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ARTICLE INFO ABSTRACT

Keywords: The free buffer InGaAs/InP structure has been elaborated by Metal Organic Vapor Phase Epitaxy (MOVPE). High
Carrier localization indium content is chosen to reduce the bandgap energy of the ternary material with direct bandgap to be pro-
S'ShaPe moted for Infrared optoelectronic devices. In this work, the temperature dependent photoluminescence (TDPL)
h?ézx‘j?n;tate ensemble (LSE) analysis of In-rich In,Ga; _4As (x = 0.65: S1, x = 0.661: Sy, and x = 0.667 S3) samples is of the central focus. The
Photoluminescence S-shaped behavior recorded at low temperature range in the III-V ternary is quantitatively studied herein by
MOVPE Localized State Ensemble (LSE) model. A comparison between the semi-empirical evolution of luminescence

versus temperature and our numerical simulation proves the adequacy of computational details, used in LSE
model, in well reproducing the S-shape feature. The numerical simulation well matched with PL spectra proving
that the localization phenomenon is stronger when increasing the Indium mole fraction. The clustering effect in
In-rich structure seems to be beneficial for enhancing the carrier localization within In,Ga;_,As by localizing
carriers from away extended defects that behave probably as non-radiative centers. This is indicative of the
utmost importance of localization phenomenon in trapping carriers within localized states instead of dislocations
and defects, owing to clustering of indium atoms.

1. Introduction

Over the past decades, III-V compounds represent the most univer-
sally platform used in photonics. Their bandgap tunability reached via
alloy engineering and their direct emission are considered the main
operating characteristics that govern the optical devices’
manufacturing. As an active layer, In,Ga; xAs ternary (noted InGaAs
hereafter) is commonly chosen not only for most light emitting systems
but also for photodetection application. Numerous investigations of such
alloy have been devoted to ameliorating the growth conditions and to
reach short-wave infrared (SWIR) frequencies by increasing Indium
content in gallium arsenide [1,2]. Since the growth of InGaAs/GaAs
highly introduces defects’ density and misfit dislocations within the
crystalline structure which will be degraded for higher Indium content
[3], it has been demonstrated that engineering InGaAs lattice matched
to InP can be ensured for Indium content x = 0.533 [4], aiming to reach

* Corresponding author.
E-mail address: benarbiamarwa94@gmail.com (M. Ben Arbia).

https://doi.org/10.1016/j.mssp.2021.106411

the SWIR band. This finding is a landmark in the design of
lattice-matching structures devoted to manufacturing optoelectronic
devices operating in telecommunication and near infrared windows.
However, carrier localization in such In-doped structures is extensively
reported because of the highly In-induced compositional inhomogeneity
in the host material (GaAs) and the high density of In-related impurities
[5]. In fact, this aspect has been extended to several III-V alloys such as
GaBiAs, GaSbBi, BGaAs, BInGaAs, GaIlnNAs, and InGaN due to the po-
tential fluctuations induced near the band edge (conduction
band-valence band) by the incorporation of Bismuth, Bore, Indium, and
Nitrogen atoms [6-15]. This phenomenon is especially concretized by
an anomalous temperature dependent photoluminescence. Eliseev et al.
[15] developed a band-tail model to interpret the S-shape optically
observed in InGaN material at low temperatures. Though the empirical
formula well simulates the energy behavior at high temperatures, it still
unable to describe this anomaly in the low temperature range. Then, Li
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et al. proposed a Localized-State Ensemble (LSE) model well reproduc-
ing the InGaN’s red-blue-red behavior for overall temperature range that
was reduced to Eliseev et al.’s model at high temperatures [16]. This
latter provides a quantitative analysis of steady-state photo-
luminescence which remains in use of several research works for
studying the localization effect. The red-blue-red feature could be
favorable for luminescent systems due to the localized centers that
stimulate the radiative recombination process [17]. Exciton localization
has been investigated in several scientific reports [18-21]. According to
references [20,21], the random variation in the chemical composition of
InGaAs alloy and/or inhomogeneity and roughness of barrier-well in-
terfaces of InGaAs quantum wells seem like a trigger of the potential
fluctuation. At low temperature, photo-created carriers are trapped at
the potential minima. Pocas et al. [20,21] have studied the localization
phenomenon by performing a systematic assessment of the photo-
luminescence dependence on excitation intensity power and tempera-
ture for InGaAs/InAlAs grown on InP substrate. A blueshift of the
emission energy is mentioned at low temperature (up to 30 K) as well as
when increasing the excitation intensity, attributed to the potential
fluctuation: after creation of excitons, carriers will be relaxed over the
potential minima. This trend is explained by the contribution of
non-localized excitons: when increasing temperature till < 30 K, the
thermal energy given to excitons localized in the potential minima is
sufficient to activate the delocalized ones. However, when increasing
temperature above 30 K the energy follows the bandgap behavior of
InGaAs QW (redshift) because of the LO phonon scattering [22] where
the main contribution is attributed to the non-localized excitons density
[21].

