SRO surface
resulted in a change in the inversion asymmetry, which modulated the SOC in that
region. This is reminiscent of the phenomenon observed in case of Rashba-type band
splitting and spin splitting [26, 27]. The combined contribution of change in SOC and
change in inversion asymmetry affected the DMI, which resulted in the enhancement
or suppression of THE with the polarity of gate bias.

As earlier, in the single layer SRO films, the emergence of the THE was observed at
reduced dimensions, for thickness 3 nm to 6 nm but not in 10 nm film. This, along
with the gate voltage modulation of the THE indicated that 2-D Néel skyrmions
formed at the surface of the SRO single layer films.

5.1.3 Bilayer heterostructure with ferroelectric layer

Now that we have explored the idea of tuning the THE by applying electric field
through ionic gating on SRO single layer films, one might be intuitively tempted to
utilize ferroelectric materials in the proximity of SRO layers, as ferroelectric materials
could be easily manipulated by electric field since they have the added advantage of
inherent inversion symmetry breaking.

Heretofore, tuning of interfacial DMI due to lattice distortions driven by
ferroelectricity at the SrRuO3/BaTiO3 (BTO) interface was investigated in
detail [28]. Ultrathin bilayer heterostructures of SRO/BTO were prepared on
STO substrate with SRO as the bottom layer. The SRO layer thickness tSRO was
varied between 4 and 8 uc and BTO layer thickness tBTO was varied between 3 and
20 uc.

FE-driven ionic displacements in BTO could cross the interface and continue for
several unit cells into SRO, a phenomenon what is known as the FE proximity effect
[29]. The inevitable lattice distortion due to FE proximity effect could break the
inversion symmetry of the SRO structure near SRO/BTO interface. The degree of this
inversion symmetry breaking in SRO could be elucidated as the vertical ionic dis-
placement between Ru and O (δRu�O) ions in the RuO2 plane, taking into account a c-
axis-oriented FE polarization. In such a case also, one can expect a emergent DMI in
the ferroelectrically distorted SRO lattice, where DM vector should lie in-plane, per-
pendicular to the Ru-O-Ru chains. Accordingly, it is expected that this in-plane DMI
at the vicinity of SRO/BTO interface might stabilize Néel-type magnetic skyrmions,
giving rise to emergent THE.

As obvious, The Hall signals of SRO/BTO samples depend strongly on the individ-
ual layer thicknesses. In this case, the THE signal persisted upto T � 80 K, but for a
much larger field range, with peak around �1.65 T and vanished at around �3.9 T.

To estimate the basic skyrmionic properties from the THE signal, the evolution of
nsk (estimated from Eq. (6)) with sample structures (basically tSRO and tBTO). With
increasing tSRO from 4 to 6 uc, nsk decreased rapidly by almost an order of magnitude,
which implied that the DMI was stronger in the vicinity of the SRO/BTO interface. On
the other hand, nsk also decreased with decreasing tBTO below 8 uc due to suppression
of the FE polarization. This trend further demonstrated that skyrmions could be
driven by FE, through the proximity effect.
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Further, because of a strong correlation between the interfacial DMI and FE, the
manipulation of skyrmions with changes in ferroelectric polarization of BTO layer was
also explored. For this, the BTO layer had to be electrically poled into pre-designed
domain structures which led to local switching of the BTO polarization in the pat-
terned Hall bars of the bilayer structures. This was performed using a conducting
AFM tip at room temperature; voltage bias of -(+)8 V led to upward (downward)
poling; and then the Hall measurements were performed at low temperatures. The
local switching of the BTO polarization (in the out-of-plane/c-axis direction in this
case) due to poling led to changes in the δSr�Ru near the SRO/BTO interface. This
further led to changes in δRu�O from the pristine state, which remarkably affected the
THE signal. It was observed that the uniformly upward-poled Hall bar exhibited
enhancement in polarization which slightly enhanced the ρTHE as compared with that
in pristine FE state. However, upon complete downward poling, polarization changed
and as a result ρTHE decreased by about 80 %. The magnetic field and temperature
range of THE also got reduced due to downward poling which signified a substantial
reduction in nsk.

Thus, by downscaling the FE domain size in the above procedures, one might not
only be able to tune the overall skyrmion properties microscopically but also could
control the nucleation/deletion of individual skyrmions.

5.1.4 Bilayers heterostructures composed of manganites

Enlightened by the observations thin films and heterostructures as mentioned in
previous sub-sections, an intuitive question appears: whether the emergent THE
observed in these complex oxide heterostructures only appear specifically in the
presence of SRO, which itself exhibits a relatively large SOC with 4d transition-metal
Ru? Hence, it became desirable to investigate the magnetotransport properties in
heterostructures composed of SIO and other magnetic oxides. In this subsection, we
discuss briefly the emergent THE observed for the first time in the 3d perovskite
La0.7Sr0.3MnO3 (LSMO) in SIO/LSMO heterostructures deposited epitaxially on the
(001) STO substrates [30].

Although the magnetic easy axis of LSMO is commonly known to lie in-plane along
< 110> direction on STO (001)-oriented substrate, it was reported that the easy axis
could shift to < 100> direction when interfaced with a SIO layer of thickness < 5 uc
due to strong SOC of SIO layer [31]. Hence the heterostructures used for the study of
THE were composed of 2 uc SIO followed by 6–10 uc LSMO; the final structure being
STO//SIO (2 uc)/LSMO (m uc), m = 6,8,10.

As shown in Figure 6, the emergent THE peak appeared in a wide
temperature range of upto 200 K, and exhibited a gradual broadening with
decreasing temperature, very similar trend seen in other oxide heterostructure
systems as mentioned above and in typical skyrmion hosting materials like the
B20 alloys [7]. Moreover, the giant THE resistivity of � 1.0 μΩ.cm (in average)
was significantly higher than those reported in complex oxide heterostructures
composed of SRO/SIO, SRO/BTO or SRO films, demonstrating the feasibility of using
the proximity effect of SIO to create novel spin textures in oxide magnetic
heterostructures.

To confirm the interfacial origin of the THE observed in the LSMO/SIO
heterostructures, Hall effect measurements were performed on separate LSMO single
layer films and on LSMO (8 uc)/STO (2 uc)/SIO (2 uc) trilayer heterostructures, both
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grown on STO substrates. Distinctively, no THE signals were observed in those two
samples (single layer and trilayer). Although the absence of THE in LSMO single layer
films was upto expectation, the absence of THE in the trilayer samples could only be
ascribed to the inserted non-magnetic insulating STO layer, which interrupted the
strong interfacial DMI between the LSMO and SIO layers.

