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Abstract: Quaternary (AlxGa1−x)yIn1−yP alloys grown on GaAs substrates have recently gained
considerable interest in photonics for improving visible light-emitting diodes, laser diodes, and
photodetectors. With two degrees of freedom (x, y) and keeping growth on a lattice-matched GaAs
substrate, the (AlxGa1−x)0.5In0.5P alloys are used for tuning structural, phonon, and optical character-
istics in different energy regions from far-infrared (FIR) → near-infrared (NIR) → ultraviolet (UV).
Despite the successful growth of (AlxGa1−x)0.5In0.5P/n+-GaAs epilayers, limited optical, phonon,
and structural characteristics exist. Here, we report our results of carefully examined optical and
vibrational properties on highly disordered alloys using temperature-dependent photoluminescence
(TD-PL), Raman scattering spectroscopy (RSS), and Fourier-transform infrared reflectivity (FTIR).
Macroscopic models were meticulously employed to analyze the TD-PL, RSS, and FTIR data of the
(Al0.24Ga0.76)0.5In0.5P/n+-GaAs epilayers to comprehend the energy-dependent characteristics. The
Raman scattering and FTIR results of phonons helped analyze the reflectivity spectra in the FIR
region. Optical constants were carefully integrated in the transfer matrix method for evaluating
the reflectivity R(E) and transmission T(E) spectra in the NIR → UV regions, validating the TD-PL
measurements of bandgap energies

(
EPL

g

)
.

Keywords: (AlxGa1−x)yIn1−yP alloys; MOCVD-grown epilayers; photoluminescence; Raman
scattering; Fourier-transform infrared spectroscopy; macroscopic models

1. Introduction

Epitaxially grown quaternary (AlxGa1−x)yIn1−yP/n+-GaAs epilayers with many flexi-
ble parameters are considered technologically attractive material systems [1–11]. The alloys
of (AlxGa1−x)yIn1−yP (referred to as AlGaInP) are frequently described as the combina-
tion of AlInP and GaInP, offering many options to crystal growers for designing various
electronic devices using low-dimensional heterostructures (LDHs) by adjusting dopants,
compositions x, y, and film thickness d. With a fixed value of y = 0.51 and varying x, the
quaternary alloys can attain a range of direct energy bandgaps Eg (≡1.91−2.37 eV) and
diverse values of dielectric functions

∼
ε(E) and/or refractive indices ñ(E) [12–31]. Subse-

quent modifications in lattice constants ao allowed an effective growth of AlGaInP alloys
on lattice-matched GaAs and/or Ge substrates [12–14]. For many years, efforts have been
made to prepare different III-V alloys by intermixing two or more binary compounds. For
instance, ternary alloys (InxGa1−xP, AlxGa1−xP or InAsxP1−x, GaAsxP1−x) are acquired by
combining two binary materials having either common anions or common cations. Quater-
nary alloys (AlxGayIn1−x−yP, AlxGayIn1−x−yAs or AlxGa1−xAsyP1−y, InxGa1−xAsyP1−y)
are also created by incorporating three or four binary compounds. These possibilities
have motivated many scientists and engineers to consider different epitaxial methods
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(viz., molecular beam epitaxy (MBE) [17,18,32,33], metal-organic vapor phase epitaxy
(MOVPE), and metal-organic chemical vapor deposition (MOCVD)) for preparing ultrathin
(AlxGa1−x)yIn1−yP/n+-GaAs epilayers, multi-quantum wells (MQWs), and superlattices
(SLs) [34–36].

AlGaInP-based LDHs have been recognized as exceptionally promising materials for
designing and/or developing high-electron-mobility transistors (HEMTs), heterostructure-
based bipolar transistors (HBTs), laser diodes (LDs), photodetectors (PDs), visible light-
emitting diodes (LEDs), frequency-mixing components (FMCs), electro-optic modulators
(EOMs), multi-junction solar cells (MJ-SCs), solid-state emitters (SSEs), integrated circuits
(ICs) [1–31], etc. While laser emission in the red spectral region was demonstrated recently
from (AlxGa1−x)yIn1−yP alloys with y ~ 0.5, highly efficient LEDs, emitting green-colored
light in the visible spectral range, have already been manufactured and are available
commercially [37–50]. Now, these devices are being incorporated as inter-connects or
sensors in different nano-/micro-electronics as well as in photonic systems to meet the
growing strategic and civilian application needs for space exploration, energy, and the
bio-medical arena for diagnoses, drug analyses/treatments, etc. Despite many efforts made
in engineering electronic devices comprising (AlxGa1−x)yIn1−yP/GaAs epifilms, MQWs,
and/or SLs, the optical, thermodynamic, structural, and phonon traits of the LDHSs are,
however, still not adequately appraised using experimental and/or theoretical methods in
the far-infrared (FIR) → near-infrared (NIR) → ultraviolet (UV) energy regions [51–73].

Research on the optical and phonon properties of semiconductor materials (viz., ab-
sorption coefficient α(E), reflectance R(E), transmittance T(E), etc.) has gained significant
interest owing to their importance in optoelectronics, photonics, and quantum technolo-
gies. These properties can be achieved by careful evaluations of the complex dielectric
functions

∼
ε(λ or E) [7–13]. Specifically, α(E) in a material represents the penetration depth

of photons at any wavelength before they are absorbed and/or transmitted. The accurate
selection of material can impact the performance of electronic devices. This is simply
because α(E) predicts the minimum detectivity of a material and plays a crucial role in
designing high-performance lasers, sensors, imaging devices, information processing, com-
munication tools, and energy harvesters [1–31]. Many semiconductors have shown the
ability to detect different groups of light depending upon their bandgap energies Eg. The
evaluations of

∼
ε(E), for binary compounds and alloys in different wavelengths, are closely

related to their phonon frequencies and inter-band transition energies at high critical points
in the Brillouin zone (BZ). The optical response of a material can be fully accomplished by
using

∼
ε(E)[≡ ε1(E) + iε2(E) ] and relating its real [ε1(E)] and imaginary [ε2(E)] parts to

the Kramers–Krönig transformation. As the structural, phonon, and electrical attributes of
LDHs are considered vital in device designs, it is therefore a customary tradition to probe
these traits by exploiting a variety of characterization techniques [51–63].