Obviously, carrier localization is a key importance for alloys’ opto-
electronic properties. As a result of increasing Indium content, the
clusters of In-atoms, the means by which the band tail-localized states
are generated, contribute to the radiative recombination by both of
transfer and redistribution mechanisms. In this context, the growth of
InGaAs/InP without buffer layers was performed to obtain higher
photoemission. We have carried out an optical investigation of In-rich
InGaAs structures by stationary photoluminescence technique [23]
showing an unusual luminescence behavior over the low temperature
range. This behavior is detrimental for the SWIR application as it in-
creases the dark current density [24]. In pursuit of this work, we make
tremendous efforts through this paper to get in depth insight into the
optical mechanism in such material by numerically developing the LSE
model.

2. Methods
2.1. Experimental details

The 190 nm-InGaAs/InP heterostructure grown with Metal Organic
Vapor Phase Epitaxial (MOVPE) was investigated for different Indium
contents (x = 0.65 (S1), 0.661 (S2) and 0.667 (Ss3)). Their optical
investigation in the range 10 K-300 K performed by photoluminescence
spectroscopy using excitation wavelength of 514.5 nm [23] will be used
in this paper for the quantitative analysis of anomalous S-shape feature.
All the growth and photoluminescence details were reported in refer-
ence [23].

2.2. Numerical approach: Localized State Ensemble (LSE)

Temperature dependence of intrinsic properties has already gained
much interest in studying the physical phenomena within semi-
conducting materials. Several empirical models were devoted to study
the energetic behavior versus temperature as mentioned as Varshni,
Vina and Passler models [25]. In response to the abnormal luminescence
in such alloys, several attempts were made to simulate this kind of
emission energy evolution. Eliseev et al. [15] have used equation (1) to
interpret this phenomenon by expressing the temperature dependent
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energy E(T):

E(T)=Ey— KT 1)
Where E, is expected to be the energy peak position at T = 0 K, o is the
standard deviation of the localized states’ distribution and Kp is the
Boltzmann parameter.

However, equation (1) is useful only at temperature higher than 77 K
[15]. Another model is developed to reproduce the S-shape feature
known as “Localized State Ensemble Model (LSE)”. The distribution
function f(E, T) and the Gaussian-type density of states »”% , given in
equations (2) and (3) are used in this model to describe quantitatively
the variation of the emission peaks versus temperature [16].

FET)=7g— ()]
ert
—(E-£y)”
"% (E) =wpe” 27 3)

Where 7, and 7, symbolize respectively the radiative recombination
lifetime and the escape lifetime of localized carriers. The ratio [ governs
the carrier localization and wg represents the amplitude of DOS distri-
bution.

The steady-state luminescence spectra evolution of the localized
carriers depending on the sample temperature is given by equation
(4.1):

Z(E, T) =" (E)f(E,T) 4.1

The derivative of this function, with respect to the energy, % = Oonly
for

E=Ey— W(T).KsT (4.2)

The coefficient p, as a function of temperature T, represents the
thermal redistribution of carriers over states associated to localized

2
defects, which is estimated by LSE model as 0 < p < (L) by solving

KT

equation (5):

2
() ‘“} =) ©

In LSE frame, E, and E, are estimated to be the central energy of the
localization states’ distribution and the energetic position below which
carriers occupy the localization states at T = 0 K, respectively.