The effective emergent magnetic field beff , associated with the real space Berry
phase, was also found to be independent of temperature upto 200 K as shown in
Figure 6(d), with an average value of around 12 Tesla. Such a strong stability against
temperature indicated that the origin of emergent THE might be due to skyrmions.

In another work, interfacial atomic layer control of THE by deliberately controlling
the competition between chiral DMI and intrinsic collinear FM in 3d-5d
heterostructures composed of LaMnO3/SrIrO3 was demonstrated [32]. This interfacial
symmetry control led to a large THE, which was believed to be originated from a
highly robust chiral magnetic phase, potentially hosting skyrmions.

Figure 6.
(a) Upper panel: AHE + THE combined signal at 200 K for SIO (2 uc)/LSMO (8 uc) heterostructure; lower
panel: Only THE resistivity at 200 K for THE same sample. (b) H-T phase diagram of THE THE resistivity for
same heterostructure generated from Hall measurements at various temperatures. (c) Ordinary Hall co-efficient at
various temperatures obtained from Hall measurements for THE same heterostructure. (d) Upper panel: Peak
value of THE THE resistivity at various temperatures measured several times and on several samples of THE same
heterostructure SIO (2 uc)/LSMO (8 uc), that showed THE reproducibility of THE THE signal; lower panel: The
effective fictitious magnetic field obtained from Eq. (5), which was almost constant with temperature, confirmed
that the emergent THE was due to formation of skyrmions as a result of interfacial DMI. [reprinted (adapted)
with permission from [30]. Copyright (2019), American Chemical Society.]
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6. Further scope

Heterostructure engineering in complex oxide systems with polycrystalline heavy
metal layers like, Pt or W instead of strong SOC based oxides is now an active sub-
domain of research which is worth investigating, since the interfacial DMI is key for
stabilization of Néel type skyrmions.

It has long been felt for the utilization of oxides in the field of flexible electronics.
This requirement has triggered the research on growth and characterization of com-
plex oxide thin films like on various flexible substrates like, mica, polymide tapes, etc.
[33, 34] using common epitaxial lift-off techniques with the aid of sacrificial layers. A
thorough and exhaustive study on the film growth and transfer on flexible substrates,
their characterization (using AFM or electron microscopy techniques) and further
establishing a direct relationship between strain and magnetic, magnetotransport
properties are now being investigated in details.

7. Conclusions

To conclude, we presented the detection technique of interfacial emergent phe-
nomena like interfacial DMI by means of topological Hall effect (THE) in complex
oxide heterostructures, which only provides a tell-tale sign of the existence of chiral
textures.

We also presented recent progresses towards various methods of achieving and
tuning the inversion asymmetry and spin-orbit coupling to tailor minutely the inter-
facial DMI in those kind of thin film heterostructures, based on some recent works. To
illustrate, we presented examples from each of the following methods: tuning the
structure through atomic (unit cell) layer control at interface of 4d/5d based
heterostructures (SRO/SIO); harnessing octahedral rotation due to strain in ultrathin
single layer SRO films; utilizing ferroelectric polarization to tune the RuO2 octahedra
in SRO/BTO heterostrcutures; using the exchange interactions among the Mn spins
in (3d-5d) based heterostrcutures (LSMO/SIO) and superlattices (LMO/SIO) by
means of unit cell modification along with the strong SOC of the 5d layers at the
interfaces.

For the device application thin film heterostructures are very important. We
expect that the recent progresses will aid to the future skyrmion based devices for the
manipulation by current, electric field and/or by some other techniques as well, so
that the information can be used for the memory devices and logic implementation.
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Chapter 7

Emerging Thin Films 
Electrochemical Applications: 
The Role of Interface
Dongmei Dong

Abstract

Despite the natural cycle of climate change being unavoidable and the reality, 
history has been telling the living the previous civilizations that have overstressed 
themselves or pushed the consumption of natural resources to the limit, and the con-
sequence soon shows the alert in the climate. It is a critical period of time to change 
the current in response to climate change by employing environmentally friendly and 
emission-free energy technologies. The applications of advanced functional thin films 
ranging from the quantum level to nano and microscale, from inorganic metal oxides 
to conductive polymers, have been pushing the rapid development of energy-saving 
technologies and clean and renewable energy production, storage, and conversion in 
the past decade. This specific chapter focuses on fundamental- and applied- science 
on various advanced thin films and their applications in reliable renewable energy 
devices and/or systems, including but not limited to electrochromics, supercapaci-
tors, fuel cells, flow batteries, electrolysis, triboelectricity, etc. Given that much of 
the work is realized across interfaces, the spotlight is shielded onto the interface of 
thin films in electrochemistry with different emerging cutting-edge ongoing research 
examples.

Keywords: thin solid films, interface, nanomaterials, electrochemistry, electrochromic, 
fuel cells, renewable energy

1. Introduction

Nowadays, there are full of challenges and of course opportunities to respond 
to environmental change by replying on zero-emission clean energy technology 
developments. It is estimated about 40% of the primary global energy consump-
tion lies in buildings, that is. lighting, heating, ventilation, and air conditioning 
(HVAC) sections [1–4]. The understanding of taking the responsibility for reduc-
ing CO2 emission is one of the main driving forces for the emerging and develop-
ment of advanced electrochromic (EC) materials and devices today, particularly 
in terms of the utilization of smart windows or glazing for energy-saving houses, 
buildings, and skyscrapers [5] in cities. In the past decade, EC energy storage 
devices have become an emerging type of material in the rapid growing of minia-
turized electronic devices, wearables, information encapsulation digital display, 
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etc. [6, 7]. EC-based charging/discharging has gained elevated general public 
attention recently. Complementary to energy storage, they are able to adjust the 
relations between humans and sunlight utilizing their tunable and reversible opti-
cal response. EC glazing is estimated to reduce energy consumption by about 20% 
in the building sector [8–15]. Charging capabilities and efficient energy deriva-
tion contribute to the energy recycling and have various functions from lighting 
and LEDs to wearable devices [16]. The visible charge level also provides much 
convenience to users. Most known renewable energy systems share concurrent 
electrochemical fundamentals, following thermodynamics but further restricted 
by kinetics. Enhancing the kinetics limited by nonideal conditions is dependent on 
the intrinsic understanding at as small a scale as we can.

