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A B S T R A C T   

Optical and structural properties in high-x InxGa1-xAs (x > 0.65) samples with varying indium concentration 
grown on InP (100) substrate are reported. By increasing the indium fraction, it was found by the high-resolution 
X-ray diffraction (HR-XRD) study that the dislocation density in the InxGa1-xAs epitaxial layer significantly 
increased, and the surface quality deteriorated remarkably. Photoreflectance (PR) spectra show the presence of 
Franz-Keldysh Oscillations (FKOs) features above the InxGa1-xAs energy bandgap. The strain-induced electric 
field is then estimated directly from the FKOs periods. Temperature-dependent photoluminescence (TDPL) 
measurements from 10 K to 300 K showed carrier locations (S-shape). This abnormal behavior is due to the 
dislocation density associated with fluctuations in the indium concentration. A quasi-stationary rate equation 
model for the temperature-dependent luminescence spectra of the localized state material system is proposed to 
interpret the band gap emission process quantitatively. Low-temperature (10 K) time-resolved PL measurements 
show the increase of lifetime with increasing the indium concentration. Yet, the addition of only 1.7% of indium 
concentration results in a strong enhancement of PL lifetime by ~ 80%. 

All these results reveal a more precise picture of the localization and recombination mechanisms of photo
generated carriers in the InGaAs layer, which could be the crucial factors in controlling the performance of high 
indium content InGaAs SWIR detector.   

1. Introduction 

High-x (x > 0.53) InxGa1-xAs/InP material systems have achieved 
great success in optoelectronics and received enormous research inter
est. One of the most important applications is short-wave (1–3.6 um) 
infrared (SWIR) detectors [1,2], which is required for the various field, 
such as spectroscopy [3], astronomy [4] and medicine [5]. Yet, in order 
to extend the response of the detector to longer wavelengths, it is 
necessary to grow the InxGa1-xAs alloy with a high In content (x > 0.53) 
[6]. Epitaxial growth requires suitable substrate materials, but lattice 
mismatch always limits the heteroepitaxy of such materials. 

However, the composition of the InxGa1-xAs layer is very important 
because it affects the electronic properties of these devices. In order to 
achieve this goal, the × value in InxGa1-xAs must be increased to 0.65 to 

0.85, which will cause a significant lattice mismatch (+0.55% to +
2.2%) between the InxGa1-xAs layer and the InP substrate [1]. The 
growth of high-x In is accompanied by the generation of dislocations and 
other defects caused by lattice mismatch, which will lead to poor surface 
quality and no uniformity in the alloy composition [7,8]. For the reasons 
mentioned above, carriers are captured and redistributed by spatial 
potential fluctuation and localized energy states, which is referred to as 
carrier location [9,10]. Moreover, carrier’s localization in semi
conductor systems has been extensively studied [11]. Such carrier 
localization phenomenon usually increases the dark current of the de
vices [12]. In this framework, Xiaoli et al. [6] have shown that this high 
dark current is still one of the critical technology issues for the devel
opment of extended-wavelength InxGa1-xAs/InP (x > 0.53) photode
tectors (PDs). 

Abbreviations: FKOs, Franz-Keldysh Oscillations; SWIR, Short-Wave Infrared; PDs, Photodetectors; LES, Localized State Ensemble; Cu, Cuivre; Ar, Argon; Ti-Sa, 
Titane-Saphir; FWHM, Full Width at Half Maximum. 
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The influence of carrier localization is also manifested in the tem
perature abnormality « S-shape » of the peak PL energy and the form of 
the low-temperature PL decay curve[13,14]. In order to fit the curve, 
several methods have been used, such as double exponential model, 
triple exponential model, stretched model, etc [15-17]. Nevertheless, 
these methods only provide mathematical fitting without detailed 
physical explanation. Hence, the exact nature of the carrier localization 
and carrier dynamics are key issues for understanding and improving 
InGaAs devices. This type of high × InxGa1-xAs anomalous behavior 
requires a thorough study to fully explain the physics behind this phe
nomenon, especially the dark current mechanism. Furthermore, more 
research is required on both device structure and dark current mecha
nism of InGaAs photodetectors. 