The equation (4.2) can be expressed for an ideal semiconductor by
the semi empirical Passler model as the following [11]:

Op | 21\"
E—EO“Z"[ 1+<®—> 1] — W(T)-KsT (6
P

pet =

The parameters derived from the second term that describes the
bandgap energy shrinkage are represented herein:

a designates the derivative of energy with respect to the temperature
for limit value of high temperature such that a = — %T_m [11].
@p is estimated to be the average phonon temperature.

—2
v=14/1+ <%> represents the fractional exponent related to the

phonon dispersion where 4¢ is the phonon dispersion degree.
The exponent v is meaningful for the phonon spectral distribution
according to Passler model [26], where we distinguish three regimes:
v < 2: regime of large dispersion.
2 < v < 3.3: regime of intermediate dispersion.
v > 3.3: regime of small dispersion.
At high temperatures, the energy evolution follows the band-tail
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2
model or Eliseev’s model where the parameter p(T) = <1%T) .

The integrated intensity of luminescence in LSE model is connected
to the density of localized carriers as [27]:

I(T)a / f(E,T).0"% (E)dE @

We therefore have

E, — Ey + KgT ln(%)

I(T)al/ 1+ (1—y,).exp E ®
(KaT)* +2(55%;)

by using the approximation indicated below:

+oo 2

/ 1 +eeag(x+b0) dx ~ 1+ e241 bl):l{(izrclan(ag/ll&l)) (€)

—

It is well to know that the coefficient y, defines the recapture of
carriers by localized centers.

3. Results and discussion

The photoluminescence spectroscopy of samples S;, Sy and S3 was
performed at low temperature proving the operation of the investigated
structure InGaAs in Short Wavelength Infra-Red (SWIR) region, as ex-
hibits Fig. 1 [23].

From this figure, firstly, we can see that the emission energy is
redshifted with increasing the Indium concentration owing to the dif-
ference in atomic radii and electronegativities for Gallium and Indium
atoms.

Since 1983 [28], the indium has been introduced in the bulk GaAs
crystal to reduce the dislocations density. Laurenti et al. [29] have
studied a set of GaAs samples by photoluminescence spectroscopy
showing shifts in the energy position to lower values when increasing
the indium concentrations. They have justified this redshift by “the
formation of a very dilute InGaAs ternary compound” [30]. In Fig. 2, we
describe this phenomenon schematically. The incorporation of indium
atoms will substitute the gallium ones within the host matrix GaAs. The
different atomic size and electronegativity of both the atoms (Ga, In) will

A =514.5 nm

o —s—S. :in, . Ga, .. A5
excitation 1 0.65 0.35

8, 2 Iny 55, Gty 339 As
832 Iny 55, Gay 355 As

10K
1 /
_-- «_———/ -

0.65 0.70 0.75 0.80 0.85 0.90
Energy (eV)

Normalized PL intensity (arb. unit)

Fig. 1. Spectral evolution of photoluminescence emission of the samples S;, Sz,
and S; with Indium content of 0.65, 0.661, and 0.667 at low temperature.
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Fig. 2. Bandgap energy reduction of GaAs after Indium incorporation: the
dilute-alloyed systems [31].

induce an isoelectronic level that will be in interaction with the con-
duction band (CB) leading to a splitting of the CB into two subbands E
and E_ that reduce consequently the bandgap energy (redshift) [31].
The same feature (redshift) is mentioned for Indium rich InGaAs/InP.
However, the Indium in this case has a full contribution in the compo-
sition of pseudo-binary compound and cannot act as substitutional im-
purity. The variation of bandgap energy in the In-alloyed system is
governed by the Vegard law where the band gap energy E, of a random
alloy AB;_Cy is described by the function as follows:

Eg(x)= (1 —x). B + x. Ef°— b. x. (1 — x)

Ef® and E;€ are the bandgap energies of the binary constituents, b is
the bowing factor set at 0.494 eV for InGaAs, and x is the indium
composition [32].

Kuphal et al. have demonstrated that the incorporation of indium
atoms into the GaAs matrix can affect the lattice parameter and reduce
the bandgap energy of GaAs, as proved by XRD and photoluminescence
measurements [32].

