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Abstract

Over the last few decades, research works have focused on elucidating the optical properties of semiconductor materials.
Despite remarkable progress in the measurement and calculation of the absorption coefficient for semiconductor materials,
there is a lack of comprehensive review on the comparative study of absorption coefficient properties for different types of
bulk semiconductor materials and their methods for calculating the absorption coefficient. Hence, this paper summarizes the
fundamentals of the various methods used to determine the absorption coefficient properties of bulk growth semiconductor
crystals, and discusses their advantages and disadvantages. Furthermore, this review provides comprehensive results from
recent studies and findings on the absorption properties of near- to mid-infrared (wavelengths from 800 to 7300 nm) group
III-V semiconductor materials. In addition, the absorption coefficient of the conventional group IV semiconductors (silicon
and Ge) were included for performance comparison. Critical analysis was done for the reviewed materials concerning their
material properties, such as band gap structure, crystal quality, and the structural design of the device. The related studies on
the methods to determine the absorption coefficients of semiconductors and to improve the likelihood of absorption perfor-
mance were well highlighted. This review also provides an in-depth discussion on the knowledge of absorption coefficient
based on a wide range of semiconductor materials and their potential for sensors, photodetectors, solar and photovoltaic
application in the near to mid infrared region. Lastly, the future prospects for research on absorption coefficients are discussed
and the advancement in the determination of absorption coefficients for new ternary and quaternary materials is proposed
using artificial intelligence such as neural networks and genetic algorithm.
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ficient () of semiconductor materials in various structures
has gained significant interest owing to their importance in
optoelectronics, photonics and quantum technologies. Spe-
cifically, a represents the penetration depth of photons into
the material before it is absorbed for any particular wave-
length.! Precise selection of material influences the perfor-
mance of devices significantly. This is because a predicts
the minimum detectivity of a material and plays a crucial
role in designing high-performance lasers, sensors,” imaging
devices, information processing, communication devices,
and energy harvesters.> For example, understanding the
absorption properties of semiconductor material is essen-
tial to design the best combination of hybrid structures for
photovoltaic (PV) applications.®
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In this regard, a is worth studying both numerically and
experimentally. To attain the optical absorption coefficient
of various semiconductor materials and their structures,
there are several well-known and mature methods to solve
for a, including transmission (Swanepoel envelope method),
the combination of transmission and reflectance, spectral
ellipsometry (SE), transfer matrix, photocurrent measure-
ment derivation and interpolation.”™ Different methods
for calculating and measuring a yield results with varying
accuracy and consistency. The semiconductor properties
and structural designs affect the optical absorption prop-
erties. Therefore, it is crucial to understand a of different
materials, which is dependent on the device structure. A
detailed characterization of « as a function of wavelength
helps to predict the optical behavior properties and to design
semiconductor devices with high optical performance.

Opver the last few decades, research on « has received tre-
mendous attention due to the importance of matching the a
value of semiconductor materials in a vast range of applica-
tions, and there is a good amount of research work on this sub-
ject. However, the research work is limited to the comparison
of methods for determining a of silicon (S1),' the effect of
various temperatures on &' ' and solving the a of new semicon-
ductor material.'? Currently, there is no reported work which
provides critical review and discussion on the experimental
measurement and calculation of a. Therefore, this review aims
to provide an in-depth analysis of the absorption coefficient
properties of different semiconductor materials together with
the possible enhancement of the computation of a. The struc-
ture of the paper is as follows. “Fundamentals of Absorption
Coefficient in Direct- and Indirect-Bandgap Material” sec-
tion introduces the operating principles of absorption coef-
ficient. “Absorption Coefficient Measurement and Calcula-
tion Method” section presents the various methods to obtain
the absorption coefficient for single layer and multiple layers
structures. In addition, their respective advantages and disad-
vantages with regard to recent improvement will be discussed.
“Absorption Coefficient in Different Types of Semiconductor
Materials” section summarizes the absorption coefficient find-
ings for different types of group III-V and group IV materials
such as Si, germanium (Ge), indium arsenide (InAs), indium
antimonide (InSb), gallium arsenide (GaAs), gallium antimo-
nide (GaSb), indium phosphide (InP), indium gallium arsenide
(InGaAs), indium gallium antimonide (InGaSb), indium arse-
nide antimonide (InAsSb), indium gallium phosphide (InGaP),
gallium arsenide bismuth (GaAsBi), gallium arsenide nitride
(GaAsN), indium gallium arsenide phosphide (InGaAsP),
indium gallium arsenide antimonide (InGaAsSb), indium gal-
lium arsenide nitride (InGaAsN) and gallium arsenide bismuth
nitride (GaAsBiN). These materials have cutoff wavelengths
in the near- to mid-infrared region (800—7300 nm), which can
be utilized in crucial applications such as gas sensing, imaging
and photovoltaics. This review provides clear and accessible

guidance on the different methods for calculating and measur-
ing the absorption coefficient and their suitability for use with
various semiconductor materials.

Fundamentals of Absorption Coefficient
in Direct- and Indirect-Bandgap Material

There are two types of interband absorption mechanisms,
namely direct- and indirect-bandgap absorption. The valence
and conduction bands occur in the same momentum for the
direct-bandgap material, while the momentum is differ-
ent for the indirect-bandgap material.'*> Generally, direct-
bandgap material absorbs light better than indirect-bandgap
material, especially near the cutoff wavelength. In such case,
direct-bandgap material would be a better option for a thin
active layer.'* Also, the temperature variation has a more
significant effect on the absorption spectrum of indirect-
bandgap material as compared to direct-bandgap material.
In general, a represents the loss of wave amplitude infor-
mation and is expressed as an exponential decay function
which can be derived from the propagation of Poynting vec-
tor (SZ) in a homogeneous medium with respect to refractive
index (n) and extinction coefficient (k). S, is expressed as
the real part of the cross product of electric field (E) and
complex conjugate magnetic field (H) as shown below!’:

(s,) = %Re[EX x| (1)

E*N*
4

(SZ> = %Re [Eo exp (%z) * exp <—ic;)n*z>] 2)

where E, is the amplitude of the electric field, w is the angu-
lar frequency, n is the complex refractive index =n+1ik, u,
is the vacuum permeability, and c is the speed of light in
vacuum. Upon the simplification of Eq. 2, <Sz> is equal to

OC

(S > _ 1 |E0|2nexp <—47rkz> 3)
: 2 p,c A

In this regard, it is crucial to identify the a of semicon-
ductor materials while understanding the wave penetration
through the medium.

Absorption Coefficient Measurement
and Calculation Method

There are several methods to calculate and perform pre-
dictive analysis on the absorption coefficient of semi-
conductor materials. Optical measurement methods such
as transmission, reflection and SE measurements can be
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used to determine the a. Furthermore, the combination of
transmission and reflection measurements, Swanepoel’s
envelope method and transfer matrix can improve the
accuracy of the a data. Measurement such as photocurrent
can be used to calculate the a using the external quantum
efficiency (EQE) or responsivity curves information. On
the other hand, interpolation is used to estimate the a
of new compound materials using the absorption data of
their original materials. This method is useful for ternary
and quaternary materials. Hence, this section briefly dis-
cusses on the characteristics of different methods, and
performs a critical discussion on the suitability of meth-
ods for various types of materials.

Transmission and Reflection Measurements
for Structure with a Single Absorber Layer

Transmission (7) measurement is an accurate method to
determine the optical behavior below the fundamental
absorption edge.'® The conventional way of measuring the
transmittance through a homogeneous medium is by taking
the ratio of transmitted light intensity, I} to the intensity of
incoming light, I,. The absorption coefficient of material is
calculated using the Lambert-Beer law'®:

Iy = Ie™" @)

where d is the thickness of the material. In this case, the
reflection at the material interface is made negligible. Nev-
ertheless, transmission measurement requires a transparent
substrate where sample preparation such as substrate etch-
ing is crucial prior to the measurement process. It is worth
highlighting that transmission measurement is not suitable
for translucent material because the diffusion and scattering
of an incident beam would influence the result accuracy.
Also, despite having high accuracy at the band edge when
semiconductor layers are grown on a transparent substrate,
the accuracy is reported to be less consistent when the trans-
mission reading approaches zero.!”!8

Moving on, Swanepoel’s envelope method is a simple,
fast and accurate approach to determine the « of material and
was introduced in 1983." It is capable of calculating a(4)
using the transmission spectrum that displays clear interfer-
ence fringes.?® This method is used to determine the & of the
film thickness, together with the complex refractive index for
the material. However, Swanepoel’s envelope method might
fail if the absorption in the film is so high that interference
fringes are not visible where maximum envelope and mini-
mum envelope curves coincide. Furthermore, the method
becomes less accurate with decreasing film thicknesses in
the micrometer range. This occurs when the absorption band
falls in the range of the interference extreme. In principle,
Swanepoel’s envelope is found to be a simple, reliable and
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accurate method to calculate the absorption of samples with
uniform thickness.?! For example, Swanepoel’s envelope
method is used to evaluate the spectral dispersion and a for
amorphous selenium and cadmium telluride (CdTe) thin
films, and the results show consistency for samples with
uniform thicknesses.?>* Moreover, the transmission method
has limitations in measuring ultrathin film material and
material with a high absorption value. Therefore, research
efforts should focus on the two highlighted limitations.
Jin et al.” demonstrated an improvement in the Swanepoel
method by incorporating a tangent point method (TPM),
which is able to calculate the thickness and optical behavior
of the material. This improvement yielded a 0.5% improve-
ment in accuracy in calculating « of chalcogenide material
with an abnormal thickness value in the strong absorption
region.