Many experimental methods [37–64], including high-resolution X-ray diffraction (HR-
XRD), energy-dispersive X-ray (EDX) [46], reflectance anisotropy (RA) [47], Auger spec-
troscopy, secondary ion mass spectroscopy (SIMS), Fourier-transform infrared (FTIR) [38,39]
spectroscopy, Raman scattering spectroscopy (RSS) [37,42], photoluminescence
(PL) [37,40,51–55], atomic force microscopy (AFM), photo reflectance (PR), reflection high-
energy electron diffraction (RHEED) [57–59], scanning electron microscopy (SEM), inelastic
neutron scattering (INS) [60–62], and spectroscopic ellipsometry (SE) [44,56], are employed
for assessing LDH phonon, electrical, and structural characteristics. While the HR-XRD,
FTIR [38,39], and RSS methods have played [37,40,51–55] important roles in appraising the
structural, phonon, and optical characteristics in bulk materials, their exploitations to assess
film thickness d, interfacial structure, and surface relaxation in LDHs (e.g., MQWs and
SLs) have remained surprisingly enigmatic. Despite the limited SE reports [29,44,56] on the
(AlxGa1−x)yIn1−yP/GaAs system, no systematic experimental and/or theoretical efforts
have been made for comprehending their phonon, structural, and optical characteristics.

This paper aims to report the results of methodical experimental and theoretical
efforts that we have formulated for carefully analyzing PL, RSS, and FTIR data to eval-
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uate the optical, phonon, and structural characteristics (cf. Sections 3 and 3.1–3.4) of
(AlxGa1−x)yIn1−yP/n+-GaAs epilayers. A set of four (AlxGa1−x)yIn1−yP samples, Ti
(i = 1–4; x = 0.24, y = 0.5) (see Table 1), of different thicknesses d (≡0.85 µm–1.08 µm)
were prepared using an MOCVD method (cf. Section 3.1) in the vertical growth set-
ting. Temperature-dependent PL (TD-PL) measurements were performed (cf. Section 3.2)
on each sample by using a 532 nm excitation source. The luminescence dispersed by a
monochromator detector was carefully collected using a liquid-nitrogen-cooled InSb detec-
tor. Raman scattering spectroscopy measurements (cf. Section 3.3) on these samples were
accomplished in the backscattering configuration by exploiting a Renishaw spectrometer
and using a He-Ne laser source with 633 nm as the excitation. Fourier-transform infrared
reflectivity studies in the FIR region were achieved (cf. Section 3.4) at near-normal inci-
dence (θ = 0) by using a high-resolution Brüker IFS 120 v/S spectrometer for assessing
the composition- and thickness-dependent variation in reflectivity R(ω) spectra on (cf.
Section 3.4) the MOCVD-grown epifilms. Appropriate macroscopic models were adopted
for carefully analyzing the experimental (PL, Raman scattering, and FTIR) data for ap-
praising energy-dependent optical responses on the (AlxGa1−x)0.5In0.5P/n+-GaAs epilayers.
Systematic results of numerical simulations based on different macroscopic methods [64]
were achieved and are compared/contrasted against the experimental/theoretical data (c.f.
Sections 2 and 2.1–2.5). In the NIR → UV energy regions, we used an MDF formalism for
accurately calculating the refractive indices n(E) and extinction coefficients κ(E). These
optical constants were incorporated in the transfer matrix method (TMM) to calculate the
reflectivity R(E) and transmission T(E) spectra of ultrathin (Al0.24Ga0.76)0.5In0.5P/n+-GaAs
samples (cf. Sections 2.5.1–2.5.4). The estimated energy bandgaps from R(E)/T(E) of
(Al0.24Ga0.76)0.5In0.5P/n+-GaAs epilayers agreed reasonably well with the PL data. The
conclusions drawn from this study are summarized in Section 4. The optical, structural, and
phonon characteristics using different analytical techniques on the (AlxGa1−x)0.5In0.5P/n+-
GaAs epilayers provided good information on the quality of the samples. These methods
can be extended to evaluate other low-dimensional heterostructure materials of technologi-
cal interest.

Table 1. Thickness-dependent (d, µm), room-temperature (RT) transport, and electrical characteristics
of four Ti (i = 1 to 4) MOCVD-grown (Ga1−xAlx)0.5In0.5P/n+ GaAs samples with x = 0.24. The charge
carrier concentration η (1018 cm−3), mobility µ (cm2/Vs), effective electron mass m*/me, pressure,
flow rate of H2, and dopants are reported. These parameters played important roles for studying the
optical and vibrational properties (see text).

Samples d (µm) η µ m*/me
Pressure

Torr τ
H2 Flow

Rate (slm) Dopant

T1 0.98 0.91 596.17 0.13 35 85 Si
T2 1.1 1.03 664.74 0.13 55 85 Si
T3 0.85 2.59 321.38 0.13 55 120 Te
T4 1.08 ~0.01 672.29 0.13 70 85

2. Results and Discussions

Customarily, III-V compound semiconductor-based quaternary (AlxGa1−x)0.5In0.5P/n+-
GaAs alloy epilayers of different composition, dopant types, thicknesses, and order param-
eters are used in many optoelectronic and photovoltaic devices [6,7]. Long-range chemical
collation is normally anticipated. A CuPt-type ordering may occur in these materials due
to surface reconstruction during their growth. This ordering can induce a lowering of
symmetry, which can cause small birefringence in the dielectric function of epilayers in
the near-bandgap spectral region [29]. Such an elusive analysis is beyond the scope of
this study. Hence, the anisotropy is not considered here for data treatment in simulating
phonon/optical characteristics. The relevance of isotropic approximation in III–V qua-
ternary epilayers has already been reported by many researchers in different published
works [29].
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2.1. Energy Bandgap by Photoluminescence

By using a HORIBA Jobin Yvon T64000 micro-Raman system, we report in Figure 1a the
PL results acquired in the spectral range λ (≡570 nm–630 nm) exploiting a 532 nm excitation
source. As the temperature, T (≡30 K–300 K), changes, the PL intensity measurements
on the (Al0.24Ga0.76)0.50 In0.50P/n+-GaAs epilayer sample #T2 revealed appropriate shifts
with the decrease in peak intensities exhibiting electronic energy bandgaps EPL

g (≡2.1 eV
to 2.03 eV), in excellent agreement with the existing experimental/theoretical [29] data
as well as the results derived by using the Varshni formula [70] (cf. Section 2.1.1). The
decrease in PL intensities with the increase in T in our samples is due to the enhancement
of non-radiative recombination processes.