To more explain the redshift of bandgap energy after the Indium
incorporation into the Gallium arsenide, Laurenti et al. [29] have
investigated the near-band-edge optical transitions. They have reported
that Indium not only improves the luminescence intensity but also shifts
the emission peaks towards low energies (16.8 meV per 1% of indium
content). Based on the general crystal-field theory, the observed redshift
finds its origin in the change of magnitude of crystal-field splitting which
is related to the lattice parameters of GaAs and InGaAs described by the
formula below:

a 5
( GaAs ) -1
AnGaAs
It is well to be noted that the Indium fills the clusters surrounding the
defects and residual impurities within the host material GaAs leading to

relaxing the lattice distortions. This will lower the total energy of the
overall system, hence reducing the dislocations density. However, when

AE = Egaas-
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the incorporation of Indium exceeds 53%, a considerable number of
structural defects can be formed as reported in our previous work [23].
Secondly, comparing S, and S; to S;, the spectral evolution of PL
emission reveals a widen PL band owing to the further increase in In
incorporation that may be related to the inhomogeneous distribution
and the interface roughness in InGaAs/InP [25]. Foreseeing to get
in-depth assessment of optical behavior in such structure, a
temperature-dependent photoluminescence (TDPL) investigation of
InGaAs/InP was performed by PL spectroscopy as mentioned in
Ref. [23], showing that the emission of the active layer spans the range
1500-2000 nm for different mole fraction x = 0.65 (S;), 0.661 (S;) and
0.667 (S3). An S-shape behavior was recorded at low temperatures and
reproduced numerically in this paper using the Localized State Ensemble
model. Fig. 3, Fig. 4, and Fig. 5 depict the simulation of PL emission peak
positions versus temperature using both of semi empirical Passler model
and LSE model as addressed in the preceding subsection.

The thermal evolution of PL intensities is also exposed in Fig. 6 for
the three samples and numerically fitted by LSE model. All fitting pa-
rameters are summarized in Table 1.

For comparison, the Passler- and LSE-fitting parameters are shown in
Table 2, where the simulation notably exhibits a complete congruence at
higher temperature range.

The phonon dispersion degree so as 2 < v < 3.3 in the Passler model
is assigned with the intermediate dispersion regime. Yet, in the LSE
representation v > 3.3 is pertained to the small dispersion regime where
the LO-phonon distribution dominates the LA-phonon one. As shown,

the high values of oP3ser and @pP*e" are considered as a proof of
localization phenomenon, reported by Dixit et al. in Ref. [25]. Here, the
developed LSE model succeed to replicate the S-shaped form by
adjusting all the physical parameters, favorable to assess the localization
phenomenon. In other terms, the comparison between Passler and LSE
models is effectuated to justify the utility of using the quantitative LSE
model through which an agreement considerably shown between the
experimental results and the numerical ones, demonstrating the vali-
dation of our model and the accuracy of parameters used herein. It is
notable that the LSE simulation reproduces well the S-shape in the low
temperature regime, where the localization degree is higher as the In-
dium content is increased. Based on our fitting results, presented in
Figs. 3, Fig. 4, and Fig. 5 we can conclude that the LSE model is well
adapted to our samples. This is proving that the localization is highly
sensitive to the Indium concentration in such alloy. A further increase in
Indium content reduces the density of localized states by intervening

0.76
S, dng g5 Gag ;s As

0.75 4

Tlvc/[lelvc ~ deloc

Energy (eV)
(=
N
1

0.73 4
Q@ PLdaa
= o Pissler Model
| SE Model
0.72 4
T T 1 T T T
0 50 100 150 200 250 300

Temperature (K)

Fig. 3. Temperature dependence of steady-state photoluminescence energy for
S;: Comparison between semi-empirical Passler model and LSE model.
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0.67 - o
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Fig. 4. Temperature dependence of steady-state photoluminescence energy for
S,: Comparison between semi-empirical Péssler model and LSE model.