Even though EC materials are being studied to obtain longer lifetime, the failure 
fundamentals are still unclear. A succession of chemical, physical, optical, electrical, 
and mechanical evolution in electrochemical energy devices arising from charge 
transfer (CT) kinetics has not been yet understood clearly. The potential future 
applications, with certainty, require a comprehensive deep digestion of the mecha-
nisms beneath. The EC fundamentals and the durability issues should be mastered 
at a smaller scale. So far, the functional charging materials for small active ions 
(Li+)-based cells or systems have been found to be restricted by the instability events 
occurred at the interface across electrodes and electrolytes [17]. The across-interface 
activities, durability, and even the physical and nanoscale mechanical variations 
and related electrical changes remain poorly discovered, imposing a fundamental 
challenge for electrochemical CT in energy systems. Lots of inorganic transition 
metal-based oxide complex demonstrates a series of changes covering different 
aspects, from the physical and chemical, to optical, and even mechanical variations 
arising from electrochemistry. An EC case, WO3, for example, changes its appear-
ance from colorless to bright and deep blue colors upon reduction due to Li+/e− dual 
incorporation. In addition to cathodic EC WO3, other transition metal oxide, such as 
NiO is placed at the opposite position anode, switching between brownish and light 
status. In this electrochemical process, the mechanical stress/strain caused by the ion 
insertion/extraction brings non-neglectable volumetric expansion/shrinkage, which 
is termed “mechanical breathing.”

In recent years, elevated attention has been paid to renewable energy develop-
ment, that is. environmentally friendly electrical vehicles for transportation [18]. 
Proton exchange membrane fuel cells (PEMFCs) demonstrate great potential for 
developing clean or green transportation technologies, based on oxygen and hydrogen 
electrochemical reactions by providing a renewable and zero-emission fuel source 
replacing the traditional combustion engine. However, one of the unaddressed 
performance and durability issues lies in the Nafion® membrane due to so-called 
harmful radical attack that brings many electro-mechanical negative effects in fuel 
cells [19]. These active radicals come from oxygen reduction reactions at overpoten-
tials in this case the oxygen molecules associate with the catalyst, that is. platinum and 
travel to the polymer layer [20]. Such serious chemical attack is the main reason for 
polymer chain scission and physical and chemical irreversibility, causing the overall 
and regional mass loss of the membrane, which will cause producing fluorinated 
and sulfated species into reactant waste at the outlets. Synchronous fluorinated and 
sulfated degradation byproducts will accumulate at the exhaust. Because of chemi-
cal degradation, the fluoride emission quantity will significantly increase in a short 
period of time. Especially, the amount of the fluorinated products will significantly at 
certain accelerated operations, that is. higher temperatures and dry conditions. In one 
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word, the fluoride and sulfate anions emission rates (FER; SER) can be defined as the 
signature of the membrane loss, and thus the fuel cell degradations status and a sign 
for predicting the remaining lifetime.

To precisely quantify the polymer breakdown, the fluoride anions of the waste-
water coming from the fuel cell membrane are identified as degradation signatures. 
Detecting fluoride anions and converting the quantity as a sensor signal can be 
achieved based on specific fluoride-sensitive films. Fabricating highly selective 
sensors can be obtained by modifying the active sensing region; its integration in 
the electrical vehicle allows direct knowing ahead of the remaining life of the fuel 
cell polymers replacing the existing, wasteful, and costly methods of getting the fuel 
cell engine changed. Unfortunately, up to date, vehicle manufacturers advise users 
to change the fuel cell engine after covering a certain amount of miles or hours [21]. 
It may cause waste as potentially functional membranes in good condition can be 
changed or may be risky; in that case, a membrane in operation has had more deg-
radation than what is theoretically projected according to the driving mileage or the 
time after experiencing intensive consumptions at extreme destructive real condi-
tions in driving.

Benefiting from their lower cost, smaller size, robustness, and capabilities for con-
tinuous real-time monitoring, ion-sensitive field effect transistors have been promis-
ing microsensors. Leveraging the fast development of advanced sensor science and 
technologies, our team has designed and developed microsensors bringing opportuni-
ties for incorporating electrode outlets for showing the fuel cell state of health. The 
excellent leading signature for Nafion®-based fuel cells is the emission of fluoride 
anions (F−), coming along with the exhaust streams at the electrodes [22]. The F− 
concentration is chosen as a signature, representing the membrane’s failure status in 
a precise way. Monitoring fluoride and converting its quantity into a voltage/current 
sensor readout is achieved via specific fluoride-sensitive nanofilms. It is a good idea to 
employ fluoride emission rate as a direct simplified but accurate diagnostic method. 
Specific fluoride-selective films (LaF3) will be incorporated into a nanoscale layer of 
films for functionalization. The modification of the active area changes the selectiv-
ity/sensitivity of the developed sensors. It is different and complements to current 
fuel cell test and troubleshooting approaches. At present, some other methods for 
detecting fluoride exist; however, very few are compatible as a solution for real-time 
continuous monitoring of the fluoride emission rate (FER) in fuel cell test stands 
or electrical vehicles. Most of the existing tools are more delicate, costly, limited 
in detection, and not portable. The commercially available products fluoride ion 
selective electrode (FISE) is utilized to provide a reference and kind of ground truth 
to relatively compare the performance of the developed sensors. FISE is capable of 
detecting fluoride ions at ppb level and requires calibration operation, maintenance, 
and specific storage procedures, restricting its applications to fuel cells. It is of great 
significance to dedicate efforts to design and build microsensors for onsite real-time 
detection of the signature byproducts, and thus fuel cell membrane or polymer loss. 
The association of the F− and fuel cell degradation has been established according to 
the ion quantity measurement to calculate the membrane degradation rate. The ions 
released from ionomer breakdown are targeted as fluorinated species, termed FER, 
which is being taken to tell fuel cell membrane failure degree [23].

In complementary to the interfacial studies for electrochemical performance 
and durability improvements, a unique and fascinating application is to implement 
the thin films and cantilever platform to envision the activities at the interface at 
extraordinary spatial and temporal resolution. The research activities regarding 
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this topic are creative and original due to the synergy between the quantitative 
diagnostic sensor developments and energy-focused fundamental questions related 
to nanoscale electrochemistry and energy storage, highly demanding to date. When 
spectroscopy has opportunities to meet nanomechanics, it is hypothesized that the 
thermal-mechanical cantilever resonator (TMCR) in situ/Operando platform will 
be capable of decoding modern electrochemistry nanoverse based on its exceptional 
specificity/sensitivity [24]. This multimodal single utility TMCR is conceptually 
novel and is of great interest to the chemistry and electrochemistry community for 
nanometer and ultimate atomic scale studies. Its spatial and temporal resolution is 
up to sub-nm and μs, respectively; the mass sensitivity is six orders of magnitude 
higher than commercial quartz crystal microbalance (QCM) [25]; illuminating 
the infrared (IR) light can obtain compositional identification based on the photo-
thermal nanomechanical effects, superior to Fourier transform infrared spectros-
copy (FTIR) bounded by its opto-output loss [25]. Three focused characteristics 
of the versatile TMCR are (1) cantilever static bending and resonant dynamics, (2) 
nanomechanical holography enabled by multifrequency excitation/detection, and 
(3) IR spectroscopy through photo-thermal nanomechanical response. Uniquely, 
this single entity enables real-time simultaneous multi-signal output realized by 
orthogonal vectors. This real-time data acquisition not only surpasses the limitations 
of current ex situ state-of-the-art equipment but also consolidates multiple measure-
ments into a single platform, promoting measurement efficiency and disseminating 
research accessibility.