Figure 1. (a) Temperature-dependent photoluminescence measurements exhibiting a shift in intensity
peaks of electronic energy bandgaps (EPL

g ) from 2.1 eV to 2.03 eV, in good agreement with the
experimental/theoretical results. (b) Comparison of the experimental (open red color square) energy
bandgap of the (Al0.24Ga0.76)0.50In0.50P alloy with Varshni’s (Ref. [70]) formula (blue open circles)
using an appropriate set of values for the adjustable parameters α and β (see text).

2.1.1. Temperature-Dependent Energy Bandgap

In a semiconductor alloy, the temperature-dependent energy bandgap can be estimated
by using the Varshni formula [70]:

Eg(T) = Eg(T → 0)− αT2

T + β
, (1)

where α and β are the fitting parameters characteristic of a given material. With the choice
of α = 3.9 E-4 eV/K and β = 210 K for the quaternary (Al0.24Ga0.76)0.50 In0.50P alloy, our
calculated T-dependent energy bandgaps (see Figure 1b) compared favorably well with the
experimental TD-PL data.
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2.1.2. Composition-Dependent Energy Bandgap

The composition-dependent energy bandgaps of quaternary (AlxGa1−x)0.5In0.5P alloys
can be evaluated by exploiting the Eg values of ternary Al0.5Ga0.5P and Ga0.5In0.5P alloys
using the following equation [71]:

Eg(AlxGa1−x)0.5In0.5P = xEg(Al0.5Ga0.5P) + (1 − x)Eg(Ga0.5In0.5P)− x(1 − x)B, (2)

where B is the bowing parameter. With the appropriate selection of Eg values for Al0.5Ga0.5P,
Ga0.5In0.5P alloys and B (≡0.18 eV), the calculated results of the bandgap for (AlxGa1−x)0.5In0.5P
displayed in Figure 2 agreed quite well with the experimental data for x~0.24.

Figure 2. Composition-dependent energy bandgap of (AlxGa1−x)0.5In0.5P alloys as a function of
composition by using Equation (2) following Ref. [71]. The PL result of Eg at x = 0.24 is shown by red
color open square.

Again, the TD-PL results will be analyzed in Sections 2.5 and 2.5.1–2.5.4 by using
a comprehensive MDF formalism [29] and simulating the optical constants (i.e., refrac-
tive indices n(E), extinction coefficients κ(E)) in the NIR → UV energy regions for the
(Al0.24Ga0.76)0.5In0.5P alloy and GaAs. Incorporating n(E) and κ(E) for the alloy and
substrate along with film thickness d, our simulated R(E)/T(E) spectra using the TMM
approach offered the energy bandgap EPL

g for a 0.9 µm thick epilayer, in excellent agreement
with the PL measurements.

2.2. Optical Phonons by Raman Scattering Spectroscopy

Many systematic analyses of the RSS spectra have been reported in different semi-
conductor epilayers for comprehending their structural (i.e., strain due to lattice mis-
match), chemical (composition), and configurational (ordering) characteristics [37,42]. In
Figure 3, we have reported our Raman scattering measurements on four MOCVD-grown
(AlxGa1−x)0.5In0.5P/n+-GaAs epilayers of composition x = ~0.24. Vertical magenta-colored
arrows are drawn in Figure 3 to indicate the values of major optical phonon energy features
for both the epifilms and substrate (see Table 2). Like PL experiments, one expects the
Raman results of the (AlxGa1−x)0.5In0.5P alloys to be dependent on the RSS data of the
ternary InyAll−yP and InyGal−yP alloys.



Molecules 2024, 29, 4188 6 of 17

Figure 3. Raman scattering spectra of four MOCVD-grown (AlxGa1−x)0.5In0.5P/n+-GaAs epilayers
with x = 0.24. These measurements were performed by using a Renishaw Raman Microscope
model-100 in the backscattering geometry with a 633 nm laser beam from a He–Ne source. Vertical
magenta-colored arrows are used to indicate the TO mode of the GaAs (substrate) as well as the AlP-,
GaP-, and InP-like LO and TO modes of the quaternary alloy (see text).

Table 2. Our Raman scattering spectroscopy measurements in four Ti (i = 1 to 4) MOCVD-grown
(Ga1−xAlx)0.5In0.5P/n+GaAs samples with x = 0.24 (cf. Section 3.1) have revealed the optical
phonon frequencies.

Samples d
(µm)

GaA-like InP-like GaP-like AlP-like
ωTO ωTO ωLO ωTO ωLO ωTO ωLO

T1 0.98 268.5 330.3 365.0 - 375.2 - 453.0
T2 1.1 269.1 329.9 365.1 - 385.0 - 465.0
T3 0.85 269.0 329.8 365.3 - 371.3 - 441.0
T4 1.08 268.7 330.2 365.3 - 386.1 - 455.0

In addition to observing the ωTO mode (≡~269 cm−1) of the GaAs substrate, the
Raman measurements identified four additional phonon features. The frequencies include
two InP-like (ωTO, ωLO), one GaP-like (ωLO), and one AlP-like (ωLO) mode, respectively.
Slight variations in the frequencies reflect disorder-related effects. Raman scattering studies
performed earlier on MBE-grown In0.48Ga0.52P/GaAs epilayers [49,51–54] perceived three
vibrational features: two ωLO (GaP-like, InP-like) modes at ~380 cm−1, ~360 cm−1 and one
ωTO (InP-like) mode at ~330 cm−1. Similar studies on MOCVD-grown In0.5Al0.5P/n+-GaAs
epitaxial layers [55] revealed two optical phonon features (InP-like) at ~340 cm−1 and (AlP-
like) ~460 cm−1, respectively. A comparison with our measurements on quaternary alloys
(see Table 2) clearly corroborated the dependence of RSS results on the ternary InyAll−yP
and InyGal−yP alloys.