In this letter, we used a luminescence model for localized state 
ensemble (LSE) developed by Li et al. [16], taking into account gener
ation, thermal activation, and recapturing of excitons by using Pässler 
model to follow the energy evolution. Moreover, we used the photo
reflectance (PR) spectroscopy to obtain important properties of the 
samples. By analyzing the Franz–Keldysh oscillations, we estimated the 
built-in electric fields. In addition, time-resolved PL measurements 
(TRPL) were carried out at 10 K. The investigation of the electronic 
properties presented in this paper could yield on improvement of the 
efficiency of the high-x InxGa1-xAs/InP structures (x > 0.65) and make 
them useful for many types of devices used in optoelectronics and 
microelectronics. 

2. Experimental details 

The three samples, 190 nm-thick InxGa1-xAs investigated in this 
paper, were fabricated by Metalorganic Vapor Phase Epitaxy (MOVPE) 
at 560 ◦C on InP (100) substrate. For the InxGa1-xAs samples called S1, 
S2 and S3, it corresponds to × = 0.650, x = 0.661 and × = 0.667 and 
are described in detail in Ref [7]. 

The samples were characterized by HR-XRD, PR, PL and TRPL 
spectroscopy. Then, the samples were characterized by HR-XRD and PL. 
The HR-XRD measurements were performed using Rigaku SmartLab 
diffractometer, equipped with a rotating Cu anode (wavelength Kα =
1.54056 A) which provides 9 kW X-ray power and four bounced Ge 
(220) monochromator allowing a 2theta precision of 0.0004◦. We used 
a tungsten lamp in PR, and the modulating source an Ar+ laser (532 nm) 
chopped at 250 Hz. An InGaAs photodiode detected the PR signal. With 
PL spectroscopy, we studied the samples between 10 and 300 K while 
keeping the samples in a closed-cycle helium circulation cryostat. The 
samples are excited using 514.5 nm line of the continuous-wave Ar+

laser. The excitation density was fixed at 80 W/cm2. The luminescence 
was dispersed using a JOBIN YVON HRD1 monochromator and detected 
by a cooled Ge diode detector with a built-in amplifier. The TRPL spectra 
were measured at a temperature of 8 K using a closed cycle cryostat. In 
this case, the PL dynamics was excited by a frequency-doubled Ti: Sa 
laser at λexc = 375 nm, the laser-pulse duration was 2 ps pulse-repetition 
frequency was 4 MHz. A super conducting nanowire single photon de
tector (single quantum) detected the PL signal from the InGaAs samples 
using a time-correlated single-photon counting system (picottarp from 
picoquant). The instrument response function is at the order 150 ps. The 
excitation power is 50 mW, and the laser spot size is about 10 µm2). 

3. Results and discussions 

3.1. HR-XRD results 

Fig. 1 shows the HR-XRD patterns of InxGa1− xAs epilayer on InP 
substrate for different indium concentrations. The peaks at 63.5◦ and 
62.2◦ corresponds to InP and InxGa1-xAs respectively. Increase of indium 
content in InxGa1− xAs epilayer shows a decrease in angle due to the 
increase of lattice constant [7]. The FWHM of an epilayer examined by 
HR-XRD is an important parameter to characterize the crystalline 

quality and dislocation. The values of lattice parameter and dislocation 
density are calculated and summarized in the Table 1. Increase of in
dium content from × = 0.650 to 0.667 shows an increase of the dislo
cation density from 2.1*109 m− 2 to 3.1*109 cm− 2. However, these 
values only reflect the average dislocation density of the epilayer. The 
lattice mismatch has also been determined for different indium content 
in InxGa1-xAs/InP. The addition of indium increases the lattice 
mismatch, but this is significantly less compared to GaAs substrate 
[18,19]. 