2.  Interfacial deformation- electrochromic monolithic ultra-thin-film 
device ITO/WO3/Ta2O5:Li/NiO/ITO

Sustainability development of the society, clean energy demand, performance 
the cost are driving modern energy science and technologies fast growing. Much 
progress in these realms is made including electrochromic (EC) materials and 
devices by improving their performance and durability. Yet, ion insertion/de-
insertion induced charge transfer (CT) nanomechanics, that is. repetitive electrode 
size change and generated stress/strain during electrochemical cycling, termed 
the “nanomechanical breathing” effect, has remained unexplored. Electro-chemo 
mechanics is the focus here due to its intimate correlation to the elastic and plastic 
deformation at the interface. EC transitional metal oxides with intervalence elec-
trons and excellent electrochemical kinetics show dramatic color changes at various 
valence states upon redox reactions, which enable them as an emerging category of 
energy storage supercapacitors. WO3 and NiO films are configurated as the cathode 
and anode, respectively. The void generation and delamination at the interface 
account for the device degradation after extended cycles. Nanoindentation mechan-
ical test and electrical kelvin probe force microscopy are employed to investigate 
the interface. WO3 with a charge density of ~40mC/cm2 shows a ~45% increase 
in the elastic Young’s modulus compared to the pristine transparent state. The 
redox-induced surface stress originating from ion adsorption and CT is revealed. 
Noteworthy, upon charging (coloration; lithiation) with a fair smooth surface status 
giving about 3.4 times more electrostatic surface potential, the electrical work 
function of the films surprisingly becomes lower because of the dominant effect of 
the dipole layer potential against the chemical potential. From a physics point of 
view, it is suggested that the interatomic cohesive energy and equilibrium distance 
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increase lead to the mechanical deformation in the long-term charging/discharging. 
The dependence of surface potential, stress, work function, and cohesive energy 
on electrochemical kinetics is interpreted. It provides fundamental insights into 
electro-chemo mechanics and interdisciplinary concerted interfacial effects at the 
nano/atomic level (Figure 1).

3.  Interfacial manipulation- sensing purpose: Diagnostics tool for  
PFSA-fuel cells

Fuel cell electrical vehicles have drawn much attention due to the elevated 
environmental concern and governmental initiatives on hydrogen infrastructures 
recently. Perfluorosulfonic acid (PFSA) fuel cells have great potential to be employed 
for vehicles based on oxygen and hydrogen electrochemical reactions. Unfortunately, 
one of the limiting factors to the performance is the PFSA membrane. The radical 
attack and associated irreparable electro-mechanical damage in degradation result in 
the global and local thinning of the ionomer, causing fluorinated and sulfated degra-
dation chemicals into reactant outlet streams; the options in the market lack specific 
diagnostics and a legitimate indication of the exact time that the membrane should 
be changed. To address the need, this work emphasizes developing an onsite sensor 
for quantifying the degradation by detecting fluoride in effluent water on the basis of 
surface functionalization and interface manipulation. The sensor’s specificity/sensi-
tivity has been achieved in real-time at a sub 10 ppb level, relying on the spin-coating 
deposition of ~50 nm sensing membrane LaF3 and post-annealing procedures. The 
multimodal data collection is obtained, including the characterizations of open 
circuit potential, cyclic voltammetry, chronoamperometry, and differential pulse 
voltammetry, demonstrating a consistent linear decrease of Faraday current from the 
established redox marker, while favoring the capacitive behaviors at the interface by 
absorbing F- ions (Figure 2).

Figure 1. 
Author’s work on electrochromic film interfacial nanomechanical deformation [26].
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4.  Interfacial in situ/operando envision- spectroscopy meets 
nanomechanics: To decode interfacial nanoverse on a  
thermal-mechanical cantilever resonator (TMCR)

To decode the interface across electrode and electrolyte, an in situ/Operando 
envision tool is highly on-demand. It provides the potential to enable real-time 
simultaneous multi-signal output based on a conceptually novel single entity, a 
“thermal-mechanical cantilever resonator (TMCR).” TMCR in situ/Operando 
envisioned tool is creative and original due to the synergy between the quantitative 
diagnostic sensor developments and energy-focused fundamental questions related 
to interface, nanoscale electrochemistry, and energy storage, which is critically 
demanding to date. It is expected that thin-film-based TMCR will be capable of 
decoding interfacial charge transfer nanoverse based on exceptional specificity/
sensitivity. Three targeted characteristics of the versatile TMCR are (1) cantilever 
static bending and resonant dynamics, (2) nanomechanical holography by multifre-
quency excitation/detection, and (3) infrared (IR) spectroscopy via photo-thermal 
nanomechanical response. It is complementary to conventional macroscopic 
characterizations (Figure 3).

Based on its nano/micro dimension, geometric feature, and thermomechanical 
effects, TMCR provides extraordinary sensitivity and orthogonal vector readouts. 
The spatial and temporal resolution is up to sub-nm and μs, respectively; the mass 
sensitivity is six orders of magnitude higher than commercial costly quartz crystal 
microbalance (QCM); illuminating the infrared (IR) light can obtain compositional 
identification through photo-thermal nanomechanics, superior to Fourier transform 
IR spectroscopy (FTIR) bounded by the opto-output loss. The ultrasensitive and 
informative TMCR is expected to reveal the electrochemical dynamics and unclear 
fundamental mechanistics at the nanoscale, generally uncaptured with classic 
macroscopic measurements. It will assist in decoding (i) real-time charge transfer 
nanomechanics, that is. repetitive electrode size change during electrochemical 
cycling, termed “nanomechanical breathing,” (ii) inhomogeneities, local ion con-
centration, and other locality properties based on nanomechanical holography, and 
(iii) quantifying minute changes in metastable intermediates, competing species, 
and impurities. TMCR real-time data acquisition not only surpasses the limita-
tions of current ex situ state-of-the-art equipment but also consolidates multiple 

Figure 2. 
Author’s work on sensor developments based on the capacitive process at the interface [27].
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measurements into a single platform, promoting measurement efficiency and dis-
seminating research accessibility, not limiting to the thin films and electrochemical 
energy device research.