2.3. Optical Phonons by Far-Infrared Spectroscopy

Room-temperature FTIR measurements were performed both on (Al0.24Ga0.76)0.5In0.5P/
n+-GaAs epifilms (cf. Section 3.1) and the GaAs substrate by using a high-resolution Brüker
IFS 120 v/S FTIR spectrometer. The results are reported in Figure 4a,b for the four Ti
(i = 1, 4) samples and the substrate, respectively. During the growth of MOCVD epilayers
of thickness d (between 0.85 µm and 1.1 µm), the samples were doped (see Table 1) either
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by incorporating Si or Te. In the binary zb (GaAs) material, one expects a TO and an LO
mode (magenta-colored vertical arrows in Figure 4b). The ωTO, ωLO frequencies are related

to the Lyddane–Sachs–Teller relation
(

ε0
ε∞

=
ω2

LO
ω2

TO

)
, where the terms ε0 and ε∞ are the

static and high-frequency dielectric constants, respectively.

Figure 4. (a) Experimental reflectivity spectra using a high-resolution Brüker IFS 120 v/S FTIR
spectrometer on four MOCVD-grown (Ga1−xAlx)0.5In0.5P/GaAs Ti (i = 1, 4) samples with x = 0.24
(see Table 1). Magenta vertical arrows identify the major optical modes. (b) Experimental (calculated)
reflectivity spectra of n+ GaAs substrate using blue-colored open circles (red-colored line) (see text).

The reflectivity spectrum of GaAs (Figure 4b) is seen dropping to a minimum at the
plasma edge (near ωLO ~293 cm−1). Its position depends on the carrier concentration while
revealing a sharp peak near the ωTO (~269 cm−1) mode. In the Al0.24Ga0.76)0.5In0.5P/n+-
GaAs epilayers, the ωTO phonon frequencies (see Figure 4a) of the GaAs-like, InP-like,
GaP-like, and AlP-like modes (see Table 3) are shown by using magenta-colored vertical
arrows. Like Raman scattering, the FTIR reflectivity results of (AlxGa1−x)0.5In0.5P alloys
are expected to be equally dependent on ternary InyAll−yP and InyGal−yP alloys [52,53]
because they provide complementary information to the Raman scattering spectroscopy.
The results of the (Al0.24Ga0.76)0.5In0.5P/GaAs epifilms were carefully analyzed theoretically
(cf. Section 2.4) by using a three-phase ‘air–film–substrate’ model in the framework of
a classical ‘Drude–Lorentz’ approach [64], which confirmed the linking of the observed
phonon spectral features to the InP-, GaP-, and AlP-like modes, where the role of the GaAs
substrate cannot be ignored.

Table 3. The results of FTIR spectroscopy measurements revealed optical phonons in four Ti (i = 1 to
4) MOCVD-grown (Ga1−xAlx)0.5In0.5P/n+ GaAs samples (cf. Section 3.1) with x = 0.24.

Samples d
(µm)

GaAs-like
ωTO

InP-like
ωTO

GaP-like
ωTO

AlP-like
ωTO

T1 0.98 268.7 335.3 372.3 422.3
T2 1.1 269.2 335.2 375.2 422.4
T3 0.85 269.0 335.1 365.3 422.3
T4 1.08 268.4 324.2 390.1 418.1
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2.4. Simulation of Reflectivity Spectra in the FIR Region

In the FIR region, the physical process involved in polar compounds can be described
in terms of the interactions between photons and the crystal lattice by using a wave-
vector

→
q and frequency-dependent dielectric response function

∼
ε
(
ω,

→
q
)

. In semiconductor

materials, there are two main processes that contribute to
∼
ε
(
ω,

→
q
)

: (a) the lattice effect

[
∼
ε lat

(
ω,

→
q
)

] from the optical phonons, and (b) the free-carrier effect [
∼
εfc

(
ω,

→
q
)

] from
electrons in the conduction band or holes in the valence band. In the long-wavelength limit
→
q → 0, the complex

∼
ε(ω) in the classical ‘Drude¯Lorentz′ scheme holds with sufficient

accuracy for the description of contributions from free carriers to the lattice phonons in
alloy semiconductors. For evaluating

∼
ε(ω), the model can be expressed as [64]

∼
ε(ω) =

∼
ε lat(ω) +

∼
εfc(ω) = ε∞ + ∑

j

Sjω
2
j

ω2
j −ω2 − iγjω

− ε∞
ω2

p

ω
(
ω+ i

τ

) , (3)

where
∼
ε lat(ω)(≡ ε∞ + ∑j

Sjω
2
j

ω2
j −ω2−iγjω

);
∼
εfc(ω)(≡ ε∞

−ω2
p

ω(ω+iγp)
). The term ωp =

√
4πηe2

me*ε∞

represents the plasma frequency; η stands for the free-charge carrier concentration; me
*

is the effective mass; γp(≡ 1
τ ≡ e

m*µ
) indicates the plasma damping constant; and µ is

the mobility. The modeling of Equation (3) for the quaternary alloys requires appropriate
parameters such as Sj, γj, and ωj (see Table 4A), which run over the index j, with j ≤ 3 and
for the substrate (see Table 4B). For further information about the history and applicability
of

∼
ε(ω), the reader is referred to an earlier publication [64] with appropriate discussions.

To comprehend the reflectivity spectra of thin quaternary alloy (Al0.24Ga0.76)0.5In0.5P
epifilms grown on the n+-GaAs substrate, we adopted here a three-phase (i.e., ‘air–film–
substrate’) model. In this scheme, one considers the dielectric functions of the air ε1 = 1,
thin film ε2 =

∼
εtf, and substrate ε3 =

∼
εs. Following Cadman and Sadowski [72], the

reflection
∼
r 123 coefficient at near-normal incidence for an epilayer of thickness d can be

obtained by using [64]

∼
r 123 =

∼
r 12 +

∼
r 23exp[i2β

]
1 +

∼
r 12

∼
r 23exp[i2β

] , (4)

where
∼
r ij =

∼
ni−

∼
nj

∼
ni+

∼
nj

represents the Fresnel coefficients; β = 2πdω
√

∼
ε2 signifies the phase

multiplier; and d is the film thickness. In terms of
∼
r 123, the power reflection R(ω) can be

calculated by using [64]