83 s Iny g, Gay 333 As
0.68
0.67 T T
- deloc
E T, loc/deloc o
5
£00.66 -
)
=
=
0.65
@ PLData
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0.64 e | SF Model
T T 1 T T T
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Temperature (K)

Fig. 5. Temperature dependence of steady-state photoluminescence energy for
S3: Comparison between semi-empirical Péassler model and LSE model.

more non-radiative defects. In general, compositional fluctuation,
thickness fluctuation in quantum wells and built-in electric field in polar
structures are the main causes behind localization phenomenon [33,34].
Herein, the observed localization in TDPL spectra for the three samples
is mostly due to the fluctuation in In composition since the uncapped
InGaAs grown on InP are only distinguishable with respect to the Indium
content where its variation from 0.65 to 0.667 changes reasonably the
S-shaped form. Resembling the Fermi energy E; in quantum mechanics,
E, has a decisive influence in studying the carrier localization for
luminescent system [35]. It represents the level below which all carriers
occupied the localized states at 0 K. The energetic difference E, — Ey
estimated by LSE modeling is comparable with the thermal activation
energy calculated by using Arrhenius plot in Ref. [23] ( E, — Ey Vs.
EArhenits; G+ 16.70 meV Vs. 15.23 meV; Sy : 24.26 meV Vs. 22.77 meV;
and S3 : 29.30 meV Vs. 27.64 meV ). The comparability between these
estimated energetic terms can justify the hypothesis that:

(I) Thermal activation energy (in Arrhenius plot) seems to be the
energy required to activate the localized states (E, — Ep).
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Fig. 6. Temperature dependence of photoluminescence intensity for S;, S2, and S3 simulated according to LSE configuration.

Table 1

Summary of main characteristics governing the localization phenomenon in
InGaAs/InP fitted by Localized States Ensemble model for Indium content x =
0.65, 0.661 and 0.667 corresponding to S1, Sy and S3, respectively.

Sample S S2 Ss

Eo (.107%eV) 790 748 708

Eo— Eo (. 16.70 24.26 29.30

10-3eV)

o (meV) 4.8 11 16.5

‘r,/TtT 3154/0.4 = 7885 3825/0.3 = 12750 5242/0.6 =~ 8737

e 0.87 0.96 0.80

a (.107* eV /K) 2.70 2.73 2.60

Bp (K) 200 185 243

v 6.2 9 9
Table 2

Comparison between fitting parameters of both semi-empirical Passler model
and Localized States Ensemble model for Indium content x = 0.65, 0.661 and
0.667 corresponding to S1, Sz and Ss, respectively.

Sample S1 Sy S3
EEissler (10-3¢V) 761 711 682
EE ((10-3eV) 790 748 708
QPaster( 1074 eV /K) 4 4.1 7.8
aSE(.1074 eV /K) 2.70 2.73 2.60
@PPa'ssler(K) 246 215 341
OpSE(K) 200 185 243
yPassler 2.26 3 3
i 6.2 9 9

(II) Radiative recombination defects are energetically laying well-
nigh the level of the energy activation of localized states. (Defects and
localized states have closely energetic level positions).

More precisely, the fact that E, — Ey is slightly more than the
Arrhenius thermal energy EA™" is justified by Li et al. [16]: Carriers
need more thermal energy to be localized in the low temperature range
compared to the high temperature range where defects and impurities

E,®

E,®

0)DOS (E)

v

Central energy position E,

PRI

@@ s

o®

Fig. 7. Schematic representation of the distribution DOS of localized states at
low temperature describing the energetic magnitude E,-Eo by indication of
oW (S1); 9@ (S2);and ¢ (S3) regarding the central energy peak Eo.
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thermally activated are often quench the PL intensity due to their
non-radiative recombination nature. Since E, — E, takes a positive
value, E, energetically lays above Ej level. In Fig. 7, the distribution over
the localized states of DOS function, %S is schematized by highlighting
the energetic levels E, and E,. Added to this, the

enlargement of LT by several orders of magnitude, when increasing

Indium concentration, is a signature of the probability that carriers have
to escape out of localized states [35]. This trend, probably associated
with S, can be explained by the dislocation effect resulted in trapping
carriers from localized states as it includes the highest value of both
Indium content and dislocation density, thus the largest escape rate.