5. Conclusions

This chapter focuses on the interface in thin films in electrochemistry and renew-
able energy applications, which involves fundamental science and challenges from the 
delamination issue at the interface, and thus the full device degradation, the electro-
chemical sensing applications based on the interactions and communications across 
the interface to an advanced envision measurement tool for capturing the minute 
changes occurred in the electrode/electrolyte. Bridging the gap between the electro-
chemo nanomechanics and sensing capabilities at the interface with renewable energy 
applications would require interdisciplinary research with surface physics/chemistry, 
materials science, nanotechnologies, and engineering. Therefore, the research area 
can bring scientists and researchers from diverse backgrounds, including chemistry, 
physics, materials science and engineering, electrical engineering, and mechanical 
engineering.
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Chapter 8

Electrodeposition of Metal
Chalcogenide Thin Films
Arelis Ledesma Juárez, Alejandro Altamirano Gutiérrez
and Arturo Fernández Madrigal

Abstract

Chalcogenide metals are compounds with optoelectronic characteristics that allow
the construction of various optical and optoelectronic devices. The traditional prepara-
tion methods have been techniques such as reactive evaporation and sputtering. How-
ever, such methods have limited the construction of devices in large areas, particularly
solar cells. Thin film solar cells based on Cu(In, Ga)Se2 (CIGSe) absorbers have suitable
optoelectronic properties. However, their commercial development is scarce since the
efficiencies achieved on large surfaces differ from those obtained at the laboratory
level. The electrodeposition technique is the most attractive from an economic point of
view; however, high conversion efficiencies still need to be achieved with the latter.
Several authors attribute this difference to different causes, such as using chemical
additives in the preparation. The influence of the salt during its synthesis is not studied,
so this work aims to use three different types of metal salts and voltages to produce
(CIGSe) absorbing thin films by the electrodeposition technique. Also, the effect of
nucleation type on two other substrates is studied. The various features of structural,
morphological, atomic composition, and electrochemical characterization were to
understand the formation, growth, and morphology of CIGS films, to obtain a suitable
stoichiometry of thin film solar cells using this absorber.

Keywords: electrodeposition, solar cells, CIGS absorber, metal chalcogenide,
X-ray diffraction

1. Introduction

Chalcogenide metals are materials composed of a chalcogen anion with a more
electropositive element. They have been formed by those compounds based on sul-
fides, selenides, and tellurides. These materials contain various metallic minerals and
can be used for many applications. Thin films of metal chalcogenide semiconductors
find applications such as photovoltaics, batteries, electrocatalysis, or photonics.
Examples of ternary chalcopyrite semiconductor materials such as CuZnSn(S, Se)2
(CZT(S, Se) [1], CuInS2, CuIn(S, Se)2), or Cu(In, Ga)Se2 (CIGSe) are among the most
promising thin film materials for solar cell applications due to their properties and
long-term stability, as well as adequate performance in low-light conditions [2], and
suitable bandgap and absorption coefficient values [1, 3, 4]. Solar cells based on CIGSe
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films are the ones that have achieved high efficiencies, on the order of 23.35% using
vacuum methods and 17.5% by the electrodeposition technique.

The electrodeposition technique is the most promising for preparing low-cost
semiconductor solutions [5–7] and has been used to develop CdTe thin-film photo-
voltaic modules [8]. This technique employs the electro-reduction of ions to a specific
reduction potential on a substrate to form thin films by applying an electric field.
During this process, many parameters are involved, which influence the formation of
a crystalline structure that allows achieving adequate growth of the thin film to form
solar cells. Among the main parameters contributing to this type of film are the
solution’s pH, the deposition temperature, the additives added to the electrolytic
baths, the position of the electrodes, the type of metallic salts used, the types of
complexing agents, etc. These parameters mainly affect the type of nucleation, crystal
size, electrical, optical, and optoelectronic properties, etc. For example, polyamide
substrates treated with potassium fluoride as substrate obtained a cell with an effi-
ciency of 20.4% [9]. Doping with rubidium fluoride (RBF) or cesium fluoride (CsF)
improves the efficiency of solar cells by up to 20% [10]. Power has also increased by
using Zn(O, S)-based window layers by 21% efficiency [11]. The addition of buffer
solutions such as sodium sulfamate and potassium bi-phthalate helps stabilize the
solution’s pH, allowing Ga and ions to be incorporated into the films [12]. Using
complexing agents has been an important strategy; thus, using KCN or potassium
sodium potassium tartrate has allowed the control of Ga and ions into the films
[13–15]. Some treatments applied to the coatings, through hydrogen and selenium,
have increased efficiency by 9.4% [1]. It is essential to mention that incorporating In
and Ga in the film is a determining factor in obtaining a film with an adequate
structure, which allows the formation of solar cells with high conversion efficiencies.
In this sense, this work describes the characteristics of CIGSe thin films using three
types of metallic salts to prepare the electrolytic bath.

2. Experimental section

2.1 Materials and equipment

The co-electrodeposition technique uses three different salts to prepare the CIGSe
thin films. Table 1 shows the molar concentration of each metal salt used in the
preparation of each bath. The purity and brand of each of the salts are copper (II)
chloride dihydrate (99.99%), indium (III) chloride (99.999%), anhydrous gallium
(III) chloride (99.99%), lithium chloride (≥99%), copper (II) nitrate hydrate
(99.999%), indium (III) nitrate hydrate (99.999%), gallium (III) nitrate hydrate
(99.9%), lithium nitrate (99.99%), copper (II) sulfate (≥99%), indium (III) sulfate
hydrate (99.99%), gallium (III) sulfate (99.99%), selenious acid (99.999%). The

Bath No. 2.6 (mM) 4.5 (mM) 10 (mM) 8 (mM) 1 (mM)

1 CuCl2 InCl3 GaCl3 H2SeO3 LiCl

2 Cu(NO3)2 In(NO3)3 Ga(NO3)3 H2SeO3 LiNO3

3 CuSO4 In(SO4)3 Ga2(SO4)3 H2SeO3 Li2SO4

Table 1.
The molar composition of each of the salts used in the electrolytic baths.
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chemicals were from Aldrich Chemical Co, the reagent lithium sulfate (99.7%),
hydrochloric acid 37.4% ACS, nitric acid 70% ACS purchased from Fermont Com-
pany, and sulfuric acid 97.4% ACS from J.T. Baker, buffers pH three from Hydrion
Company.

Two types of substrates use the first one made on Fluorine Tin Oxide glass, SnO2:F
(FTO) prepared by Delta Technologies. The Mo substrate on glass had designed in-
house, using a Balzer BAE 250 direct current sputtering machine, using a Mo target
with a diameter of 5.08 cm.