Recently, Swanepoel’s envelope method can be found in
numerous commercial software.”*?> Several fitting equations
for transmission analysis are widely used in commercial soft-
ware such as Filmwizard and TfCalc for optical design analy-
sis of a for thin film materials. The commonly used models are
the Cauchy equations, Sellmeier relation, Forouhi-Bloomer
dispersion relations, Lorentz classical oscillator model and
Drude model.'® Recently, Jena et al.?® introduced a user-
friendly software program, PRISA, which is able to retrieve
transmission spectra using n and k data. In addition, the thick-
ness of the material is calculated using Swanepoel’s envelope
method. The graphical interface of PRISA is less tedious than
other software, while producing an accurate result.

Furthermore, reflection measurements (R) are also com-
monly used to determine 7, k and @ unknowns of thin film
materials'®?’ using spectroscopy measurement. The R spec-
trum can be measured either using the calibrated mirror in
reference position or V-W setup, which are common cali-
bration methods used for reflectance standards.?® There are
two types of reflection, namely the specular reflection and
diffusion reflection or the combination of both. It is essen-
tial for the samples to have optically polished surfaces to
ensure constant power reflectance over the surface. With R
measurement, the absorption coefficient in the single-layer
structure is expressed using Eq. 5.2

I (1 = R)* +4Rsin’ 0 (—al)
_T_[ sin ]exp a (5)

I, 1 — R2 exp(—2al)
where I is the transmitted current, I, is the incidence cur-
rent, / is the device thickness, § = tan™! [n2+2kk2—l ] . For sim-

plification purposes in calculating the absorption parameter,
0 is made negligible in the measurements.*

The combination of T and R measurements improves
the accuracy of the a data. For example, it is recommended
that the T measurement coupled with the estimated R of
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the materials be used to determine @.*! Huang et al.* pre-
sented an accurate model using the T and R measurements
to determine @, considering the internal reflection of light
within the thin film. The combined 7 and R method is a
simple and direct way to obtain the a(1) data. However, in
a scenario where the film is not perfectly homogeneous, it
is nearly impossible to measure 7(4) and R(1) at the exact
spot on the film,'®?” which leads to inconsistency and lower
precision in the results.'® Additionally, the thickness of the
indirect-bandgap semiconductor material is crucial to study
the indirect resonant absorption. In 2018, the a(4) of Ge with
different thicknesses was determined using 7 and R methods.
It is reported that Ge with thicknesses d=0.175 mm and
1.04 mm are too thin to generate accurate results close to
the absorption edge, notably that the result only converges
for thickness >2 mm. Moreover, the theoretical and experi-
mental « results in the intermediate energy show a good
agreement. Therefore, thickness of sample becomes a sig-
nificant influencing parameter for an accurate a measure-
ment near the absorption edge using the 7 and R methods.**
T and R measurements are preferred for material with near-
IR absorption because surface reflection shows minimum
variation at the near-IR region and is most often negligible.
However, it is more challenging to interpret a for material
with mid-IR spectra, because the reflection of the front sur-
face material can interrupt the result analysis on the penetra-
tion that occurs through the material.*?

Transmission and Reflection Measurements
for Multilayer Structure Using the Transfer Matrix
Method

The transfer matrix method (TMM) analyzes the absorption
coefficient for propagation that occurs through layered mate-
rials.* It takes the interference effect into account through
a coherent wave superposition as opposed to intensity
superposition.>> There are two types of transfer matrixes,
namely the transmission matrix and propagation matrix. A
transmission matrix is used to calculate the fields across an
interface, while a propagation matrix is applicable for esti-
mating the propagation across distance in any homogeneous
medium.***” Commonly, TMM is a powerful mathematical
tool used to perform light propagation analysis for multi-
layer dielectric media.® Physical properties of the material
and boundary conditions are taken into careful account for
TMM to accurately solve for the @ behavior. It is widely
used to calculate a for acoustic metamaterial for an oblique
incidence,’%3° perovskite solar cells (PSCs),40 multilayer
perforated panel systems,*' and multilayer graphene.*
TMM is then further modified for multilayer acoustic mate-
rials,*> material with coherent, partially coherent and inco-
herent interference.*® In 2015, Deng et al.** modified the
TMM with electromagnetic boundary conditions required

by Maxwell’s equation taking into account both transverse
electric and magnetic waves. The breakthrough improvement
has enabled the TMM to determine the a of any layer in all
position of the media.

One major advantage of TMM is that there is no con-
straint in terms of the thickness of the layer which makes
TMM a suitable modeling structure for multilayer material.
TMM also has the advantage of handling structure with dif-
ference in index between the composite materials. Moreover,
the drawback of TMM is that it is only suitable for con-
tinuous wave propagation; Fourier transform needs to be
incorporated to solve for pulse propagation which increases
the complexity of the mathematical computation.*> Another
limitation of TMM is that the simulation procedure assumes
that the plane orthogonal to the direction of propagation
expands in infinite manner where such a scenario is unreal-
istic in a real case. To accommodate this, the material lay-
ers have to be broad enough to avoid the assumption error
in wave propagation.* For multilayer structure, the TMM
calculation is done for each layer using matrix relation. The
mathematical computation time is relatively long as there
is lack of mathematical model and tool to relate the change
in the field between the layers. Hence, TMM appears to be
useful for calculating the a of a multilayer structure and
the analysis of surface waves which involve a different pla-
nar interface. Nevertheless, the properties and boundary
condition of each material layer must be carefully defined
whereby the complexity of the matrix solver and deriva-
tives appear to be a challenge which often requires longer
computation time.

In 2018, by incorporating TMM, photoluminescence (PL)
is used to identify the a(4) of multilayer thin films, taking
into account the absorption effect of the front layer and sub-
strate.® It is worth noting that PL is extremely sensitive and
is, for example, able to solve for very low a~ 107" cm™!
for Si material,*® the a below the bandgap is obtained with
generalized Planck's law based on the luminesce emission
due to indirect transition in Si. Moreover, PL is reported to
have scientific limitations where multiple excited states may
exist in the optical centers.

Spectroscopic Ellipsometry

SE was proposed by Drude*’ and was later experimen-
tally demonstrated by Ingersoll and Littleton*®. It is a non-
destructive method that extracts both n and k using the
polarization of incident light reflected from the measured
samples.**" In conventional ellipsometry measurement, the
setup consists of a light source, sample, and receiver. The
light source consists of monochromatic light and polariza-
tion generator, while the detector consists of a polarization
analyzer and detector. SE is a method used to calculate a
for a broadband light source condition, where the effect of
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change in light polarization is taken into account.’'>?> Owing
to its measurement sensitivity, SE is suitable for broadband
light source material, thin films, transparent material, semi-
opaque layers and substrates.>>* For example, SE is used
to study the optical absorption spectrum for graphite and
graphene flakes on transparent substrate.>> Most importantly,
SE has also appeared to be reliable in measuring the absorp-
tion coefficient of semiconductor at phonon energy higher
than the band edge region.>®

The SE method measures the distance of absorption
occurrence instead of measuring the reflective intensities, it
reports the actual absorption information across the thick-
nesses of the material which is more accurate compared to
the transmission method and is preferred to solve for a of
new materials. For example, recent findings from Chandan
et al.!? preliminarily conducted a study of absorption prop-
erties of a new material, PPDT2FBT polymer, for optoelec-
tronic devices using SE. In 2020, Samarasingha et al.”’ also
implemented SE to model the optical properties of ZnO lay-
ers on Si and SiO, for wide-bandgap (0.03-6.5 eV) applica-
tions. Moreover, SE is a promising method for modeling the
optical properties of new semiconductor materials compared
to other methods owing to its sensitivity and accuracy. SE
can provide information on the thickness, refractive index
and dielectric function of residual oxides and intentionally
formed sulfides, as investigated by Papis et al.*®

SE is a powerful, reliable, repeatable and highly useful
method for analyzing thin film and substrates, with high
precision in optical characterization reported. However, the
method has limitations in accounting for extreme surface
sensitivity in which very thin contamination on the sam-
ples lead to inconsistency in the result.'® Moreover, SE has
the ability to determine the properties of unknown material
in the case where it is a single layer grown on a known
substrate material. In addition, a sample of surface material
must be smooth and flat for SE. Measurement for multilayer
structure appears to be less useful using SE because the
material properties of each intermediate layer must be meas-
ured in a separate manner for a better precision of results.

Photocurrent Method

Moreover, a can also be calculated from the experimental
photocurrent measurement by applying the current continu-
ity equation. In such circumstances, it is assumed that all
carriers generated in the depletion region contribute to the
photocurrent.’®®° Based on the photocurrent measurement,
a of semiconductor materials can be determined with the
responsivity and EQE calculations.
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Responsivity Calculation

Responsivity calculation is preferred for semiconductor
devices where absorption has fully taken place in the intrin-
sic region.®! The responsivity, R, is measured using the pho-
tocurrent method and evolved to be the main parameter used
to calculate the absorption coefficient.®!:%?