The increase in E, — Ey magnitude with the Indium content can
justify the strong localization for higher concentrations of Indium at low
temperature [26]. Added to E, — E, energy, the temperature parameter
Taetoc is of importance in studying the localization phenomenon. From
Figs. 3, Fig. 4, Fig. 5 and Table 3, we extract the smaller value of Tyejo
(90 K) which implies that samples S; and S, take precedence in term of
delocalizing carriers over the sample Ss: the trapped carriers begin to
leave the localization states in S; and S, at 90 K, before S3 (110 K),
highlighting the dominance of localization process over the delocaliza-
tion one. This finding is emphasized by the large localization degree
(6 = 16.5 meV) associated with the third sample S3. Compared to Fraj
et al.’s research works [36], the estimated localization degree (¢ =
4.8 meV; 11 meV; 16.5 meV) is higher than InGaAs/GaAs with 23% of
In content (6 = 2meV ;3 meV). This is expected due to the important
Indium concentrations (> 65%) within the InGaAs/InP structures.

To make these anomalous TDPL shifts more understandable, we
elucidate in Fig. 8 how the localized states play on photoluminescence
mechanism through three processes: (1): The first redshift occurs when
carriers are trapped in deepest level of localization states. Upon
increasing temperature, the localized carriers were redistributed within
potential minima leading to (2) a blueshift of emission energy where
carriers reach shallower localized states. Further increase in tempera-
ture allows (3) a second redshift where the weakly localized carriers
escape from the potential minima through the delocalization process.

As the thermal redistribution of carriers is the responsible of the
energy blueshift resulted in S-shaped luminescence, distinguishable at
low temperatures, the dimensionless term p(T), multiplied by the ther-
mal energy KT, is quantitatively described in Fig. 9.

This parameter reflects the competition between localization and
delocalization effects by highlighting two characteristic temperatures
Tloc/deloc: the temperature at which the maximal redshift is recorded, and
Tgeloc: the temperature at which the blueshift attain its maximum. From
the graph and the thermal dependence of photoluminescence shown in
Figs. 3, Fig. 4, and Fig. 5, the critical parameters for localization pro-
cedure are listed in Table 3 for the three samples. The curves describing
the thermal redistribution in Fig. 9 show that carriers are incompletely
delocalized in all the samples (as indicates the vertical dashed line).
Hidouri et al. referred this incomplete process to the low thermal energy
that carriers can gain to be totally delocalized from potential minima
[36]. To investigate the localization influence on InGaAs emissivity, the
estimation of internal quantum efficiency (IQE) needs to presume that
non-radiative centers do not contribute to the recombination process
(supposed to behave as frozen centers at 10 K) [36]. In this context, IQE
is given in Table 3 for the three samples by calculating the PL intensity

Table 3

Critical parameters related to carrier localization in In-rich InGaAs alloy.
Sample Sy Sy S3
Tloc/deloc (K) 50 50 60
Tgetoc (K) 90 90 110
o (meV) 4.8 11 16.5
Ye 0.87 0.96 0.80
IQE (%) 4.02 12.39 6.10

Materials Science in Semiconductor Processing 140 (2022) 106411

Possible existence of carriers
in all potential minima at low
temperatures

T< Tloc/deloc

Moving to deepest
potential minima

Tloc/delm: <T< Tdeloc

Carrier redistribution when slightly
increasing temperalture

ViV

Thermal escape from potential
Redistribution of minima athigher temperatures
carriers to shallower

potential minima

Fig. 8. Localization mechanism in In-rich ternary: Schematic diagrams to
describe the carrier distribution when increasing temperature.

ratio at the lowest and the highest temperatures during PL experiments
(10 K and 300 K in this work), described by this equation [ 37]:

13()() K

I0E =% (10)
PL

Noticeably, we record the highest value of IQE for S, compared to
both S; and S;. Localization enhances the light efficiency when
comparing S; to S,. However, the drop in IQE is recorded when
increasing the Indium content by 0.6% despite of the strong localization
degree estimated for S3. This can be attributed to the high densities of
defects and dislocations introduced by the incorporation of Indium
content x > 0.53 which in turn enhances the clustering of In atoms
[37-40]. Indeed, Dong et al. [38] attributed the rise of internal quantum
efficiency to the enhanced periodicity in III-V alloy when increasing the
Indium content resulted in the increase of total accumulated strain. To
our knowledge, the growth of heterostructure InGaAs on InP with the In
concentration exceeding 0.53 allows the lattice mismatch resulted in
inducing strain, defects and dislocations into the samples [41]. A
structural analysis using XRD and Raman scattering techniques proved
high dislocation densities: 2.17 10° cm™2 (S;), 2.64 10° cm %(S,), and
3.1410° cm™%(S;) and large residual strain: 2.88 GPa (S;),
3.80 GPa (S;), and 4.17 GPa (S;) when increasing the Indium mole
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Fig. 9. Amplitude of the term p(T)*KgT describing the thermal redistribution of
carriers in InGaAs for different Indium content x = 0.65, x = 0.661 and x
= 0.667.