The thin films had prepared using a Bio-Logic SAS potentiostat model VSP s/
n:0332 controlled with Ec-lab software. The films were analyzed using X-ray diffrac-
tion equipment using the diffractometer model DMAX-2200 with copper Kα radiation
(λCu = 1.5406 Å) at 40 kV, and the X-ray beam was at 0.5° grazing incidence
(GIXRD). The atomic compositions of the films were obtained by EDS technique
using Hitachi microscope model SU1510 SEM, which has a secondary electron detec-
tor and an energy-dispersive X-ray detector model INCA-x-act. An electron acceler-
ating voltage of 8 kV and energy emission levels Kα for copper, selenium, gallium, and
Lα for indium have been used to quantify the atomic composition. Atomic composi-
tion values were quantified over 600 μm x 600 μm. Micrographs of the films had
obtained using a Hitachi model S-5500 SEM microscope with a secondary electron
detector. An Alpha-step 100 profilometer has been used for thickness measurement.
Diffuse reflectance spectra obtained by UV-VIS measure were performed using a
Jasco V-670 spectrophotometer with a 2500-250 nm wavelength range 50 nm.

The absorption spectra had been obtained by the Kubelka-Munk equation [16].

K
S
¼ 1� R∞ð Þ2

2R∞
¼ F R∞ð Þ (1)

Eq. 1 shows the diffuse reflectance called the Kubelka-Munk function and the
absorption coefficient and reflectivity, respectively. S and K are the so-called K-M
scattering and absorption coefficients, respectively, and R∞ = Rsample/Rstandard. The
band gap of thin films and the equivalent absorption coefficient had related through
the following equation.

αhυ ¼ A hv� Eg
� �n (2)

Eq. 2 [17] α is the linear absorption coefficient, A is an arbitrary constant, hν is the
photon energy, and n equals 1/2 for direct transition-allowed materials.

When the incident radiation is perfectly diffusely scattered, the absorption
coefficient K equals 2α. In this case, the Kubelka-Munk function is proportional to the
absorption coefficient α; we obtain the relation.

F R∞ð Þhv½ �2 ¼ ahvð Þ2 (3)

The Cyclic voltammetry (CV) and chronoamperometry (C.A.) had done in a
three-electrode cell. The working electrode (WE) was FTO or Mo on glass (soda-lime
glass) with a Mo film thickness between 1 and 2 microns and an active area of
(1 cm � 3 cm), and the counter electrode (CE) was a platinum grid. Another platinum
grid was a reference electrode (REF) for C. Studies, and Ag/AgCl electrode had used
as the reference electrode for CV. The deposition potentials for the CIGS films
were � 0.8, �0.9, and 1.0 V. The scan rates were 5 mVs�1, 10 mVs�1, and 20 mVs�1.
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3. Results and discussion

3.1 Atomic composition by EDS

Tables 2 and 3 show the atomic composition results obtained by the EDS tech-
nique. The number at the end of each sample indicates the applied potential; for
example, number 1 corresponds to the application of �1.0 V. For 2 and 3, the applied
voltages are �0.9 V and � 0.8 V, respectively. Table 2 shows these results using Mo/
glass substrates, and Table 3 operates SnO2:F (FTO) substrates at three different
voltages. The thicknesses achieved for each sample are given in the same tables. The
theoretical atomic percentages are Cu, 25%; In, 12.5%; Ga, 12.5%; and Se, 50% [18];
however, it has been found that to build more efficient solar cells, atomic ratios must
reach values of 0.93 for [Cu]/[In+Ga] and 0.3 for [Ga]/[In+Ga] [19].

Table 2 shows that the samples obtained with electrolytic baths based on nitrate,
sulfate, and chloride [Cu]/[In+Ga] values are high, higher than the desired theoretical
value of 0.93. In contrast, the [Ga]/[In+Ga] values are similar to the theoretical value
for all samples using the chloride bath and two of the nitrate samples (MN1 and
MN2). These results indicate that the Ga content in these samples is adequate, but the
Cu content is much higher than desired. This result has repeated for samples FC1,
FC2, and FC3, but both values of the atomic ratios had reduced for the samples
obtained with nitrate and sulfate baths using the FTO substrate, as shown in Table 3.

3.2 X-ray diffraction

Figure 1(a) and (b) show the diffractograms of the sample in Table 1, using
electrolyte solutions of chlorides, nitrates, and sulfates, at potentials of �1.0, �0.9,
or � 0.8 V, respectively, on two different substrates, Mo and FTO. Figure 1(a) shows
a diffraction peak at 2Ɵ = 40, with the assigned plane (110) corresponding to Mo,

Samples % At. Thickness (μc)

Cu (%) In (%) Ga (%) Se (%) Cu/(In + Ga) Ga/(In + Ga)

Mo- Chlorides

MC1 26.90 15.55 6.10 51.44 1.24 0.28 1

MC2 28.11 15.83 5.48 50.60 1.31 0.25 1

MC3 29.13 12.78 5.39 52.70 1.60 0.29 0.9

Mo-Nitrates

MN1 40.82 7.71 3.11 48.36 3.77 0.29 0.7

MN2 38.82 9.81 3.96 47.40 2.81 0.30 1

MN3 20.77 30.2 1.43 47.60 0.65 0.04 1

Mo-Sulfates

MS1 27.18 22.86 1.26 48.7 1.03 0.04 1.1

MS2 42.20 12.67 0.74 44.13 3.14 0.05 2.4

MS3 41.56 14.03 1.38 43.03 2.76 0.07 1.7

Table 2.
Values of atomic percentages and composition ratios of Ga/(In+Ga) and Cu/(In+Ga), obtained by EDS of CIGS
films, using Mo as substrate.
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which has a cubic structure with lattice parameters, and whose lattice parameters are
a = b = c = 3.1472 Å, according to PDF#42–1120. However, in Figure 1(b), no
diffraction peak related to the substrate type is observed because the X-ray beam
scanning has been performed at a low angle, showing the diffraction planes of the
film. Figures 1(a) and 1(b) show that most of the samples have three principal planes
identified: planes (112), (220), and (116), which coincide with the PDF #35–1102
structure and correspond to CuGa0.3In0.7Se2. The above planes are practically the
same for all samples prepared on Mo and FTO substrate, regardless of the type of
electrolytic bath.

The crystal sizes for the samples shown in Table 4 had been obtained from the
Scherrer equation [20, 21]. Table 4 shows that the values range from 4 to 15 nm.
However, no increase or decrease in their values is observes with different voltages or
the type of electrolytic bath.