1 < R hv>
a=——In|1- — (6)
W, 1-R, q

in which the W, is the thickness of the i-region of the semi-
conductor, Av is the incident photon energy, g is the elemen-
tary electric charge, and R), is the reflection coefficient of
the material. As illustrated in Fig. 1, Eq. 6 can be used to
calculate the absorption coefficient of the i-region material,
the main absorber region. Meanwhile, the bandgap of the
p-region material is larger than that of the absorber region
material, which makes it transparent to the absorption spec-
trum of interest. In a direct-bandgap semiconductor, where
the incident photons have energy higher than the bandgap,
a is described using the Tauc relation®"-%*:

a(hv) « (hv — Ep)? %)

where E, is the bandgap of the material.

It is worth mentioning that this solution is suitable for
semiconductor material with a short cutoff wavelength,
where absorption is likely to occur at the first layer of mate-
rial. In contrast, if this calculation is used for materials with
an infrared cutoff wavelength, a data would have high error.
This phenomenon is very likely to occur, as the equation
does not take into account other electrical and optical per-
formance parameters of the structure. In this case, a is solely
proportional to the responsivity of the material. Further-
more, the success of this solution requires the use of fully
fabricated devices with suitable metallic contacts.

Matenial 2

Fig. 1 PIN junction with transparent P layer.
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EQE Calculation

The absorption coefficient of the material can be solved iter-
atively with the EQE information together with the detail of
the specific material and cell structure, which are carefully
identified. EQE calculation appears to be more complex, as
it is conducted with the photocurrent measurement taking
into account detailed information of the cell regions and
material composition. For example, in a device with p*-i-n*
which correlates with the a of material®®* as illustrates in
Fig. 2, EQE(A) is expressed as:

EQE() = (1 = R)(np +n; + 1) 8)
where R is the reflectivity as a function of wavelength, 4,
which is related to n and k:

() =112+ (D)
T () + 112 + k2(0)

R(A) ©)

Meanwhile, #p, #; and 5, represent the EQE of the p*, i
and n" regions, respectively, contributed by several design
parameters expressed as follows:

SeD—ie +aL, —exp (—aXl)(SeLe cosh (2‘—:) + sinh (%))

where L, (L) is the diffusion length of electrons (holes), D,
(D)) is the diffusion coefficient of electrons (holes), S, (S;,)
is the surface recombination of electrons (holes), X is the
distance from the top surface to the depletion edge in the p*
region, X, is the distance from the top surface to the deple-
tion edge in the n* region, and X; is the total thickness of the
pt-i-n* layers as demonstrated in Fig. 2. The diffusion length
is expressed using the relationship between the diffusivity
and lifetime of the minority carrier. L,=+/D,7,, where L,
represents the diffusion length, and 7, is the lifetime of a
minority carrier.

For the case where penetration happens in the short wave-
length region, the surface recombination of electrons is high,
and Eq. 10 is simplified as

[ aL, ]
Hp =
b a’LZ — 1] sinh XL—l

e

—aL, exp (—aXl) (13)

The capacitance—voltage (C—V) measurement is used to
determine the depletion width, w. The p*-i-n™ layers are
labeled as shown in Fig. 2, in which the thickness of the p*
and p* structures can be obtained from secondary ion mass

aLC De e
n, = [ — aL exp (—aX,) (10)
@l 1 &sinh<ﬁ>+cosh(ﬁ>
D, L, L,
n, = (exp[—aX;1)(1 — exp[—a(X, — X,)]) 11 spectroscopy (SIMS) measurement. The doping concentra-

% [cosh (%) - exp(—aX3)] + sinh (%) + aL, exp(—aX;)
h h

tions affect parameters such as L, (L,), D, (D,) and 7, (7},).

12

aly, )
UMES 21 [exp[—a(X; — X))1] | aly, —

Sl

. X, X,
D sinh (Z) + cosh <Z>

Fig. 2 Electric field profile of a PIN junction. The red line is the elec-
tric field profile of an ideal PIN whereas the blue line is a non-ideal
PIN, assuming the intrinsic region is n-doped (Color figure online).

Subsequently, L, and L, can be determined by measuring
the responsivity under illumination. Otherwise, they can be
calculated using the mathematical model equations for D,
(D;) and 7, (7). Upon identifying the parameters and the
EQE from the responsivity measurement, a can be solved
numerically.

EQE calculation yields high a accuracy, as the mathe-
matical model considers the diffusion length, surface recom-
bination and diffusion coefficient of electrons and holes.
The other advantage of the method is that it can determine
the ultralow a value of semiconductors, which cannot be
identified using the transmission and reflectance methods.’
Furthermore, it is suitable for semiconductors with short
cutoff wavelengths where a majority of the absorption
occurs in the p region, and a simplification of the equations
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is possible. Published research work has determined the
of the material, with the assumption that the a happen only
in the p-region.’*®® On the other hand, if the illuminated
photons pass through all the p-i-n regions, the computa-
tion of @ would be much more challenging. This is because
there are six unknown variables (L,, L,, D,, D, S, and S))
to be estimated in Egs. 8—12, and a is very sensitive to their
variations. Moreover, the accuracy of EQE calculation
depends on the device fabrication with appropriate metal
contacts which appears to be a limitation for the photocur-
rent method.

In addition, extracting the photocurrent information from
measurement also appears to be challenging as photocurrent
spectrum requires a suitable benchmarking device account-
ing for the photocurrent generation in the desired spectrum.
Other important factors that could potentially contribute to
the measurement error should be elucidated. For example,
the incoming beam is required to have a bigger spot size
on the device area with an even coverage, and the intensity
of a light beam coming from the focusing lens should fall
evenly on the device to ensure the photocurrent landing on
the device is accurately measured. These procedures are nec-
essary to minimize the possibility that yield measurement
uncertainties or result error.

Interpolation Method

Interpolation is commonly used to estimate the a of new ter-
nary and quaternary compound materials based on a of their
binary compounds. Using the Thompson-Woolley Empirical
Fit formula as a function of the material composition,65 a for
ternary and quaternary materials can be approximated. In those
cases, the accuracy of a for new semiconductor materials would
rely heavily on the accuracy of « for the binary compounds.
For instance, the accuracy of a for InGaAs would be dependent
on the a data of binary compounds InAs and GaAs, while the
accuracy of a for InGaSb would be dependent on the « data of
binary compounds InSb and GaSb. a estimation was demon-
strated for Ing 53Gag ,7As°*%” and Ing ;4Ga, 5, Sb®® as a function
of x composition with respect of the tertiary material, A,B,;_,C

a(E) =xa(E-E, +E\)+ (1 —x)a(E - E, + E;) (14)

x=material composition; E, = material bandgap; E, =band-
gap semiconductor AC; E,=bandgap semiconductor BC;
a; =absorption of AC; a, =absorption of BC.

On the other hand, the a of quaternary semiconductor
materials, for example, InGaAsSb and InAsSbP, can be
determined using the A, B, _,C\D,_, relationship®:

a(E) = xya,(E — Ey + E)) + x(1 = Y)ay(E — E, + Ey) + (1 = X)ya3(E — E, + E3)

+ (1 =x)(1 = y)ay(E-E, + E,)

x = material composition; y=material composition;
E,=material bandgap; E, =bandgap semiconductor AC;
E, =bandgap semiconductor AD; E;=bandgap semicon-
ductor BC; E,=bandgap semiconductor BD; a; =absorp-
tion of AC; a, =absorption of AD; a;=absorption of BC;
a, =absorption of BD.

Interpolation appears to be advantageous to math-
ematically derive and approximate the a of ternary and
quaternary semiconductor materials such as InGaAs,””
InGaSb,”’" InGaP,”> InGaAsP”’ and InGaAsSb.”*"> Such
an approach would provide prediction of the a based on
the alloy property and composition. The a of mature mate-
rial such as In, 53Ga,) 4;As was studied both numerically and
experimentally. For example, Burkhard et al.,’® Humreys
et al.”” and Bacher et al.”® experimentally validated the a
of In, 53Ga, 4;As using SE, transmission and reflectance.
Nevertheless, the accuracy of the interpolated « data for
new composition of quaternary materials such as lattice-
mismatched InGaAs are yet to be further confirmed with
experimental work.”

The main downside of interpolation is that the derivation
appears to be impossible for new semiconductor materials
where the input data are not readily available. Recently,
a study investigated the improvement of the interpola-
tion method where the accuracy of the method is further
improved using a morphing algorithm which maps the criti-
cal points of the absorption material of materials based on
their material composition.®’ This approach is useful in
the case where the complex refractive index of material is
unknown; moreover, other parameters such as refractive
indices and bandgap energy of the initial material composi-
tion need to be clearly identified to accurately model the
optical property of the material.