3.2. Photoreflectance results 

The photoreflectance technique (PR) is an important and useful tool 
to investigate and qualify the interband transitions and electric field 
distributions in semiconductor and multilayer structures because of its 
derivatives-like nature and sharp spectral features. The main advantage 
of PR is its high sensitivity, even at room temperature. However, the 
existence of overlapping spectral characteristics of different regions of 
multilayer structures can complicate PR analysis. 

Fig. 2 shows the PR spectra of the three high-x InxGa1-xAs samples at 
room temperature. PR is a differential form of reflectance; therefore, its 
sensitivity is very high, as shown in Fig. 2. In this case, transitions 
originating from the InP substrate and InGaAs layer are visible [20,21]. 
In addition, the PR spectra reveal many oscillations above the high-x 
InxGa1-xAs layer and InP substrate for the three samples [22,23]. 
These oscillations are related to the Franz-Keldysh oscillations (FKO), 
resulting from an electric field present in the different samples. FKO has 
a regular periodicity and presents only the energies above the critical 
point [24]. There appear to be two sets of FKOs, one related to the InP 
gamma-point of 1.39 (±0.02) eV and the other linked with the InGaAs 
bandgap. Note that the shape and position of the PR spectrum in all 
samples are not identical. The shift in the extrema of the FKOs is 
observed. This is due to the variation of lattice mismatch between the 
InGaAs layer and the InP substrate, increasing the indium content in 

Fig. 1. 2θ/ω HR-XRD spectra of the InxGa1-xAs layers having different In alloys 
grown on InP by MOVPE [7]. 

Table 1 
InxGa1− xAs samples characteristics and calculated parameters using HR-XRD.  

Samples Indium 
(x = ) 

Lattice 
parameter (A◦) 

Dislocation density 
(109cm− 2) [7] 

Lattice 
mismatch (%) 

S1  0.650  5.9545  2.1  1.44 
S2  0.661  5.9592  2.6  1.54 
S3  0.667  5.9618  3.1  1.58  

S. Badreddine et al.                                                                                                                                                                                                                            



Optics and Laser Technology 148 (2022) 107714

3

InxGa1-xAs. The FKOs have been frequently used to define the built-in 
electric field inside the semiconductor device. In this article, we will 
only be interested in this FKO related to the InGaAs layer. 

Now, to estimate the value of electric fields in the high-x InxGa1-xAs 
layer, the FKO period is analyzed using an asymptotic expression for the 
PR line shape given by Aspnes and Studna [25]. In the region 0.7–0.9 eV, 
the oscillatory ΔR/R signal can be described by: 

ΔR
R

=
1

E2(E − E0)
exp[− 2(E − E0)

1
2

Γ
(hΩ)

3
2
]cos[

4
3
(
E − E0

hΩ
)

3
2 + ∅] (1) 

where Γis the broadening parameter, É¸ is an arbitrary phase factor 
and h Ω is the electro-optic energy expressed as follows: 

hΩ = (
q2h2Fint2

8μ )
1/3 (2) 

Note that q is the electron charge,μ is the reduced inter-band effec
tive mass in the electric field direction and Fint is the internal electric 
field. 

In order to extract PR parameters (Fint, ℏΩ, etc.), the energy of FKO 
extrema (En) is given by [26]: 

En = (hΩ)Hn +E0 (3) 

and 

Hn =

[(
3Π
2

)

(n − 1/2)
]

2/3 (4) 

Thus, by plotting En as a function of Hn (see Fig. 3), from linear 
fitting, we can determine ℏΩ and E0 from the slope and the intersection 
with the ordinate at the origin, respectively. Recalling equation (2), Fint 
can be extracted by: 

Fint =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2μ(hΩ)
3

q2h2

√

(5) 

A summary of the experimental results is shown in Table 2. The 
obtained values of E0 are 0.73, 0.71 and 0.67 eV for sample S1, S2 and 
S3, respectively. InGaAs band gap value is close to that obtained by 