3.3 Scanning electron microscopy

Figures 2(a,b) shows the morphology of CIGS samples obtained by scanning
electron microscopy (SEM) technique, prepared on Mo and FTO substrates, using
three types of metallic salts in the electrolytic bath (chlorides, nitrates, and sulfates),
at three different voltages. SEM observed the growth of cauliflower-type formation,
and clusters are formed by grains whose sizes vary from 0.05 to 0.2 microns. The
dimensions of the grains change according to the type of metal salt used, the voltage
applied, and the type of substrate. For example, in Figure 2(a), the morphology of
CIGS films on a Mo substrate has been observed. Samples MC1, MC2, and MC3, which
had been prepared by applying a voltage of �1.0, �0.9, and � 0.8 V, respectively,
show very similar granular growth in all of them, with values of 0.12, 0.125, and 0.16
microns, the size of these grains increasing as the applied voltage decreases. Similar
behavior occurs when nitrate and sulfate salts are used, whereas granular growth

Sample % At. Thickness (μc)

Cu (%) In (%) Ga (%) Se (%) Cu/(In + Ga) Ga/(In + Ga)

FTO-Cloruros

FC1 26.16 14.46 6.14 53.22 1.27 0.30 0.7

FC2 38.40 7.23 4.78 49.59 3.24 0.39 1

FC3 31.07 11.97 5.01 51.86 1.82 0.30 0.9

FTO-Nitrates

FN1 17.53 17.34 2.60 62.29 0.88 0.13 0.8

FN2 13.40 23.12 2.20 61.30 0.53 0.09 0.9

FN3 14.64 17.07 3.56 64.73 0.71 0.17 0.8

FTO-Sulfates

FS1 17.11 32.36 0.49 50.78 0.53 0.01 0.8

FS2 24.69 29.93 3.29 42.10 0.74 0.09 0.7

FS3 23.69 25.81 1.12 49.39 0.88 0.04 0.7

Table 3.
Atomic composition percentages and Ga/(In+Ga) and Cu/(In+Ga) composition ratios obtained by EDS of CIGS
films using FTO as substrate.
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observes a relatively homogeneous distribution. In particular, MS3 shows the forma-
tion of flakes instead of spherical grains, like the rest of the samples. This flake
formation indicates the formation of Cu-Se [22].

Figure 1.
(a) Shows the X-ray diffraction spectra of CIGS films deposited on Mo, and (b) shows the X-ray diffraction
spectra of CIGS films deposited on FTO.
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Granular growth is observed in samples MS1 and MS2, which form cauliflower-
shaped clusters. The development occurs by the clustering of grains on the surface.
Figure 2(b) shows the morphology of the CIGS samples on an FTO substrate. These
samples have a similar morphology to the samples on a Mo substrate. The average
grain size ranges from 0.07 to 0.26 microns. Samples FC1, FC2, and FC3 have smaller
grains than samples MC1, MC2, and MC3. Samples are obtained with a nitrate bath
present small grains that agglomerate to form larger clusters, as shown by the mor-
phology of samples FN1 and FN3, since FN2 presents the formation of flakes whose
dimensions are up to 0.26 microns. Samples FS1, FS2, and FS3, formed by clusters of
grains whose average size is between 0.16 and 0.21 microns, also show the formation
of voids between these clusters.

3.4 J-t transient

The growth of CIGSe films is directly related to the applied overpotential; that is,
the development of these films is by the kinetic mechanism of nuclei growth. There-
fore, the nucleation and growth mechanisms during the co-deposition of CIGSe films
can be studied using the models of the instantaneous and progressive nucleation
equations Scharifker and Hill [23] have proposed. Eqs describe these models (4) and
(5), respectively, where imax and tmax are the peak current and t corresponds to the
peak current in the CTT (Current-Time Transient) growth and nucleation region,
respectively.

Progressive nucleation in 3D

i
imax

� �2

¼ 1:2254
t

tmax

 !
� 1� exp �2:3367

t
tmax

� �2
 !" #2

(4)

Mo substrate FTO substrate

Sample Crystal size (nm) Sample Crystal size (nm)

MC1 8.08 FC1 9.02

MC2 10.84 FC2 4.61

MC3 7.48 FC3 10.55

MN1 15.68 FN1 9.27

MN2 6.23 FN2 10.67

MN3 10.35 FN3 9.48

MS1 7.61 FS1 9.76

MS2 6.91 FS2 8.37

MS3 6.93 FS3 4.81

Table 4.
Crystal size calculated from the Scherrer equation, using the highest intensity plane of each sample and principal
planes of each of the sample.
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Figure 2.
Micrographs of CIGS films, fabricated using Mo (M) and FTO (F) as substrates, various types of salts
(chlorides (C), nitrates (N), or sulfates (S)) using sulfate salts at overpotentials of �1.0 V (1), �0.9 V (2),
or � 0.8 V (3).
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3D instantaneous nucleation

i
imax

� �2

¼ 1:9542
t

tmax

 !
� 1� exp �1:2564

t
tmax

� �� �� �2
(5)

Figure 3 shows the potentiostat current-time plots obtained during the electrode-
position of CIGSe films.

This behavior is associated with an increase in the electroactive area and the
stabilization and growth of new nuclei; subsequently, the slow decay of the current
observer indicates a mass transfer-controlled process. The transients show the char-
acteristic behavior of diffusion-controlled three-dimensional (3D) nucleation pro-
cesses [24]. Figure 3 shows the transients of CIGSe film samples on Mo substrates
(Figure 3(a–c)) at three different applied overpotentials. Figure 3(d–f) shows CIGS
films on FTO substrates and the three overpotentials used. Each figure shows the plots
obtained by Eqs. (4) and (5), where the rapid and progressive 3D theoretical growths
can be seen. It observed that for all samples, the values obtained with these equations
show a behavior very close to the 3D-instantaneous change, which is favored to a
greater extent in FTO substrates than in molybdenum/glass substrates. F. Liu et al.
report the same type of nucleation and growth of CIGS films as presented in this
work, using only an electrolytic bath of chloride salts [25]. According to our results,
using electrolyte baths other than chlorides produces fast 3D growth.

3.5 Optical properties

Table 5 shows the values obtained for the received bandwidth from the plots of (F
(R∞)*hν)2 versus hν for the CIGS films prepared on molybdenum (Mo) and FTO.
(Where (F(R∞)*hν)2 is Kubelka-Munk function and hν is the photon energy. As can
be seen, the colored film on FTO has slightly higher bandwidth values than those
deposited on Mo. These values are higher since the overpotential is higher for the films
deposited on Mo and using chloride and sulfate electrolytic baths, but this is not the
case for the nitrate ones. The results show that the value of the band gap in some films
reported in the literature is about 1.14 eV, which suffers variations depending on the
synthesis method; when comparing this value with those reported in Table 5, the
values in this table are close.