Table I summarizes the advantages, disadvantages, and
fundamental characteristics of @ measurement and calcula-
tion methods for different types of semiconductor materi-
als. In general, transmission and reflectance methods are the
most popular for obtaining the a of single-layer semiconduc-
tor materials due to their simplicity. Transmission and reflec-
tance spectra can be used to determine the a in very simple
steps. Nevertheless, it is nearly impossible to measure trans-
mittance and reflectance at the same spot on the film,'®%’
which reduces the effectiveness of this method. Also, trans-
mission has the limitation of low accuracy with~20% of
error. Swanepoel’s envelope method, on the other hand, can
solve for both thickness and «a of the film with a 1% relative
error in the absorption coefficient range of about 100 cm™"
to 5x10* cm™1.!” The transfer matrix method is beneficial

5)
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TableI (continued)

(5

For new binary, ternary and

Recommendations

The accuracy of the baseline

Accuracy

Thickness

Disadvantages

Theoretical and fast estimation Estimating method

Advantages

Interpolation

Method

Springer

quaternary materials

materials will significantly

affect the estimation

Difficulty to trace error as it

before the measurement
Suitable for new quandary and

combined more than two

measurements

binary materials
Does not require measurement

for multilayer material, as this method considers the optical
effect of all the device layers. In addition, the SE method
is accurate, with promising sensitivity. However, it is dif-
ficult to measure a high absorption value with this method
(>10* cm™). The last two methods in Table I are the electri-
cal- and interpolation-based methods. Firstly, photocurrent
measurement uses the EQE and responsivity curves to cal-
culate . This method gives a comparatively accurate result,
provided that all the parameters of the material structure are
precisely identified. Lastly, interpolation has the ability to
use data of the reported a of binary materials to estimate o
for ternary and quaternary material with a variation in ele-
ment composition. Table II lists and maps the types of semi-
conductor materials with their suitable type of measurement
or calculation method, which will be further discussed in
"Absorption Coefficient in Different Types of Semiconduc-
tor Materials" section..

Absorption Coefficient in Different Types
of Semiconductor Materials

Light absorption of semiconductor materials is the most
crucial parameter to consider when designing PV cells
and photodetectors. It varies based on the optical proper-
ties, bandgap and crystal structure of the materials. There-
fore, it is crucial to understand the optical performance of
different materials and room for improvement in terms of
optical behavior with their respective structural design and
potential applications. This section reviews the findings
of optical properties and their respective applications for
several III-V compound semiconductor materials such as
InAs, InSb, GaAs, GaSb, InP, InGaAs, InGaSb, InAsSb,
InGaP, GaAsBi, GaAsN, InGaAsSb, InGaAsP, InGaAsN
and GaAsBiN. To provide a comparative study on the optical
absorption property, this section starts with a brief review
of the conventional group IV elements such as Si and Ge.
For each type of material, the absorption coefficient spec-
trum and mechanism are highlighted alongside the measure-
ment methods. The significance of the absorption coefficient
improvement and their potential application for the materials
are discussed and proposed accordingly.

Single-Element Semiconductor Material

Si(1.14 eV) and Ge (0.67 eV) are promising single-element
materials for many semiconductor applications. While Si
has the advantage of cost-effectiveness,'*® Ge possesses a
narrower bandgap, which allows it to operate in the infrared
region.'** Both materials have an indirect bandgap, which
means that the transition of an electron from the maximum
energy level in the valance band to the minimum energy
level in the conduction band involves not only photons
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Table Il Summary of semiconductor materials with suitable types of measurement/calculation methods.

Material

Method

InGaAsP InGaAsSb GalnAsN

InAsSb InGaSb InGaP GaAsN GaAsBi

GaAs GaSb InAs  InSb InP  InGaAs

Ge

Si

103

90,91 31,96 97-99 100 72 101,

33,85 86-88 89

83, 84

Transmittance

102

95

83
83

Swanepoel's envelope

107 108 77,78

106

104,

Transmission and reflectance

105

110
76

109

93,

Transfer matrix

121, 122

120

119

118

76

63, 116,

92

90, 92,

93,

111,90, 1,

Spectroscopic ellipsometry

117

114 115

113

112

131

130

102, 128,

127

123-

Photocurrent

129

126

74,75

66

119

97 68

132

Interpolation

with energy equal to or more than the bandgap energy but
also phonons, which corresponds to atomic vibration. The
vibration helps to generate the needed momentum to trans-
fer electrons to the conduction band. In this case, a is low
for photons with energies near the band edge and increases
rapidly when the photon energy is higher than the indirect
bandgap.'®

The a(4) is the sum of photon and phonon absorption
expressed as'*%:

a(d) = a,(4) + a.(4) (16)
The a,(4) can be represented as:
A(E-E,+E,)’

exp (f—;) -1
where E is the photon energy, E, is the energy of the
absorbed photon, T is the temperature in Kelvin and k is

Boltzmann’s constant.
The a,(4) is represented as:

a,(4) = a7

2
A(E-E,—E,)
-E
1 —exp (k—Tp>

With regard to Si, the direct bandgap is about 3.4 eV,
and the indirect bandgap is near 1.1 eV. Therefore, it is vital
to study the optical properties of Si for wavelength ranges
between 300 and 1100 nm. At the indirect-bandgap region,
a has a contribution from the emission or absorption of pho-
nons.® Figure 3a shows a(4) of Si using different methods.
Overall, the graph portrays those various methods generate
identical a values for Si. It is important to note that film
temperature affects the absorption as expressed in Eqgs. 17
and 18, and a of Si under the variation of temperature was
measured by Bucher et al.®* In a detailed study, three dif-
ferent methods were used to calculate the discrepancies of
experimental results in the UV and IR spectra. To illustrate,
transmission (7)), SE and normal-incidence reflection meas-
urement methods were used when a(1) <10* cm™, between
10° cm™! and 10° cm™! and > 5x 103 cm™, respectively.®’
However, a(4) had a similar trend to SE, T and transmission
and reflectance (T&R) methods when 4 ranged from 200 to
1050 nm.'%9093112 13 2013, Wang et al.?* investigated the
of 10 pm ultrathin single-crystal Si using the T method, with
an uncertainty value of 5-7%. It was found that the measured
data was comparable to the best available data and models.
Meanwhile, a of intrinsic silicon is calculated using Kram-
ers—Kronig relation,'!! where the a and optical parameters
of Si were studied under a temperature of 300 K and in the
range of 250-1450 nm. The a(4) at a wavelength of 250 nm
is 1.84x10° cm™!, while a(1) at 1450 nm is 3.2x 103 cm™".

a.(4) = (18)

@ Springer
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Fig.3 Methods to calculate the a for (a) Si film, (b) Ge film; Th is theoretical calculation.

On the other hand, a(4) of Ge varies from A of 200 to
around 1800 nm, and the measurement of optical properties
range from 0.6 eV to 11.3 eV was conducted back in 1959
using the Kramers—Kronig relation, in which the absorp-
tion peak is recorded at 4.4 eV.!% In 1973, a of Ge with a
thickness of 10.6 pm was studied.'?” The theoretical chal-
lenge regarding Ge was highlighted as its indirect-bandgap
energy is only ~0.1 eV, which is lower than the lowest direct
optical transition. Figure 3b shows a(4) of Ge using vari-
ous methods. Menendez et al. * had taken into account the
excitonic effect with intermediate states. This assumption
affects a of Ge with an additional resonant enhancement.
Based on Fig. 3b, the absorption coefficient data reported
by various works are agreeable. It is worth mentioning that
different methods are of preference for the different ranges
of wavelengths. For example, the R method was mainly used
for shorter 4,'%* whereas the SE method was reported by
Aspnes et al.”> and Tsao et al.''? for short A up to 1600 nm.
T and T&R methods are preferred for 4> 1600 nm.*!%
Additionally, Liu et al.'*® studied the Cody-Lorentz model
and characterized the optical absorption of Ge thin film on
Si substrate using electron beam evaporation. It was found
that the absorption and reflection of the Ge film are greater
than the bulk material since the decay rate of the former in
the longwave direction is lower than that of the latter due to
the presence of a tail state in the Ge film material. A recent
study by Huang et al.'* shows that Ge grown on Si has bet-
ter absorption at 1550 nm, as illustrated in Fig. 3b.

To conclude, it is observed that a of Ge drops dramati-
cally at A> 1550 nm while the a reduction trend starts to
occur at 4>400 nm for Si. This happens solely because the
direct bandgaps of Ge and Si are 0.9 eV and 3.4 eV, respec-
tively. Hence, the likelihood of photon absorption with
energy lower than the material's direct bandgap is signifi-
cantly low. Furthermore, the a values of Si and Ge are well

@ Springer

established, and future studies should focus on improving
its characteristic for various applications. To illustrate, in
2018, Guo et al.'* presented an enhancement in a(4) for a
Si cell near the band edge using Fourier series-based peri-
odic nanostructures. In addition, one of the main applica-
tions for the Ge semiconductor material is in TPV cells,
as it has a bandgap of 0.66 eV which gives a wide spectral
response that matches the majority of the TPV heat sources.
However, it has the disadvantage of high reverse current and
low open-circuit voltage, which outweighs the benefits. In
arecent study, Gamel et al. 141 demonstrated the use of a Ge
absorber layer with thickness of 150 um. The design was
able to produce output performance equivalent to that a an
InGaAs TPV cell, but at the expense of a very thick absorber
layer. In this regard, future research should extend the study
on improving the absorption performance of Ge TPV cells
using an optimum absorber layer.