R(ω) =
∣∣∣∼r 123

∣∣∣2. (5)

To obtain
∼
εtf(ω) for an ultrathin MOCVD-grown (Al0.24Ga0.76)0.5In0.5P epifilm (sample

#T1) and
∼
εs(ω) for the GaAs substrate, we used Equation (3) and incorporated appropriate

values of the parameters listed in Table 4A,B. By employing Equations (4) and (5), the FIR
reflectivity spectra R(ω) for sample #T1 are simulated in the frequency region 50 cm−1–
600 cm−1 for the (Al0.24Ga0.76)0.5In0.5P/n+-GaAs epilayer (see Figure 5). The theoretical
result of reflectivity revealing a ‘three-mode behavior’ agrees reasonably well with the
experimental data, implying their role in establishing a good-quality epilayer.
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Table 4. The optical parameters are obtained by meticulously fitting the room-temperature experi-
mental FIR reflectivity spectra for the MOCVD-grown (Ga1−xAlx)0.5In0.5P/GaAs sample T1 of d =
0.98 µm with x = 0.24. (A) The necessary parameters (ε∞j, Sj, ωToj,, and γj’s) of InP-like, GaP-like, and
AlP-like modes are carefully derived by using a ‘Drude–Lorentz’-type model in the framework of a
‘three-phase multilayer’ optics methodology. (B) The parameters used in the calculation of reflectivity
spectra for the GaAs substrate (see text).

(A)

(Ga1−xAlx)0.5In0.5P/n+GaAs Parameters

x = 0.24

Molecules 2024, 29, x FOR PEER REVIEW 8 of 17 
 

 

2.4. Simulation of Reflectivity Spectra in the FIR Region 
In the FIR region, the physical process involved in polar compounds can be described 

in terms of the interactions between photons and the crystal lattice by using a wave-vector 
q�⃗  and frequency-dependent dielectric response function ε�(ω, q�⃗ ). In semiconductor mate-
rials, there are two main processes that contribute to ε�(ω, q�⃗ ) : (a) the lattice effect 
[ε�lat(ω, q�⃗ )] from the optical phonons, and (b) the free-carrier effect [ε�fc(ω, q�⃗ )] from elec-
trons in the conduction band or holes in the valence band. In the long-wavelength limit 
q�⃗ → 0, the complex ε�(ω) in the classical ′Drude − Lorentz′ scheme  holds with sufficient 
accuracy for the description of contributions from free carriers to the lattice phonons in 
alloy semiconductors. For evaluating ε�(ω), the model can be expressed as [64] 

ε�(ω) = ε�lat(ω) + ε�fc(ω) = ε∞ + ∑
Sjωj

2

ωj
2−ω2−iγjω

j − ε∞
ωp
2

ω(ω+iτ)
, (3) 

where ε�lat(ω) (≡ ε∞ + ∑
Sjωj

2

ωj
2−ω2−iγjω

j ); ε�fc(ω)(≡ ε∞
− ωp

2

ω�ω+iγp�
). The term ωp = �4πηe2

me∗ε∞
 repre-

sents the plasma frequency; η stands for the free-charge carrier concentration; me
∗
 is the 

effective mass; γp(≡ 1
τ
≡ e

m∗μ
) indicates the plasma damping constant; and μ is the mo-

bility. The modeling of Equation (3) for the quaternary alloys requires appropriate param-
eters such as Sj, γj, and ωj (see Table 4A), which run over the index j, with j ≤ 3 and for 
the substrate (see Table 4B). For further information about the history and applicability of 
ε�(ω), the reader is referred to an earlier publication [64] with appropriate discussions. 

Table 4. The optical parameters are obtained by meticulously fitting the room-temperature experi-
mental FIR reflectivity spectra for the MOCVD-grown (Ga1−xAlx)0.5In0.5P/GaAs sample T1 of d = 0.98 
μm with x = 0.24. (A) The necessary parameters (ε∞j, Sj, ωToj,, and γj’s) of InP-like, GaP-like, and AlP-
like modes are carefully derived by using a ‘Drude–Lorentz’-type model in the framework of a 
‘three-phase multilayer’ optics methodology. (B) The parameters used in the calculation of reflec-
tivity spectra for the GaAs substrate (see text). 

(A) 
(Ga1−xAlx)0.5In0.5P/n+GaAs Parameters 

x = 0.24  

Sample T1 

 
 ε∞ 8.81 

InP-like mode 
S1 1.76 

ωTO1  (cm−1) 335.57 
γ1 (cm−1) 16.28 

GaP-like mode 
S2 0.11 

ωTO2  (cm−1) 372.34 
γ2 (cm−1) 4.30 

AlP-like mode 
S3 0.31 

ωTO3  (cm−1) 422.30 
γ3 (cm−1) 23.22 

(B) 
n+ GaAs Substrate 300 K 

ε∞ 10.89 
S 4.53 

ωTO (cm−1) 268.51 
γ (cm−1) 5.05 

Carrier concentration 
(1018 cm−3) 

1.14 

Mobility (cm2/Vs) 1383.12 
Effective mass (m*/me) 0.063 

Sample T1

Molecules 2024, 29, x FOR PEER REVIEW 8 of 17 
 

 

2.4. Simulation of Reflectivity Spectra in the FIR Region 
In the FIR region, the physical process involved in polar compounds can be described 

in terms of the interactions between photons and the crystal lattice by using a wave-vector 
q�⃗  and frequency-dependent dielectric response function ε�(ω, q�⃗ ). In semiconductor mate-
rials, there are two main processes that contribute to ε�(ω, q�⃗ ) : (a) the lattice effect 
[ε�lat(ω, q�⃗ )] from the optical phonons, and (b) the free-carrier effect [ε�fc(ω, q�⃗ )] from elec-
trons in the conduction band or holes in the valence band. In the long-wavelength limit 
q�⃗ → 0, the complex ε�(ω) in the classical ′Drude − Lorentz′ scheme  holds with sufficient 
accuracy for the description of contributions from free carriers to the lattice phonons in 
alloy semiconductors. For evaluating ε�(ω), the model can be expressed as [64] 

ε�(ω) = ε�lat(ω) + ε�fc(ω) = ε∞ + ∑
Sjωj

2

ωj
2−ω2−iγjω

j − ε∞
ωp
2

ω(ω+iτ)
, (3) 

where ε�lat(ω) (≡ ε∞ + ∑
Sjωj

2

ωj
2−ω2−iγjω

j ); ε�fc(ω)(≡ ε∞
− ωp

2

ω�ω+iγp�
). The term ωp = �4πηe2

me∗ε∞
 repre-

sents the plasma frequency; η stands for the free-charge carrier concentration; me
∗
 is the 

effective mass; γp(≡ 1
τ
≡ e

m∗μ
) indicates the plasma damping constant; and μ is the mo-

bility. The modeling of Equation (3) for the quaternary alloys requires appropriate param-
eters such as Sj, γj, and ωj (see Table 4A), which run over the index j, with j ≤ 3 and for 
the substrate (see Table 4B). For further information about the history and applicability of 
ε�(ω), the reader is referred to an earlier publication [64] with appropriate discussions. 