3.6 Electrochemical evaluation

Figure 4(a) shows a potential reduction peak probably due to gallium deposition,
at �0.726 V vs. Ag/AgCl potential, at a sweep speed of 5 mV/s, since the elements of
the precursor salts of copper chloride, indium chloride, and lithium chloride are not
deposited. On the other hand, at the same sweep speed, an anodic potential is seen at
approximately �0.350 V vs. Ag/AgCl due to gallium’s oxidation. Furthermore, a
potential crossover shows at approximately �0.360 V due to the formation of a
deposit on the Mo electrode surface, possibly gallium. At the rates of 10 mV/s and
20 mV/s, no anodic or cathodic potential peaks are observed, so, likely, the Mo
electrode is not stable in the presence of the chlorides coming from the precursor salts
at these two sweep rates in an interval of �0.350 to �1.0 V vs. Ag/AgCl a pseudoca-
pacitive zone.
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In Figure 4c, two consecutive potential peaks had been observed at approximately
�0.002 and � 0.05 V vs. Ag/AgCl, respectively, which probably attributed to Cu
reduction on the Mo substrate at sweep speeds of 10 and 20 mV/s. An anodic potential
peak appears at approximately 0.35 V and 0.75 V vs. Ag/AgCl, probably due to the
oxidation of the Cu film formed. However, the pH is acidic, it is very likely that Ga,
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In, and Li hydroxides of the precursor salts are starting on the electrode surface, based
on Duchatelet A., Sidali T., et al. (2013). Consequently, this process does not allow
these elements to deposit on the electrode. On the other hand, at the rate of 5 mV/s, no
potential peaks are present.

Figure 4(e) shows three potential peaks associated with the reduction processes of
the probable Cu, In, and Ga elements, at potentials of 0.012, �0.096, and � 0.205 V

Figure 3.
(a), (b), (c) correspond to CIGS time-current transients using molybdenum/glass as substrate and chloride,
nitrate, and sulfate salts, respectively. (d), (e), (f) correspond to the time-current transients of CIGS using FTO as
substrate and chloride, nitrate, and sulfate salts, respectively.

Sample Band gap value (eV) Sample Band gap value

MC1 1.27 FC1 1.02

MC2 1.32 FC2 1.42

MC3 1.47 FC3 1.34

MN1 1.24 FN1 1.33

MN2 1.30 FN2 1.27

MN3 1.32 FN3 1.34

MS1 1.24 FS1 1.28

MS2 1.17 FS2 1.26

MS3 1.09 FS3 1.32

Table 5.
Bandwidth values for the CIGS films made with the electrolytic baths had shown in Table 1.
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vs. Ag/AgCl, respectively, at the rate of 5 mV/s, and at this same rate an anodic peak is
present due to an oxidation process at approximately �0.307 V vs. Ag/AgCl. How-
ever, at the velocities of 10 and 20 mV/s, neither cathode nor anodic peaks are
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observed; this is probably because the deposited Mo film was unstable in the presence
of sulfates.

Figure 4(g) shows a potential peak corresponding to a reduction process around
�0.003 V vs. Ag/AgCl, probably due to Cu reduction. Likewise, an oxidation process
at about 0.456 V vs. Ag/AgCl is possibly due to Cu. These processes appear at all three
sweep rates 5, 10, and 20 mV/s, which means that the FTO electrode surface is stable
in the presence of chlorides of the precursor salts.

Figure 4(i) shows three potential peaks corresponding to the reduction around
�0.055, �0.254, and � 0.600 V vs. Ag/AgCl, most probably deposited Cu, Ga, and In,
respectively, and three oxidation processes observed at approximately 0.166, 0.432,
and 677 V vs. Ag/AgCl, attributed to Cu, Ga, and In elements. These processes appear
at the three scan rates of 5, 10, and 20 mV/s, which means that the FTO electrode
surface is more stable than Mo in the presence of nitrates from the precursor salts.

Figure 4(k) shows two potential peaks mainly corresponding to reduction at
about �0.083 and � 0.644 V vs. Ag/AgCl, most probably deposited Cu, Ga, respec-
tively, and two oxidation processes observed at about �0.590 and 0.542 V vs. Ag/
AgCl, attributed to Cu, Ga elements. These processes appear at all three sweep rates, 5,
10, and 20 mV/s, which means that the FTO electrode surface is less stable in the
presence of sulfates than in nitrates.

Figure 4 show the plots between the peak current and the square root of the scan rate
of each of the sales, respectively, which generally follow a straight-line trajectory
confirming that the electrodeposition process is diffusion controlled and irreversible [26].
Furthermore, this process had shown in films deposited on the FTO substrate (h, j, l).

Figure 4.
Plots of the CIGS films deposited on molybdenum (a, c, e) or FTO (g, i, k), using chloride, nitrate, and sulfate
salts, respectively, at overpotentials of �1.0 V (red), �0.9 V (wine), and �0.8 V (brown) each. (b, d, f, h, j, l)
show the graphs between the maximum current and the square root of the scanning speed of each of the sales
respectively.
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4. Conclusions

The results conclude that the CIGSe films fabricated using chloride baths and
employing Mo and FTO as a substrate have values similar to the ideal Ga/(In+Ga) ratio
of 0.3. However, when using nitrate and sulfate-based baths, this ratio has values close
to perfect equilibrium only for samples MN1 and MN2. The rest of the pieces have low
values. It indicates that chloride-based baths favor incorporating Ga into the film to
form an ideal relationship with the composition. The analysis performed by X-ray
diffraction found that the main phase corresponds to CuGa0,3In0,7Se2 (PDF #35–1102).
Whose principal diffraction planes are (112), (220), and (116), which have been identi-
fied in all the elaborated samples, independently of the type of electrolytic bath used or
the type of substrate. It is important to note that all diffractograms do not show ade-
quate polycrystallinity, which attribute to the kind of growth. The growth of the CIGS
films is cauliflower type for all samples, observing an increase in size for an applied
deposition voltage, that is, lower using chlorides to higher using sulfates. According to
the models, the nucleation process of the fabricated films is instantaneous with 3D
growth, which is more noticeable when FTO had used as substrate. When Mo substrate
uses, a smaller band gap of CIGS films is getting; these values increase when the applied
over potential also increases when chloride and sulfate salts have used. According to the
graphs of maximum peak current versus the square root of the sweep speed for each
metal salt used, a linear trend with a positive slope observes; that is, there is a directly
proportional correlation between these two parameters, according to the model of the
current equation and the sweep speed for cyclic voltammetry.
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