Binary Semiconductor Material

GaAs (1.42 eV), GaSb (0.726 eV), InAs (0.354 eV), InSb
(0.17 eV), and InP (1.34 eV) are direct III-V semiconduc-
tor materials receiving increased attention in LED and laser
applications due to their behavior in luminescent and opto-
electronics devices.'*> GaAs and GaSb operate in the visible
region and the beginning of mid-infrared radiation, show-
ing great potential for laser diodes, photodetectors, tandem
solar cells and TPV applications.'**!** Meanwhile, InAs and
InSb are found to be sensitive in the far-IR region, which
makes them suitable for applications in infrared systems and
detectors, thermal imaging cameras, high-speed electronics,
forward-looking infrared radar (FLIR) systems, and TPV for
radiation temperatures < 1000 K.'*>:14¢ For direct-bandgap
materials, the transition of an electron from the maximum
energy level in the valance band to the minimum energy
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level in the conduction band involves only photons with
energy equal to or greater than the bandgap energy. In addi-
tion, the probability of absorption depends on the density
of electrons equipping the internal energy and density of an
empty state at final energy. Both values increase with energy
away from the band edge. The a(1) can be represented as
follows'*":

1.24  1.24

A A

a(/l) = Adirecl * (19)

where Ay, .., in cm™! eV~2 is a constant value that varies
with different direct semiconductor materials, A is the photon
wavelength, and A is the cutoff wavelength of the material.
Usually, a is only measured for limited photon energy. Equa-
tion 19 can also be used to do a curve fitting and to estimate
the absorption in the absence of complete experimental
data. For example, the Ay ., of GaSb, InGaAs, InGaAsP
and InGaAsSb is 22,600 cm™" eV~""2,22,900 cm™' eV,
36,600 cm™' eV™"? and 26,000 cm™' eV™'?
respectively. 48149

Focusing on GaAs material, Strurge et al.'"* studied a
for thicknesses from 6 mm to 0.6 pm, with photon energy
between 0.6 eV and 2.75 eV, and a temperature range of
10-294 K. The a is low for photon energy 0.6-1.4 eV
mainly because of the ionization of impurities. At 1.5 eV,
absorption due to the formation of excitons is observed
which can be explained using Elliot’s theory. On the other
hand, a constant « value of 1.4 x10% cm™! was reported for
photon energy higher than 1.5 eV up to 2.75 eV. In 1987,
Goni et al.'” investigated the direct and indirect absorption
for GaAs. The reported result showed that the strength of
direct absorption increases linearly with the energy level of
direct gap and the direct absorption edge is at a thickness
between 2 um and 4 pm. In comparison, indirect absorp-
tion occurs at a thickness of 30 um. In 1961, Moss et al.1>0
derived the absorption of GaAs in the range of 1 cm™! to
10* cm™! based on T measurement on single-crystal GaAs,
and the absorption edge was observed at 4000 cm™!. Dif-
ferent methods are used to determine the a of GaAs, and
as illustrated in Fig. 4a, they obtain approximately similar
results. For example, the reported a using the T method,®!>!
the SE method'>? and other methods’*°*!>? show consistent
trends with minimum discrepancy. Based on the published
work, the impurity concentration affects a at wavelengths
near the cutoff wavelength of the semiconductor mate-
rial. For example, at 77 K cell temperature, as the n-doped
GaAs varied from 3x 107 cm™ t0 9.6 x 10! ¢cm ™3, a(A) at
840 nm (corresponding to bandgap energy of 1.475 eV) was
reported to vary from 20 cm™! to 10 cm™~'.3¢ In addition,
Casey et al.%’ presented the concentration dependence of a
for n- and p-type GaAs for a bandgap between 1.3 eV and

1.6 eV with T measurement in the range 10 <a < 10° cm™".

Meanwhile, p-type GaAs records a of 225 cm™!, where free-
carrier absorption (FCA) is about 3 cm™'. For Zn-doped p+
material at a heavy concentration of 7 X 10" cm™3, a was
250 cm™!. This is chiefly due to the FCA.

Turning to GaSb, Munoz et al.,''> Ferrini et al.,'>
Adachi,”” Abroug® and Aspnes et al.”® experimentally
measured a of GaSb using the SE method, as shown in
Fig. 4b. The study discussed that the high a of GaSb in
the infrared region makes it a suitable candidate for PV
and TPV applications. Furthermore, Chandola et al.,'*®
Qiao et al.'>® and Akiniami et al.'”® presented a of GaSb
using the T&R method for multiple layers, while the T
method®” 3¢ reported slightly lower a than other reported
methods.?®3155 Furthermore, Wang et al.’7 used the
model dielectric function method to evaluate the thermal
radiation-dependent performance of a GaSb TPV cell.
By referring to the model dielectric function, o of GaSb
is found to be manipulated by the critical points in the
electronic band structure. The calculated a is in agree-
ment with the experimentally collected data using the SE
method.

For the InAs material, a of n-type InAs in the funda-
mental absorption edge region is studied for a temperature
range from 18 K to 300 K in 1961 using the T method.”' The
origin where a starts to roll off for InAs is similar to that
of InSb and GaSb at the long wavelength near the absorp-
tion edge. Figure 4c shows the absorption coefficient curves
of InAs material measured via various methods. Similarly,
the T method is used to obtain « for visible radiation up
to the extended infrared region.go’m’]58 Moreover, a was
studied using the R method,”® while Dixon et al.’! inves-
tigated it for a carrier concentration range from 3.6x 10
to 3.8 10'® cm™, and they found that lower carrier con-
centration contributes to a higher a. In addition, the SE
method®? reported a similar trend to the R method®! and the
T method” at low doping concentration. In other work, a of
InAs was measured in the range of 2500 cm™! to 260 cm™".
Recently, the enhancement of the below gap transmission of
InAs single crystal using suppression of native defects was
reported by Shen et al.'® which is vital to improve the non-
linear bandgap absorption coefficient of InAs.

For InSb, Hiroshi and Robert'® measured the reflectiv-
ity and transmissivity for InSb in the range of 20-200 um.
It was found that weak « is recorded at A of 28.3 um due to
the overtone of lattice vibration. Additionally, a obtained
via the T&R method'®! was slightly higher than the other
reported data using the SE method,’>!%8 16117 ag jllustrated
in Fig. 4d. The a values for wavelengths of 1.5-7.5 um
were measured by Moss et al.'”® using the T measurement.
It was reported that for 1 <4 pm, a is proportional to %
Furthermore, the a variation of n-doped InSb due to the
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change in doping concentration was investigated at 77 K and
130 K.'2 The impact of dopant on the interband and free-
carrier absorption were studied. It is highlighted that a high
dopant concentration of 10'* cm™ or more is needed for the
n-region to allow the diffusion of majority carriers to pass
through the junction. Moreover, a high dopant concentra-
tion will cause high reflection and lead to a reduction in the
photogeneration of charges.

InP with a bandgap of 1.34 eV (950 nm) has received
tremendous attention in optical communications in the
wavelength range of 900-1700 nm.’* The direct-bandgap
properties make it a valuable candidate for optoelectronic
devices such as laser diode applications. It has high optical
quality, which is commonly used as a lattice-matched sub-
strate for InGaAs and InGaP photodetector material. In addi-
tion, engineering the absorption coefficient characteristics
of low-cost InP thin-film photovoltaic devices is crucial in
achieving optimum solar energy harvesting performance.'®?
The research of Adachi et al.,*? Aspnes et al.,”? Dutta et al.,.*
Deng et al.”> and Garcia et al.'®* reported a similar trend in
absorption coefficient for InP as presented in Fig. 4e. It is
well discussed that the direct transition occurs at 918 nm
(1.35 eV) and 855 m (1.45 eV), while the indirect bandgap
occurs at 561 nm (2.21 eV) and 604 nm (2.05 eV), respec-
tively.”> The absorption coefficient of InP at different dop-
ing concentrations was calculated by Burkhard et al.”® using
ellipsometry and photoluminescence effect. It is recorded
that as the donor concentration increases, the absorption
edge is flattened while the energy gap is slightly shifted to
higher energy. This phenomenon is in agreement with the
Burstein-Moss effect.