Table 4. The optical parameters are obtained by meticulously fitting the room-temperature experi-
mental FIR reflectivity spectra for the MOCVD-grown (Ga1−xAlx)0.5In0.5P/GaAs sample T1 of d = 0.98 
μm with x = 0.24. (A) The necessary parameters (ε∞j, Sj, ωToj,, and γj’s) of InP-like, GaP-like, and AlP-
like modes are carefully derived by using a ‘Drude–Lorentz’-type model in the framework of a 
‘three-phase multilayer’ optics methodology. (B) The parameters used in the calculation of reflec-
tivity spectra for the GaAs substrate (see text). 

(A) 
(Ga1−xAlx)0.5In0.5P/n+GaAs Parameters 

x = 0.24  

Sample T1 

 
 ε∞ 8.81 

InP-like mode 
S1 1.76 

ωTO1  (cm−1) 335.57 
γ1 (cm−1) 16.28 

GaP-like mode 
S2 0.11 

ωTO2  (cm−1) 372.34 
γ2 (cm−1) 4.30 

AlP-like mode 
S3 0.31 

ωTO3  (cm−1) 422.30 
γ3 (cm−1) 23.22 

(B) 
n+ GaAs Substrate 300 K 

ε∞ 10.89 
S 4.53 

ωTO (cm−1) 268.51 
γ (cm−1) 5.05 

Carrier concentration 
(1018 cm−3) 

1.14 

Mobility (cm2/Vs) 1383.12 
Effective mass (m*/me) 0.063 

ε∞ 8.81

InP-like mode
S1 1.76

ωTO1 (cm−1) 335.57
γ1 (cm−1) 16.28

GaP-like mode
S2 0.11

ωTO2 (cm−1) 372.34
γ2 (cm−1) 4.30

AlP-like mode
S3 0.31

ωTO3 (cm−1) 422.30
γ3 (cm−1) 23.22

(B)
n+ GaAsSubstrate300 K

ε∞ 10.89
S 4.53

ωTO (cm−1) 268.51
γ (cm−1) 5.05

Carrier concentration
(1018 cm−3) 1.14

Mobility (cm2/Vs) 1383.12
Effective mass (m*/me) 0.063

Figure 5. Comparison of the simulated (violet-colored solid line) IR reflectivity spectra R(ω) with the
experimental (black-colored inverted triangles) data for the (AlxGa1−x)0.5In0.5P/n+-GaAs epilayer
(sample T1). The simulation was performed using a three-phase ‘air–film–substrate’ model (Ref. [64]),
while experimental data were obtained by a high-resolution Brüker IFS 120 v/S FTIR spectrometer
(see text).
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2.5. Analysis of Optical Spectra for Quaternary Alloys
2.5.1. Dielectric Function in the NIR → UV Energy Region

The accurate determination of the epilayer thickness d has been and still is a major
challenge for both scientists and engineers. Reflectivity R(E) spectra in the NIR → UV
energy regions have frequently been used for appraising d of different nanostructured
films. By using traditional methods, the accurate assessment of film thickness is not
feasible due to significant reductions of interference fringes in the transparent regions.
Quite recently, Ramírez et al. [73] adopted the TMM approach for effectively estimating
d in various nanostructured Zn(Cd)Te/GaAs epilayers by comparing the simulated R(E)
spectra with the experimental data. In the TMM, one is required to have comprehensive
energy-dependent dispersions of the optical constants [

∼
ε(E) and/or

∼
n(E)] for both the

epilayers and substrates.
In Section 2.5.2, we succinctly outlined the salient features of the TMM for evaluating

R(E) and T(E) in semiconductor epilayers. By considering a macroscopic MDF approach
and carefully incorporating the estimated values of inter-band transition energies at critical
points from the SE measurements [29,44,74], we (cf. Section 2.5.3) have simulated the optical
constants for the quaternary (AlxGa1−x)0.5In0.5P alloys and GaAs substate. The results of
both epifilm and substrate were systematically incorporated for calculating the R(E) and
T(E) spectra of a 0.9 µm thick (Al0.24Ga0.76)0.5In0.5P/GaAs epilayer (see Section 2.5.4). The
analysis of the R(E)/T(E) data provided the energy bandgap EPL

g for the quaternary alloy
in excellent agreement with the room-temperature PL data, signifying the quality of the
MOCVD-grown epifilm.

2.5.2. Transfer Matrix Method

An ultrathin film of any material is regarded as a plane-parallel layer to an infinite
extent. The most satisfactory foundation of calculating optical properties in thin-film optics
is derived from an electromagnetic (EM) theory. In this formalism, all energy relations are
expressed in terms of the steady-state amplitudes of both the electric and magnetic field
vectors at the successive interfaces of multilayers [29].