fraction in this ternary [33]. These findings supposed to degrade the
optical properties by quenching the light emission in semiconductors
whose dislocation density exceeded 10° cm~2. However, we observed a
contrarian phenomenon in In-rich InGaAs material that still emit even
tough at high density of dislocations (10° cm~2). Similarly, Humphreys
[42] recorded the same trend in In-rich InGaN with 10° cm~2 of dislo-
cations’ densities. This result finds a solid interpretation in the “carrier
escape from dislocations to localized states” process [42,43], activated
via In-rich clusters in InGaAs structure.

The IQE is enhanced by 8.37% when increasing the Indium content
from 0.65 to 0.661. However, the further increase in Indium content to
0.667 degrades the efficiency from 12.39% to 6.10% but still higher than
that associated with S;. The drop in luminescence efficiency for S3 can
be related to the higher dislocation density (3.14 10° cm~2) compared to
S2 (2.64 10° cm~2)_ In addition, despite the large localization degree in
Ss, the IQE exhibits a diminution compared to S, that may be related to
the recapture coefficient y, whose value is lower when increasing In-
dium content by 0.6%: Carriers have probability to be re-captured by
localized states in S, more efficiently than Ss, hence empowering the
light efficiency. To sum up, the interplay between localized states and
dislocation density strongly governs the photoluminescence efficiency
where Indium composition enhances the IQE ratio. Nevertheless, at a
specific concentration, dislocations can affect the localization phenom-
enon resulting in reducing the localization effects and quenching the
light emission as shown in Fig. 6. In point of physical view, the anom-
alous thermal evolution of emission energy manifested in S-shape is a
fingerprint of carrier localization phenomenon within III-V alloys [36,
44,45]. In fact, the incorporation of Indium into GaAs favors the
segregation phenomenon that induces In-rich zones resulted in
In-clusters due to its positionally random distribution and to the ener-
getic disorder related to the alloying systems [36,46,47]. By these
properties we justify the localization phenomenon coming in form of
S-shaped behavior in our samples. The inhomogeneous carrier distri-
bution within In-rich structure can be managed by multiple kinds of
localized states: isolated In-related states, InAs Quantum dots (QDs),
In-clusters QDs-like [22], impurities during the growth process such as
nitrogen and hydrogen that it has already used as carrier gases in
MOVPE system. Eliseev et al. favor the theory of randomly self-formed
QDs in InyGaj x N (x = 0.3 and x = 0.45) due to the Indium composi-
tional fluctuation that gives arise to local potential for carriers to be
localized there [15].

Materials Science in Semiconductor Processing 140 (2022) 106411
4. Conclusion

In this paper, we performed an optical study of In-rich InGaAs that
revealed an anomalous evolution when increasing temperature,
endowing the S-shaped form. This is a fingerprint of localized carriers
owing to the composition fluctuation and the alloy disorder. A quanti-
tative investigation of such behavior was devoted to reproducing the S-
shape by LSE model allowing the extraction of the accurate physical
parameters numerically. We demonstrated herein that the localization
degree is more important as well as the Indium content is increased.
Accordingly, the localization phenomenon seemed to be behind the
enhancement of the luminous efficiency by almost 8.37% when
increasing the Indium content by 1.1% even for higher dislocation
density. However, we remarked that a further increase in the Indium
concentration enhanced the localization degree but also generated a
high density of dislocations in sample S3 (66.7%) that degrades the
luminescence efficiency. Added to the study of ternary’s PL behavior for
different Indium contents, this work provided the optimal concentration
of Indium in simple structure of InGaAs/InP without buffer layer that
ensured higher luminescence efficiency (66.1% Vs. 65% and 66.7%).
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