To conclude, binary materials are direct-bandgap semi-
conductors with various absorption spectra, making them
suitable for various applications. Generally, a experiences
a drastic drop when the energy of the photons is lower than
the material bandgap because the likelihood of carrier tran-
sition is less effective. Furthermore, the increase in doping
concentration reduces a and the cutoff wavelength as illus-
trated in Fig. 4c. The decreasing trend can be explained by
the Moss-Burstein effect, which originates from the lifting
of Fermi level above the conduction band due to the increase
in charge carrier concentration.'®® To illustrate, at high dop-
ing concentration, all the states near the conduction band
are populated. Therefore, electrons transitioning from the
valance band need to shift to states above these populated
states. The shift of the absorption edge to high energy lev-
els is known as the Moss-Burstein shift.'®® With regard to
the improvements, a recent study by Sai et al.'®’ presented
the enhancement of absorption performance for a thin-film
GaAs solar cell using flattened light-scattering substrates.
Furthermore, Qing et al.'®® demonstrated an enhanced light
absorption by using a film-coupled metamaterial structure
made from nanometer-thick GaSb sandwiched between a

top layer of metallic grating and bottom layer of metal film.
Furthermore, Wan et al.'®’ discussed the design and optimi-
zation of the photonics crystal (PhC) structure to enhance
optical absorption for GaAs and InAs absorption layers used
in thin-film solar cells. Finally, InSb has more extended
absorption spectra, making it applicable for antenna-cou-
pled infrared detectors, photoelectric and magnet-electric
conversion devices and optoelectronic devices. Despite the
tremendous worldwide applications, the optical properties of
this material are yet to be further studied in detail.!”

Ternary Semiconductor Material

Semiconductor ternary compounds are composed of two
binary compounds with adjustable bandgap energy, mak-
ing it adaptable for various types of semiconductor applica-
tions.!”! For example, the bandgap energy of In,_ Ga As
can be engineered between 1.42 eV (GaAs) and 0.36 eV
(InAs), which depends on the indium and gallium content
ratio. Next, InAs,_ Sb, is a narrow bandgap semiconduc-
tor with a bandgap (cutoff wavelength) of 0.1-0.413 eV
(3000-12,000 nm).”® In,_ Ga,Sb (0.248-0.73 eV bandgap,
cutoff wavelength 1700-5000 nm) is another ternary mate-
rial that belongs to the group III-V antimonides. It has sev-
eral promising potential applications in TPV, sensors and
photodetectors.!”*!> In,_ Ga P is a wide bandgap~2 eV
III-V material which is usually used as an absorber material
for high-efficiency multijunction (MJ) solar cell applica-
tion.!”® Lastly, the interesting changes in a for GaAs, N,
and GaAs,_,Bi, with variation of nitrogen and bismuth com-
position are studied and compared.

The a and electrical properties of InGaAs were measured
and simulated by Borrego et al.'** in 1995. Interpolation was
used to determine the a of Inj 5Ga, 5As via the weighted
average of a from InAs and GaAs. Later in 1999, Wojtczuk
et al.>! calculated the a of In, 5,Ga, ,3As (0.55 eV) using the
T method, and numerical integration of @ was performed to
calculate the radiative combination coefficient. Jain et al.”
determined the « of lattice-matched In, 5;Ga,y 47As (0.74 eV)
and lattice-mismatched In,Ga,_,As (0.6 eV) using interpo-
lation modeling for a TPV application. As discussed ear-
lier in "Interpolation Method" section, Burkhard et al.’°,
Humreys et al.”” and Bacher et al.”® have experimentally
validated the a of In 5;Ga, 4;As using SE, transmission and
reflectance methods, which showed good agreement with
the numerical results. For lattice-mismatched InGaAs, as
highlighted in Fig. 5a, Alam et al.!”” mathematically derived
the a of lattice-mismatched Ing, g,Ga,) 5As, Ing 0Gag 40AS,
and Inj ,;Ga, 30As. The modeling tool was validated using
the experimental work of lattice-matched InGaAs. This work
provided a good reference and a validation tool for future
experimental work in lattice-mismatched InGaAs. To date,
there is limited study on « for extended InGaAs at a long
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cutoff wavelength. Therefore, it is significant to investigate
the a of extended InGaAs to understand its potential func-
tionality in IR semiconductor application such as waste heat
harvesting.'4!

Turning to InAsSb, Stringfellow et al.”® measured the a of
InAsg 95Sbyg s, INAS( 938bg 07, INAS) 11Sbg g9, INAS) 79Dy 55
and InAs; ¢sSby) ;5 using the T method shown in Fig. 5b. This
pioneering research has provided an overview of a range of
a for InAsSb with varying bandgap, in which the research
focuses on solving the roll-off trends and cutoff wavelengths
of the materials. There is room for improvement in terms of
the accuracy of the results determined with the T method.
Dobbelaere et al.” then calculated the a of InAs ;,Sbg 7o
grown on GaAs using the T method. The a exhibited a roll-
off at longer wavelength due to the higher Sb composition.
The experimental result is consistent with the theoretical
calculation. Recently, Zhang et al.”” mathematically derived
the a of InAs ¢;Sby o9 (0.286 ¢V) with A=4330 nm, yield-
ing a value in close agreement with that of InAs 4;Sby o9
measured by Marciniak et al.''® using the R method, which
shows the validity of InAsSb for TPV harvesting applica-
tions for the mid-IR region. In 2015, Webster et al.'”® meas-
ured the a of InAs, ¢;;Sby gg¢ using SE and PL methods. Two
absorption peaks were recorded at 0.225 eV and 0.277 eV,
respectively. This review reported a wide-ranging value of
a in InAsSb at different bandgaps, so more research work
is needed to study the properties of InAsSb for high-perfor-
mance IR optoelectronics applications.

With regard to InGaSb, Refaat et al.”! highlighted the
functionality of InGaSb operating at 2000 nm for optical
communication and atmospheric remote sensing application.
The a of In, ;5Ga gsSb, In, ,,Ga 5oSb, and In; ,5Ga, ¢5Sb
was calculated using the interpolation method, as presented
in Fig. 5c. In the reported result, « is higher at a shorter A.
The responsivity, however, decreases because of the severe
effect of surface recombination. Zierack et al.%® discussed the
complexity of solving a for In; ,9Ga, ,;Sb (0.5 eV), which
demonstrates a roll-off in a after 2200 nm. The a was calcu-
lated by interpolating the a experimental result of InSb and
GaSb. The results are significant to understand the perfor-
mance of InGaSb cells for TPV application, which harvests
IR. Prior to this, Plis et al.'% measured the a of 2 pm-thick
In, 47Ga, 53Sb lattice-matched to In 34Al, 53Sb using the T
method. To date, results reported on a for InGaSb are scarce;
thus, a in the long wavelength region could be further stud-
ied and investigated.

Next, as mentioned earlier, InGaP is of particular inter-
est for high-efficiency MJ solar cell applications.!”® For
the case where multiple PV cells are connected in series, a
wide-bandgap cell (>2.0 eV) is needed to achieve the most
efficient conversion of high-energy photons. Sun et al.'"” cal-
culated the a of Inj sGa, sP and Inj ,sGa, ;5P (2.19 eV) as
shown in Fig. 5d. Because of the limited data availability, «
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for In,, ,5Ga, ;5P was interpolated based on « of In\ sGa,, sP
and InP. Recent work from Zhu et al.”? reported the a of
InGaP (1.89 eV) using the R method to design the most
promising MJ device of an InGaP/GaAs/InGaAs structure.
Notably, the reduced epitaxial layer thickness without com-
promising the a properties will lead to great cost reduction
of the growth process of MJ.

GaAsN has been extensively studied for semiconductor
lasers for optical-fiber communication in the wavelength
range. GaAsN has a wide optical region coverage from the
near infrared to the ultraviolet region, where the optical
properties can be tailored as GaN and GaAs semiconductors.
It is also highlighted that the smaller nitrogen will cause a
big bandgap reduction, which causes GaAsN to have lower
a bandgap value as compared to GaAs. For instance, 1% of
nitrogen incorporation can contribute to a 0.2 eV bandgap
reduction.!” In 2000, Uesugi et al.'%! studied the absorption
coefficient of GaAs 996N 0034 a0 GaAS 99N os Using the
T method at 25 K and 297 K. The & information was used to
solve for the bandgap energy. It is observed that with higher
nitrogen composition, the bandgap energies are lower. Later
on, the absorption of GaAs 495Ng 005, GaAS 9967N( 00335
GaAs) 9977N0.0023> GaAS( 9988N0 0012, GaAS(.9994N0 006 aNd
GaAs 990N 9002 Were measured using the T method.'®” The
direct bandgap was calculated based on a and confirmed
that GaAsN is a direct-bandgap material. The T method was
also used to measure a of GaAs 4g4Nj 016, GaAS( 93sNp 0125
GaAs( 9993N0.0097- GaAS),9934N 006> A GaAS) 996Np g04- AS
shown in Fig. 5e, it is observed that as the nitrogen compo-
sition increases with respect to GaAs, the absorption value
decreases slowly before 8000 cm™!.12

Lastly, GaAsBi has a low bandgap due to the bismuth
composition and is a good candidate for MJ solar cells and
low-noise semiconductor photodiodes. The effects on the
photonics characteristics, specifically the valence band
engineering, and a with the change in bismuth composi-
tion appear to be important features for further study. In
2012, Hunter et al.'”® studied a for GaAs go,Bi oo USing
photocurrent measurement and confirmed that GaAsBi is
a direct-bandgap material. It was reported that a demon-
strates an exponential decrease with the decrease in pho-
ton energy below the bandgap region. Next, Zhou et al.®!
investigated the optical properties of GaAs ¢70Bij o, and
GaAs 9¢6Blg o34 P-i-n diodes using photocurrent measure-
ment. The bandgap energies are calculated as 1.16 eV and
1.24 eV, respectively. It is also observed that « is not influ-
enced by the depletion region, as the layers used are thin
enough (350 nm and 700 nm) to assume that full deple-
tion of the intrinsic region is achieved during the photocur-
rent measurement. A recent study by Liu et al.'?* discussed
the behavior of a for GaAs ¢93Big gg7, GaAsg gg3Big 17,
GaAsg g77Big.023. GaAs)97Big 28, GaAsgesBig 35
GaAsg g96Big gos» and GaAsg o,Bij 5, with photocurrent
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measurement as illustrated in Fig. 5f. Results show that the
incorporation of bismuth extends the cutoff wavelength of
GaAs. At 1000 nm wavelength, the a of GaAs 445Bi( o35
is~ 100 times higher compared to Si. In addition, low dark
current (< 10 uA) was reported for GaAsBi with 50-100 um
diameter, making GaAsBi a potential candidate for low-
noise photodiodes.