An alternative way of simulating the optical response in a multilayer system is to
consider the TMM. In this formalism, we succinctly outlined the methodology adopted for
calculating R(E)/T(E) spectra in multilayer epifilms. For an epilayer of thickness d, the
characteristic matrix M (or Fresnel matrix) in the TMM can be expressed as [73]

M ≡
(

cos δ i sin δ
η

i sin δ cos δ

)
(6)

where

δ ≡
(

2π
∼
nd
λ

cos θ

)
, (7a)

η ≡


( ∼

n cos θ
)

is for s − polarization( ∼
n

cos θ

)
is for p − polarization

(7b)

and θ is the angle of incidence.
The second-order matrix in Equation (6) is commonly expressed as

M ≡
(

m11 m12
m21 m22

)
. (8)

In this approach and using Equation (8), the amplitude of reflectance (
∼
r ) and transmit-

tance (
∼
t ) coefficients are derived as a function of the matrix components [73]:
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∼
r ≡ (η0m11 + η0ηsm12)− (m21 + ηsm22)

(η0m11 + η0ηsm12) + (m21 + ηsm22)
, (9)

and
∼
t ≡ 2η0

(η0m11 + η0ηsm12) + (m21 + ηsm22)
. (10)

where η0 and ηs signify the coefficients that are identical to those reported by Hecht [75] and
characterize the optical properties of the epifilm and substrate, respectively. Multiplying

(
∼
r ) and (

∼
t ) by their complex conjugates can lead to the reflectance:

R(E) ≡
∣∣∣∣∼r 2
∣∣∣∣, (11)

and transmission:

T(E) ≡
∣∣∣∣∼t 2
∣∣∣∣. (12)

2.5.3. Optical Constants in NIR → UV Region for (AlxGa1−x)0.5In0.5P

Several macroscopic methodologies exist in the literature for comprehending the
optical properties of different semiconductor materials [29]. Appropriate analytical expres-
sions have been developed in various theoretical schemes by carefully incorporating the
inter-band transition energies at the critical points in the BZ. Frequently adopted methods
for simulating the optical constants in binary/ternary/quaternary semiconductor alloys
include (i) DHOs, (ii) SCP, and (iii) MDFs. These methodologies have enabled researchers
to obtain

∼
ε(E) and/or

∼
n(E) in the NIR → UV energy regions for assessing optical traits

in different semiconductor materials [29]. In the framework of an MDF approach by ap-
propriately including contributions of the high-energy inter-band transitions at critical
points [29,44,74], we simulated the energy-dependent dispersions of

∼
ε(E) and

∼
n(E) for

both the quaternary (AlxGa1−x)0.5In0.5P alloys and the GaAs substrate.
In Figure 6a,b, the calculated results of

∼
ε(E) and

∼
n(E) are displayed for the quaternary

(AlxGa1−x)0.5In0.5P alloys in the energy range of 0–8 eV by using an increment of the alloy
composition x (≡ 0.2). Here, we used different color points for indicating the simulated
results of ε1(E) (black color points), ε2(E) (green color points), n(E) (blue color points),
and κ(E) (red color points). Clearly, the calculated results validated the experimental
SE measurements [29,44,74] by achieving excellent agreements. Moreover, the perusal of
Figure 6a,b shows that the spectra of both

∼
ε(E) and

∼
n(E) shift towards the high-energy side

as the alloy composition x increases, in accordance with the change in inter-band transition
energies (E0, E1, E2, etc.) at high critical points in the BZ. We also noticed (see Figure 6b)
that the strongest peaks in κ(E) are related to the E2 transitions.

2.5.4. Thickness-Dependent Reflectivity and Transmission Spectra

Recently, Ramírez et al. [73] employed the TMM approach and successfully tested
its use for accurately estimating the film thicknesses in nanometer-sized Zn(Cd)Te/GaAs
epilayers. The authors [73] simulated reflectance R(E) spectra by methodically incorporat-
ing the optical constants [n(E), κ(E)] of both the epilayers and substrate. A comparison
of R(E) with the experimental data offered a simple way of assessing the accuracy of
a given film thickness d. Here, we explored the use of the TMM for simulating both
R(E) and T(E) for achieving the accurate energy bandgap values of the nanometer-sized
(AlxGa1−x)0.5In0.5P/GaAs epifilms. The simulated results for the optical constants (cf.
Section 2.5.3) of the epilayer, substrate, and film thickness d were carefully integrated in the
methodology outlined in Section 2.5.2 for acquiring the reflectivity R(E) and transmission
T(E) spectra at near-normal incidence θ = 0. In Figure 7, the calculated results of R(E)
and T(E) spectra for the (AlxGa1−x)0.5In0.5P/GaAs epilayer are displayed for the film of
thickness d [≡900 nm (or 0.9 µm)] by using different-colored lines (red: reflectance; green:
transmittance). Vertical magenta-colored arrows drawn near 605 nm (EPL

g ≡2.05 eV) in
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Figure 7 clearly show the bandgap of the (Al0.24Ga0.76)0.5In0.5P/GaAs epilayer, in excellent
agreement with our TD-PL and existing data from the literature [71].

Figure 6. (a) Simulation of E-dependent ε1(E), ε2(E) for the (AlxGa1−x)0.5In0.5P alloys with an
increment of composition x. (b) Simulation of E-dependent n(E), κ(E) for the (AlxGa1−x)0.5In0.5P
alloys with an increment of composition x.

Figure 7. Transfer-matrix-based simulated spectra of reflectance R(E) (red-colored line) and trans-
mission T(E) (green-colored line) for the 0.9 µm thick (Al0.23Ga0.74)0.5In0.5P epifilm grown on the
GaAs substrate. The magenta-colored vertical arrows drawn near 605 nm predicted the bandgap of
~2.05 eV, in excellent agreement with our PL and existing data from the literature [71].



Molecules 2024, 29, 4188 13 of 17

3. Material Growth and Characterization Methods
3.1. MOCVD Growth of (AlxGa1−x)0.5In0.5P/n+-GaAs

The needs of designing different electronic devices based on (AlxGa1−x)yIn1−yP alloys
require epitaxially grown films, MQWs, and SLs on appropriate lattice-matched substrates.
The flexibility of selecting different compositions x, y and film thicknesses d comes at
the expense of difficult growth processes coupled with many requisites of using tedious
calibration methods. A low-pressure MOCVD method in the vertical growth configuration
is used here for preparing a set of four Ti (i = 1 to 4) (Al0.24Ga0.76)0.5In0.5P/n+-GaAs
samples. High-purity trimethyl indium (TM In), trimethyl gallium (TM Ga), and trimethyl
aluminum (TM Al) were employed as precursors to supply In, Ga, and Al, respectively,
while using PH3 to provide P. High-purity H2 was exploited as a carrier gas. Following
the methodology described elsewhere [57], the (Al0.24Ga0.76)0.5In0.5P epifilms of thickness
d (≡0.85 µm–1.1 µm) were prepared under different conditions by aligning an n+-GaAs
substrate at 15o with respect to the nearest <110> direction. Under appropriate conditions,
the samples were grown at 690 ◦C by maintaining suitable pressures τ, H2-flow rates, and
n-type dopants (see Table 1). An Olympus BX51 Nomarski interference microscope and
EDX spectroscopy were employed to examine the structural and chemical distribution of
the atoms on epifilms [57]. Methodical analyses of PL, RSS, and FTIR measurements (cf.
Sections 2.1–2.5) were accomplished for assessing the impact of x, y and d on optical and
vibrational characteristics to evaluate the quality of the MOCVD-grown samples.