HR_XRD measurements. To evaluate Γ for the InGaAs transitions, 
experimental linewidths are least-squares fits equation (1) as shown in 
Fig. 2. It is interesting to note that the values Γ increase with increasing 
indium concentration in InxGa1− xAs. However, we can see significant 
differences in the internal electric field strength in the samples. It is 
important to note that sample S3 with the highest residual strain pre
sents the highest internal electric field of 76.5 kV/m. According to D. 
Yan et al. [27], the value of the internal electric field in the ternary alloy 
semiconductor (In0.53Ga0.47As), lattice-matched to InP substrate is 30 
kV/cm. Yet, for the sample S1, S2 and S3, the residual strain in epitaxial 
layers increases with the increase of indium concentration. As all the 
structures examined in this paper have the same geometric structure, we 
believe that the significant difference in the electric fields is due to 
different amounts of dislocation density. A high concentration of dislo
cation density will reduce the quality of the structure, form electron 
dispersion centers, and generate a strong built-in electric field in the 
sample. 

3.3. Photoluminescence results 

Fig. 4 compares the PL spectra of the InxGa1− xAs epilayer with 
various indium concentrations (x = 0.650, 0.661, 0.667) at 10 K under 
the same excitation power density of 80 W/cm2 of 514 nm. As indium 

Fig. 2. Room temperature PR spectra (dots) obtained from samples S1, S2 and 
S3 at different indium concentration and fits (green lines) performed using Eq. 
~ 1. 

Fig. 3. Plot of the energy extremes En vs. index number Hn for each sample. 
The straight lines are fittings to the FKO model using eq.3. The lines slope and 
ordinates to origin relate to the electric field strength Fint and the InGaAs 
bandgap energy E0. 

Table 2 
Summary of PR results for InxGa1-xAs layers. Bandgap energy E0, broadening Γ, 
internal electric field Fint, and electro-optical energy hΩ. Some value from the 
literature are added.  

Sample xIn E0 

(eV) 
Γ 
(meV) 

hΩ 
(meV) 

Fint (kV/cm) 

Exp Ref. 

S1  0.650 0.73 ±
0.02 

3.2 ±
0.1 

16 ± 1 47.9 ±
0.2 

F = 155 ± 5 (xIn 

= 0.15) [28] 
S2  0.661 0.71 ±

0.02 
4.9 ±
0.1 

19 ± 1 61.6 ±
0.2 

F = 30 ± 2 (xIn 

= 0.53) [27] 
S3  0.667 0.67 ±

0.02 
5.1 ±
0.1 

22 ± 1 76.5 ±
0.2 

F = 50 (xIn =

0.65) [29]  
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concentration increases to a small amount of 1.7%, the PL peak shows a 
large red-shift of about 170 nm, which is most suitable for short-wave 
infrared applications. The FWHM of the PL emission increases signifi
cantly with increasing indium concentration in InxGa1− xAs: incorpo
rating high indium in InxGa1− xAs induces the structural in- 
homogeneities that cause localized potential fluctuations in its band 
structure [30,31]. Also, as shown in Fig. 5, the PL peak energy as a 
function of lattice temperature shows a “S-shape” (red/blue/red-shift) 
behavior which is the foot- print of the presence of localized carriers [7]. 
The S-shape behavior becomes more pronounced at high indium con
centration. The phenomenon of the S-shape behavior at low temperature 
can be explained as follows : at cryogenic 10 K (party I in Fig. 6) the 