Furthermore, the trend in recent work focuses on deploy-
ing new materials such as InGaAs, GaAsN, and GaAsBi
with better electrical and optical performance for solar
and other optoelectronics applications. Therefore, future
research should focus on characterizing and calculating
the optical behavior of the new ternary materials. Based on
the literature review, a of ternary semiconductor materials
are established. However, it would be interesting to further
investigate the change in a, bandgap, and optical behavior
of the material with the variation in x composition for their
respective application. In addition, with reference to the o
information, it is worth looking into the improvement and
optimization of absorption performance for the semiconduc-
tor materials. For example, Mansur et al.'3! recently investi-
gated the multi-variable optimization (thickness and doping
concentration) of lattice-matched InGaAs using the genetic
algorithm. It was found that this approach had significantly
improved IR absorption and the collection of photogenerated
carriers, which contributed to an improvement in TPV cell
performance. This illustrates the importance of optimizing
the layer thickness and doping concentration of the semicon-
ductor materials for various applications which could be fur-
ther implemented for other ternary semiconductor materials.

Quaternary Semiconductor Material

In,_,Ga,AsP,_, and In,_ Ga,As Sb,_, are common qua-
ternary semiconductor materials that use two binary
direct-bandgap materials. For example, the bandgap of
In,_,Ga,As P,_, can be engineered between 0.73 eV and
1.34 eV, often grown on InP substrate.'?° It is crucial for the
a of InGaAsP to be measured accurately to improve preci-
sion in device tailoring.”® Similarly, the x and y composition
of In;_,Ga,As Sb,_, is modified to form a bandgap that var-
ies between 0.28 eV and 0.73 eV. The ability to form differ-
ent bandgaps affords high potential for various applications
such as detectors, lasers, modulators, and energy harvest-
ers and photodetectors in the near-infrared region.'*"!8? To
illustrate, InGaAsSb lattice-matched to GaSb is of particular
interest for waste heat harvesting in low-temperature radia-
tion.'83 The wide a range up to a wavelength of 4300 nm
makes it a suitable candidate for environmental monitoring
and gas analysis applications.'??

Regarding InGaAsP absorption, Emziane et al.® stud-
ied the a behavior of InGaAsP (1.0 eV and 1.2 eV) lat-
tice matched on InP with respective cutoff wavelengths
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at 1240 nm and 1033 nm. The a data were interpolated
based on lattice-matched InGaAs, with the assumption
that there is no surface recombination. Recently, Seifert
et al.'”® measured the a of In, s3Gag 4,AS 9P (0.799 eV),
Ing 6Ga 33A80.79P9 21 (0.857 V), Ing g5Gag 3480 69P0 31
(0.91 eV), Injg;Gag 9ASg 4P 55 (1.062 eV) and
Ing g9Gag ;1 ASg24P0.76 (1.17 €V) using the SE method. The
findings are beneficial for interpolating the a of InGaAsP
with other x and y composition in future work.”® Figure 6a
and b highlight the absorption coefficient curves of InGaAsP
and InGaAsSb, respectively, recorded by various methods.

On the other hand, InGaAsSb has a significantly wider a
spectrum than InGaAsP because the former material pos-
sesses InSb properties. In an earlier work, Peng et al.'8>134
performed numerical analysis on Ing,7Gag 9gAS 09Sbg o5
(0.6 eV), Ing5Gagg3As10Sbggo (0.58 eV),
Ing 14Gay g4AS) 145bg g6 (0.53 eV), and Ing ,0Gay gyAsy 15Sbg g
(0.53 eV) using Adachi’s model. The effect of cell tempera-
ture on a was also discussed for the first time. Similarly,
Gonzalez-Cuevas et al.”” numerically interpolated the a
of Iny 14Gagy gsAS) 14Sbg g6 On the other hand, the a values
for Ing 53Gag 77450 21Sbg 79 and Ing 30Gag 70Asg 2735bg 727
for 2000-2800 nm high-frequency application were calcu-
lated using the SE method.'?? Previous work from Mufioz
et al.'?! measured the a of Iny,Gag gAsg 14Sbg g Using
the SE method, and the reported work is in good agree-
ment with the result obtained from linear interpolation
using the endpoint material. Zhang et al.”* interpolated a
for In, ;5Ga, gsAs( 155b, g5 With novel x and y composition
for InGaAsSb for TPV application. In addition, Mitsuhara
et al.'® recently measured the & of Iny ¢sGa 35A50,09Sbg 10-
It is worth noting that « is extended to 2200 nm for a multi-
quantum well structure grown on InP substrate. This is a
breakthrough, as it is challenging to grow a multi-quantum
well structure that manages to absorb at wavelengths beyond
2000 nm.

Next, Ga,_ In As;_ N, with bandgap of 1-1.4 eV
grown on GaAs substrate has received attention due to
the effect of nitrogen in the structure towards the changes
in electrical and optical properties.'’> The a information
of GalnAsN is important for model the quantum efficiency
behavior. It is reported that factors such as the doping con-
centration, bandgap, annealing process, and growth condi-
tion influence @ of GalnAsN near the band edge region.
The a properties of GalnAsN are similar to GaAs above
the band edge region.'®® In 1998, a pioneering research
work on a of Gag ,Ing o3AS( 97N g3 (1 €V bandgap) was
conducted by using the T method.'®” With 3% of nitro-
gen and p-type doping concentration of 1x 10" cm™,
an absorption value of 10,000 cm~!' was recorded at
1000 nm before the band edge. Also, Kurtz et al."®! con-
ducted research on a of Ga ¢3In; 17ASg 9gNp o2 Using the
photocurrent method for solar cell application with > 70%
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Fig. 6 Methods to calculate the o for (a) InGaAsP, (b) InGaAsSb, (c) GalnAsN, and (d) GaAsBiN.

of quantum efficiency. The a of Ga, g,Ing 503AS 99Ng 001
was calculated using Green’s functions, and the transi-
tion in valence and conduction bands was observed at
700 nm and 830 nm as shown in Fig. 6¢.'®® Later on, a
of Gay 955N 042A50.984No.016> G20.977110.023A80.991N0.009-
Gay 973100,022A80.9915N0.0085: Ga0.9891M0.011A80.9962N0.0038-
Ga golng ;AS( 9963Np 0032 Was measured using the T
method.!?® It is observed that as the ratio of nitrogen to
arsenic decreases,  increases in a more rapid manner and
later starts to saturate when the nitrogen composition is
higher than 0.009. It is also reported that the absorption
value in Ga,_,InAs,_ N, is higher compared to GaAsN
with the same nitrogen ratio which is caused by the diver-
sity of chemical environment in Ga]_yInyAsl_xNx.w3

The performance of GaAs,_,_ N ,Bi, below 1.42 eV
bandgap appears to be interesting as other narrow band-
gap semiconductor materials such as InAs, GaSb, and InP

are reported to have intrinsic limitations such as Auger
recombination and optical loss for near- and mid-infra-
red application.'® The electrical and optical properties
of GaAs,;_,_ N Bi have the flexibility to be tailored in a
wide range by tuning the nitrogen and bismuth composi-
tion which could be useful for optoelectronics, photonics
devices and multijunction solar cell applications.'”® GaAs-
BiN can be grown latticed-matched on Ge and GaAs which
makes it a cost-effective candidate for solar cell applica-
tion. The theoretical a values of GaAs( g4uNj ¢35Big02;
and GaAs 47N 035Big 015 Were then studied as shown in
Fig. 6d."! It is observed that when nitrogen is constant
at 3.5%, the increase in bismuth from 1.8% to 2.1% con-
tributes to the increase in cutoff wavelength (1127 nm to
1200 nm) near the infrared and telecommunication wave-
length at 1300 nm. In addition, Wang et al.'? highlighted
that a small percentage of nitrogen content causes a large
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reduction shift in the conduction band edge, while bismuth
content contributes to an upward shift in the valence band
edge. Nevertheless, previous studies have focused on the
lattice constant and band structure of the device; the absorp-
tion coefficient of GaAsBiN with respect to the variation of
nitrogen and bismuth content could be further studied in a
more thorough manner.'*?