3.2. Photoluminescence

Photoluminescence is a simple and non-destructive method for evaluating the elec-
tronic energy bandgaps (EPL

g ) of binary, ternary, and/or quaternary alloys. Systematic
measurements of temperature-dependent PL studies were conducted on MOCVD-prepared
(Al0.24Ga0.76)0.5In0.5P/n+-GaAs epilayers. A 532 nm Nd:YAG laser (cf. Section 2.1) was
used as an excitation source by calibrating the radiation lines of a Xe lamp and employing a
HORIBA Jobin Yvon T64000 micro-Raman system equipped with a charge-coupled device
and an InSb detector.

3.3. Raman Scattering

Raman scattering spectroscopy is frequently used for comprehending the lattice dy-
namics of semiconducting alloys. We performed RSS measurements in the backscattering
geometry on (Al0.24Ga0.76)0.5In0.5P/n+-GaAs epilayers by using a Renishaw Raman Micro-
scope (model-100) with a 633 nm line from a He–Ne laser. A holographic notch filter was
employed to block unwanted reflections. The phonon traits exhibited strong dependence
on their structural (e.g., x, y and d) features. One must note that Raman selection rules in
zincblende (zb) crystals with a (100) surface forbid the observation of the ωTO mode and
allow only the ωLO phonon [54,55]. Misalignment or disorder in samples can, however,
relax these selection rules. The intensity ratio between the allowed ωLO and forbidden
ωTO modes is used for carefully characterizing the quality of the samples. Composition-
dependent optical phonons for (Al0.24Ga0.76)0.5In0.5P/n+-GaAs epilayers were obtained
in the frequency range of ~40 cm−1 to 800 cm−1. Several scans were performed on each
sample at different locations with a run of 16 accumulations for reducing the impacts of
noise. Despite setting an exposure time of ~10 s to minimize the thermal effects on each
sample, it remained inevitable for local heating to cause the broadening in the observed
phonon bands. The complex mode behavior (see Section 2.2) in the (Al0.24Ga0.76)0.5In0.5P
alloys was found to be dependent on the Raman scattering spectroscopy data of the ternary
InyAll−yP and InyGal−yP alloys.

3.4. Infrared Spectroscopy

Room-temperature (RT) FTIR reflectivity measurements were performed on each
MOCVD (Al0.24Ga0.76)0.5In0.5P/n+GaAs grown epifilm (cf. Section 3.1) by using a high-
resolution Brüker IFS 120 v/S FTIR spectrometer with a 2 cm−1 resolution and 100 coaddi-
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tions. In these studies, we employed a Globar-source, high-efficiency Mylar 6 beam-splitter
and a Mercury Cadmium Telluride (MCT) detector. Unpolarized IR reflectivity experi-
ments are also carried out using a deuterated triglycine sulfate (DTGS 201) detector. FTIR
spectroscopy is an alternative technique to RSS for determining the lattice phonons in semi-
conductor materials. In (Al0.24Ga0.76)0.5In0.5P samples, the method offered a ‘three-mode
behavior’ (see: Section 2.3), where the effects of the GaAs substrate cannot be ignored.

4. Concluding Remarks

The knowledge of the optical, structural, and phonon properties of a single, ultrathin
(AlxGa1−x)0.5In0.5P/GaAs epilayer and/or multilayers are considered of paramount im-
portance for designing different LDH-based optoelectronic, photonic, and multi-junctional
photovoltaic devices. By using TD-PL, RSS, and high-resolution FTIR spectroscopy, we
reported the results of our systematic studies of electrical, structural, and phonon charac-
teristics of MOCVD-grown highly disordered quaternary AlGaInP epilayers prepared on
lattice-matched n+-GaAs substrates. Macroscopic models were meticulously employed
for analyzing the experimental data for assessing their appropriate energy-dependent
[E(≡h̄ω)] optical responses. In the FIR region, we examined the reflectivity spectra of the
(Al0.24Ga0.76)0.5In0.5P/n+-GaAs epilayer at near-normal incidence (θ = 0) by using a classi-
cal three-phase ‘Drude–Lorentz’ model (‘air–film–substrate’) within an effective medium
approximation. Apposite InP-, GaP-, and AlP-like optical phonon energies are shown,
providing dominant contributions for analyzing the experimental FTIR reflectivity spectra.
Except for the observed GaP-like mode feature, our simulations agreed reasonably well
with the experimental results. Moreover, the phonon features observed in our RSS are
complimentary to the FTIR results. Slight scattering in the phonon frequency values of
AlP- and GaP-like modes noticed in our and other existing studies is not surprising, as
these vibrations are likely subsumed by the strong influence of InP-like phonons in the
RSS measurements. In the NIR → UV energy regions and adopting an MDF formalism, we
accurately simulated the optical constants (i.e., n(E), κ(E)) of both the Al0.24Ga0.76)0.5In0.5P
film and the GaAs substrate. These results are drawn from the spectroscopic ellipsometry
features of the inter-band transitions at high-energy critical points in the BZ. By meticu-
lously incorporating these optical constants in the TMM, we systematically evaluated the
reflectivity R(E) and transmission T(E) spectra of the ultrathin Al0.24Ga0.76)0.5In0.5P/n+-
GaAs epilayer for validating the TD-PL results of the bandgap EPL

g energy of an ultrathin
film. We strongly believe that the optical, structural, and phonon characterization results
reported here for the AlInGaP quaternary alloys can be extended to other low-dimensional
heterostructure materials of technological interest.
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