excitons are strongly located in levels whose energy distribution extends 
within the band gap of the material. As lattice temperature to ~ 60 K, 
excitons thermalize and relax to the local minima (alloy disorder) so that 
the PL peak energy decreases and we observed the first red shift. With 
further increase of temperature from 60 K to 100 K (party II in Fig. 6), the 
localized carriers gain enough thermal energy to be transferred to higher 
energy levels in the band-tails until they reaches maximum of band 
continuum, thus leading to blue-shift of the PL peak energy. Finally, 
when the lattice temperature increased above 100 K (party III in Fig. 6), 
the carriers are thermally activated and prevented from localization 
(free carrier recombination). A schematic diagram is shown in Fig. 6. 
The classic models such as Varshni [15], Vina [16], and Pässler [17] 
explain well the behavior at high temperature but unable to reproduce it 
at low temperature. The localized effects at low temperature can be 
explained using the Localized State Exciton Model or modified Pässler 
model with the impact of thermal redistribution of localized carriers 
[32-34]: 

E(T) = E(0) −
αθ
2

[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +

(
2T
θ

)
p

√

− 1

]

− x(T).KB.T (6) 

The second term describes the shrinking of band according to the 
classic Pässler equation with α and Θ are Varshni parameter and the 
Debye temperature, respectively. The dimensionless coefficient × (T) 
can be obtained by numerically solving the equation [35]: 

xex =

[

1+
(

σ
KB.T

)
2 − x

](
τr

τtr

)

e
E0 − Ea
KB .T (7) 

where σ is the broadening parameter for the distribution of the 
localized states at central energy E0. τr, τtr, Ea and KB are the radiative 
lifetime, non-radiative lifetime, activation energy, and the Boltzmann 
constant. At high temperature, the solution of equation (7) can be 
approximated to be: 

x
(

σ
KB.T

)
2 (8) 

Equation (6) can be rewritten as [10]: 

(T) = E(0) −
αθ
2

[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +

(
2T
θ

)
p

√

− 1

]

−
σ2

KB.T
(9) 

Fig. 5 shows compares the experimental data with the classical and 
modified Pässler Model. The modified Pässler model gives a good 
agreement with experimental data. The fitting parameters are summa
rized in Table 3. 

Using the LSE model, the temperature dependence of the position of 
the PL peaks of the three S-shaped structures can be well reconstructed, 
as shown in Fig. 5. From the calculation, we obtained the same E0 value 
as obtained by PR results. However, ΔE = Ea-E0 is a necessary parameter 
to understand the abnormal temperature dependence of temperature 
better. From a physical point of view, there are two situations. ΔE can be 
positive (+) or negative (-), but ΔE is usually positive. In our case, it is 

Fig. 4. Comparison of the PL spectra of the three InGaAs samples with different 
In concentrations at 10 K. 

Fig. 5. The PL peak energy of InxGa1− xAs epilayer as a function of lattice 
temperature. green and red solid lines de- scribes the classical and modified 
Pässler model fit to the experimental data respectively. The parameters yielding 
to the best fit are tabulated in Table 3. 

Fig. 6. Schematic diagram for describing the hopping of carriers in localized 
levels. Dotted lines I , II and III indicate the transition process of carriers be
tween different localization states with increasing temperatures. 
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positive and it increases by increasing the indium concentration. For 
samples S3, S2, and S1, the values are 16.5 meV, 11.0 meV, and 4.8 meV, 
respectively, that is, Ea is located above E0. In this case, the localized 
carriers are thermally activated to a higher energy state. This is why the 
S-shape is more evident in the S3 sample. This explains the larger 
occupied localized states and the proximity of empty states located at 10 
K. In fact, the excitons gain enough thermal energy to overcome the 
small barrier and excite to a higher localized state above Ea with larger 
potential. The depth of potential fluctuation assigned by σ is the result of 
fluctuations in the indium composition and the presence of the electric 
field in our structures [31]. The potential depth is found to be 10.5; 15.0 
and 16.8 meV. It is larger with increasing concentration indium and 
electric-filed. As a result, we can that the increase of potential depth 
increases the dark current of the devices, which could be the crucial 
factor in controlling the performance of high indium content InxGa1-xAs 
SWIR detector [36]. 