In summary, a of quaternary material is commonly meas-
ured using the SE method or numerically calculated using
the interpolation method. Research works have focused on
interpolating the absorption and roll-off trend at the band-
gap for materials with variations in x and y composition.
Further research is needed to investigate and measure a
at different x and y composition and to develop improved
methods to determine the a of InGaAsP and InGaAsSb
with higher accuracy with respect to the material structure.
Understanding the absorption properties of the materials is
important due to their optical properties for their desired
field of application.

Future Prospects and Recommendation

Semiconductor materials with cutoff wavelengths <2.0 pm
have been highly developed with good state-of-the-art per-
formance. Nevertheless, materials with cutoff wavelengths
> 2.0 pm generally suffer from high dark current and noise,
and these appear to be significant limitations of semiconduc-
tor materials. Exploring the absorption coefficient of new
semiconductor materials in the cutoff wavelength ranging
between 2.0 pm and 3.0 pm to improve the material per-
formance with minimal optical loss is of particular interest
for various applications such as infrared cameras, photode-
tectors, PV and TPV applications. For example, in photo-
detectors, an accurate electro-optical model helps tune the
spectral response resulting in better device performance.
Furthermore, full knowledge of the absorption coefficient
and the ultrasmall absorption value is significant to optimize
the performance of organic semiconductor-based solar cells®
and ternary and quaternary semiconductor materials for mid-
and far-infrared applications.

To further illustrate the importance of semiconductor
materials with cutoff wavelengths ranging between 2.0 pm
and 3.0 pm, TPV cells harvest waste heat for temperatures
ranging from 800 K to 2000 K, which requires narrow band-
gap materials such as In,_,Ga,As and In,_,Ga,As Sb,_, to
convert the infrared radiation. It is worth noting that research
work has been focusing on growing lattice-mismatched
In,_,Ga,As and In,_,Ga,As ,Sb,_, at long cutoff wave-
lengths for TPV application. However, the absorption coef-
ficients of the materials are not well reported. More often,
the absorption coefficients of these two materials are com-
monly calculated using interpolation by estimating a with
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respect to the component ratio. The photocurrent method
with EQE calculation is recommended in this case such
that the mathematical equations can solve for the accurate
absorption coefficient based on the device structure and pho-
tocurrent measurement. Moreover, the complexity in solving
the mathematical model has appeared to be one of the con-
straints as there are several design parameters involved, such
as L, Seps and D, ;. In this case, the introduction of artifi-
cial intelligence-based techniques such as GA appears to be
a feasible approach for accurately calculating the absorption
coefficient, considering the complexity of the equations and
parameters involved. Another advantage of deriving a using
the photocurrent measurement with advanced computation
is the capability of providing detailed information at the
absorption tail (Urbach Tail), which can be extrapolated to
extract the bandgap value of the material. Therefore, the
incorporation of intelligent computation into the photocur-
rent method should be further developed as a powerful tool
to provide more thorough information of « for the semicon-
ductor materials.

Based on critical literature review, transmission and
reflectance methods are preferred to solve for the absorp-
tion coefficient of established materials which are grown
on substrate of the same material. Nevertheless, handling
the heterojunction structures, this study revealed that meas-
urement methods such as SE, transmission and reflectance
measurement have constraint in solving for the absorption
coefficient data in the short wavelength region. For example,
for InGaAs material with InAsP layers (as the top capping
layer), the absorption coefficient of InGaAs can only be
determined for wavelengths > 1.3 um due to the cutoff wave-
length of InAsP at = 1.3 pm. Such a scenario fails to portray
the complete information of InGaAs absorption coefficient
in the short wavelength region. In addition, lattice-mis-
matched InGaAs grown on InP substrate has several InAsP
buffer layers with a variation of arsenide and phosphorous
composition ratio to improve the junction performance by
minimizing the defect propagation from the substrate or the
InGaAs growth interface. The cutoff wavelengths of the
buffer layers vary according to the InAsP composition, and
the strain in buffer layer would cause the shift in bandgap.
Hence, the absorption coefficient of InGaAs would not be
accurately measured by SE, transmission or reflectance.
Focusing on the future characterization work of new ternary
and quaternary compounds grown on a low-cost substrate,
transmission and reflectance can be used as an initial check
on the range of @. However, to accurately determine the a of
the material, the photocurrent method would comparatively
be the more feasible method as the measurement eliminates
the effects of buffer layers and the calculation takes into
account detailed information of L, S, and D, of the
material composition. In this case, it is recommended to
incorporate GA with the ability to handle the complexity
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of photocurrent measurement and calculation to solve the
detailed information of a.

Of the numerous experimental measurements and math-
ematical models for a of semiconductor materials reviewed,
experimental measurement has limitations in terms of accu-
racy and consistency, especially when handling devices with
uneven surfaces or nonuniformity across a single wafer. At
the same time, interpolation provides an estimation of a for
new ternary and quaternary materials. This method provides
a predictive analysis of the ternary and quaternary material's
optical properties solely based on the material composition,
without considering the electrical properties of the structure
design. With reference to the collected a data of single ele-
ment, binary, ternary, and quaternary materials, it is recom-
mended that the collected data are fed into an artificial neu-
ral network (ANN) algorithm as a novel intelligent method
to solve for a for the new semiconductor material. This can
be made practical in the scenario where the contributing
design parameters that lead to the variation of a are very
clearly defined and identified. For example, the bandgap
and other material parameters, such as the diffusion length
and surface recombination velocity, must be identified as
the input parameters with respect to a. Based on the input
database of various semiconductors, the ANN can be trained
intelligently to solve for a of any new semiconductor mate-
rial. This approach would be beneficial for the new composi-
tion of ternary and quaternary semiconductor materials. In
addition, the results would be more accurate compared to
the interpolation method, as the details of the semiconductor
device parameters will be taken into account for the predic-
tive analysis. Most importantly, such a breakthrough in a
research would be beneficial and cost-efficient compared to
the experimental measurement.

In addition, future work could further investigate the
absorption coefficient of the new ternary and quaternary
semiconductor materials and look into the feasibility of
methods and advancements in technology to grow them
on large-area and low-cost substrates such as Si, InP, Ge,
GaAs, and GaSb for large-scale production. For example,
InGaAsSb has been identified to be more cost-effective when
it is grown on a GaAs substrate compared to InGaAsSb
grown lattice-matched on a GaSb substrate.”® Thus, the
breakthrough in overcoming the cost factor in the growth
process would significantly increase the opportunity for
commercialization. Additionally, new quaternary materials
such as AlGaAsSb and AllnAsSb photodiodes grown on InP
substrate have recently received tremendous attention to be
commercialized owing to their economical substrate cost
and low noise advantages.'**

It is also essential to increase the absorbance of the mate-
rials to improve the overall performance efficiency. Several
loss factors decrease the likelihood of absorbance in the
designed structures. For example, the refractive index of air

on Si causes a reflection of approximately 35% of the total
incident photons, decreasing the beam intensity and output
performance, especially for photovoltaic applications. Sig-
nificant absorption improvement can be obtained by apply-
ing an optimum anti-reflective coating and texturing the
front cell surface.'” To illustrate, it is recommended that
semiconductor devices made of materials such as InGaAs,
Ge and InGaAsSb, are designed with anti-reflective coating
material such as MgO, or TiO, to improve the absorption
of the cell material, hence improving the power harvesting
system efficiency. Furthermore, optical losses occur signifi-
cantly through transmission distance. Therefore, penetra-
tion length of material must be designed carefully to avoid
transmission loss.'”® To reduce optical transmission losses,
mechanisms such as texturing the back surface reflector
and air bridge are implemented to trap light and increase
the transmission path.'®’ Similarly, it is suggested that back
surface reflector material could be further developed and
utilized to improve the performance of power harvesting
applications. Additionally, engineering ohmic metamate-
rial with transparent properties and high conductivity will
reduce the optical and electrical losses and hence improve
the absorbance. These factors will assist in improving the
performance of various semiconductor devices for the tar-
geted applications.

Conclusion

Accurate absorption coefficient information of the semi-
conductor material is crucial in designing various semicon-
ductor devices. This paper has presented a comprehensive
analysis of the mathematical derivation of different meth-
ods to numerically solve and measure a for semiconduc-
tor materials, highlighting the accuracy of the respective
method, advantages and disadvantages followed by potential
recommendations. In addition, this paper comprehensively
summarized the a data of various single-element, binary,
ternary and quaternary semiconductor materials with the
discussion of the fundamental optical properties and recent
studies in optimizing the optical performance. In general,
a of single-element and binary semiconductor materials is
mainly identified using optical and electrical methods. The
measurement results are consistent and well-established,
yet future work could focus on improving the absorption
performance using anti-reflective coating and structure opti-
mization. In contrast, the absorption coefficient of ternary
and quaternary semiconductor materials correspond to the
various measurement methods are not thoroughly reported.
The a of new ternary and quaternary material in the long
cutoff wavelength is worth further investigation for opto-
electronics, photodetectors, and heat harvesting applications.

@ Springer
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Lastly, the review has articulated the advancement of using
artificial methods such as GA and ANN to accurately deter-
mine a based on the detailed information of material struc-
ture. These novel methods can trigger a simple yet effective
approach to obtain the a of semiconductors and are favorable
for both new and available ternary and quaternary materials
for the mid- and long-IR region.
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