3.4. TRPL results 

Time-resolved photoluminescence measurement was carried out to 
understand the influence of indium concentration on the carrier dy
namics in the high-x InxGa1-xAs layers. The PL lifetime profile of InxGa1- 

xAs at 10 K for different indium concentrations are shown in Fig. 7. To 
obtain the PL lifetime, we fitted with a single-exponential decay, I(t) =
I0*exp(− t

τ) [37] where I0 and τ are amplitude and decay time-constant, 
respectively. The lifetime is determined to be 0.33 ns, 0.49 ns, and 0.59 
ns for the sample S1, S2, and S3, respectively [38]. Surprisingly, the low 
PL lifetime of 0.33 ns is obtained in sample S1, which has the best 
crystalline quality compared to the others. The addition of only 1.7% of 
indium concentration results in a strong enhancement of PL lifetime by 
~ 80%. Regarding this increase of lifetime with increasing the indium 
concentration, two factors should be considered: the localization of 

excitons and the local electric field. It is well known that the localization 
of excitons yields an increase in the radiation lifetime [39]. This could 
explain that the decay time in sample S3 is longer than the one in sample 
S1 as the excitons could be strongly localized. The larger electric-filed in 
the high-In structures could also lead to a spatial separation of electrons 
and holes, yielding an increase in recombination time [40]. 

Fig. 8 shows the measured PL lifetime τInGaAs vs. the pump power for 
an excitation wavelength of 375 nm. The PL lifetime of the InxGa1-xAs 
first increases and then saturates for pump powers beyond 60 μW. This 
could to due to the filling and saturation of localized states. Then of high 
density of carriers, the free excitons could be more sensitive to the local 
electric field, yielding an increase of the recombination time. This hy
pothesis should be confirmed by further investigations [41]. 

4. Conclusion 

We have studied high-x InxGa1-xAs layers on InP substrates by HR- 
XRD, PL, PR and TRPL with varying indium concentration. PR mea
surement revealed oscillations above the InGaAs layer, which are related 
to the Franz-Keldysh oscillations (FKO). From an analysis of the FKO, we 
have estimated that the electric field increases with indium concentra
tion. The temperature-dependent PL measurement demonstrates the 
critical role played by carrier localization. The S-shape behavior is the 
result of a competitive process between localized and non-localized 
carriers. For increasing indium concentration in InGaAs, the density of 
localization increases. Luminescence measurements have been success
fully modeled and interpreted using the developed LSE model. These 
theoretical studies have quantitatively explained the temperature- 
dependent spectra observed. LT-TRPL measurements showed longer 
decay times in the high-x samples, which is likely due to increased 
localization and electric field effects. 

Our works shows that the high defect densities leads the carrier’s 
localization, thereby increasing the dark current of the device. In addi
tion, it’s imparts a deep level understanding of the behavior of carriers 
and optoelectronic parameters in high-x InxGa1-xAs structures. In the 
next work, we will study the compensation of the strain layer by adding 
the buffer layer in our high-x InxGa1-xAs structures for minimizing the 
dislocation density and the residual strain (ε) in the InxGa1-xAs epitaxial 
layer. 
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Table 3 
The best-fit parameters of the experimental data of InxGa1− xAs for different In 
content, obtained by the modified Pässler model.  

Samples xIn E0 

(meV) 
Ea- 
E0(meV) 

σ 
(meV) 

τr /τtr α (eV/ 
k) 

T 
(k) 

S1  0.650  0.76  16.70  4.8 2000  2.70 200 
S2  0.661  0.71  24.26  11.0 1500  2.73 185 
S3  0.667  0.68  29.30  16.5 535  2.60 243  

Fig. 7. Normalized TRPL decay curves for InxGa1-xAs/InP samples for x = 0.65 
to 0.667 at 10 K with excitation power 50 µW. A single exponential decay (solid 
line) fitted with experimental data (symbols). 

Fig. 8. PL lifetime as a function of excitation power (µW) of the InxGa1-xAs/InP 
samples for x = 0.65 to 0.667 at 10 K. 
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