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ARTICLE INFO ABSTRACT

Keywords: Hyperspectral imaging has been flourished thanks to the huge investigation of the infrared spectrum from NIR to

InGaAs/InP LWIR bands. The ternary InGaAs has been investigated herein in the context of studying the structural de-

X-ray diffraction pendences of localization phenomenon by X-ray diffraction (XRD), scanning electron microscopy-energy

;ﬁxj})x dispersive X-ray (SEM-EDX), Raman, ultraviolet-visible (UV-vis), and photoluminescence (PL) techniques.
. Using metal-organic vapor phase epitaxy (MOVPE), we succeed to grow the InGaAs directly on InP substrate at

Temperature dependent photoluminescence X TR g . :

(TDPL) 560 °C as an active layer with indium concentration exceeding the “golden” value (53%) to enlarge its cutoff

absorption wavelength. X-ray diffraction proved a good crystallinity of the heterostructure with a sharp peak
related to the thick substrate and another peak attributed to the thin layer of InGaAs. Moreover, an interfacial
layer appeared at the logarithmic scale of XRD patterns and was confirmed by Raman analysis. The SEM-EDX
revealed an average indium concentration (62%), almost the growth concentration. However, a cross-section
compositional profile over the heterostructure showed an inhomogeneous distribution of the indium. This is
predictable from the composition fluctuation in the indium-containing alloys and the volatility (surface segre-
gation) of As (In). On the other side, the optical investigation of InGaAs demonstrated an anomalous behavior of
luminescence versus temperature, manifested by the S-shape feature. This trend stems from the potential fluc-
tuation induced by the non-uniform distribution of indium. A numerical simulation was developed based on the
localized state ensemble (LSE) model to well-reproduce this anomaly by giving the best fitting parameters and
comparing them with those calculated using the semi-empirical models (Vina and Passler). The results reported
here will help in optimizing the epitaxy design of future InGaAs/InP and further studying its surface morphology
and device performance.

Carrier localization

1. Introduction Compared to their counterparts, SWIR is considered the eye-safety band,

englobing the benefits of visible and MWIR spectral bands: it is more

Since its discovery by W. Herschel, infrared spectrum has been
increasingly investigated in a multitude of fields: optoelectronic, medi-
cine, agriculture, military, spectroscopy, and planetary space missions.
This multi-spectral radiation is divided into four sub-bands: near
infrared NIR (0.75-1 pm), short wave infrared SWIR (1-2.5 pm), me-
dium wave infrared MWIR (3-5 pm), and long wave infrared LWIR
(8-12 pm), corresponding to the atmosphere transmission windows.

* Corresponding author.
E-mail address: benarbiamarwa94@gmail.com (M. Ben Arbia).
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penetrative and has better transmission over the atmosphere (1 > Ays)
and better spatial resolution (4 < Aywir) [11. Due to its unique properties
and its multi-functional applications, SWIR has been of great interest to
evolve image detection, remote control, food inspection, surveillance in
airports, etc ... [2] One of the most suitable material operating at SWIR
range is the ternary indium gallium arsenide (InGaAs) that serves as a
key driver of SWIR detection technology due to its small bandgap,
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adjustable by indium composition change, and its operation without
cooling system compared with its counterpart, the mercury cadmium
telluride (MCT) and the free/doped selenium lead sulfide (PbS(Se))
material [3-5]. Its cut-off wavelength around 1.7 pm, obtained for the
“golden” indium concentration (xy, = 0.53), promotes the use of InGaAs
for telecommunication applications. Tada et al. have investigated the
heterostructure InGaAs/InP as a single-photon diode operating at 1.55
pm in a sinusoidal regime reaching a detection efficiency of approxi-
mately 60% with a low probability of dark counts per gate (4.7 x 10~
[6]. The elaboration of such structures was commonly conducted uti-
lizing molecular beam epitaxy (MBE) or metal-organic vapor phase
epitaxy (MOVPE). Jiao et al. have grown 1pm-InGaAs on (100) oriented
InP substrate in Riber C21T MBE system devoted to photocathode pro-
cessing, with 150 nm-InP buffer layer and 500 nm-InP cap layers at
500 °C, showing a good crystallinity and a smooth surface with root
mean square roughness RMS = 0.1 nm by using X-ray diffraction (XRD)
and atomic force microscopy (AFM), expected from the lattice matching
concentration of indium (x;, = 0.53) [7]. Gutowski et al. have also
prepared by MBE method smooth surfaces of InGaAs at the same con-
centration using InAlAs buffer layer where the RMS roughness fluctuates
between 0.118 and 0.127 nm at temperatures between 510 °C and
530 °C and V/III ratio going from 5 to 20 [8].

However, there are serious technical limitations related to MBE: i)
the V-element sources cannot be reloaded when processing phosphorus-
containing materials [9] and ii) the inherent problem in growing thick
layer of indium phosphide (substrate) [8] that renders it not the most
suitable for the preparation and commercialization of the InGaAs/InP
heterostructures. The MOVPE system can be a good alternative due to
the low pressure used for epitaxy and the low-cost production. Jiang
et al. have studied the V/III ratio effect on the InGaAs/InP structures
grown by MOVPE at 550 °C. They have noted that increasing the V/III
ratio from 64 to 256 varied the lattice mismatch between InGaAs and
InP layers from 0.149% to —0.057% and the carrier concentration from
58 x 108 em™>3 to 3 x 10'® em 3 [10]. Operating at extended wave-
length can be achieved for InGaAs only when ensuring high concen-
trations in Indium so as its strain to the InP substrate will be 3.2% for x,
= 1 [11]. However, the high Indium contents boost the defects and
dislocations’ generation into the structure. To engineer the strain and
overweigh the propagation of dislocations, the researchers used strained
superlattices, linear graded layers and compositionally-step graded
buffer layers. As well, the ternary InAlAs has been frequently introduced
as buffer layer in such a structure to compensate for the strain mismatch
with the InGaAs layer by the calibration of indium and the reduced
growth rate (0.79 pm/h) that should not be too low in order to avoid the
degradation of optical quality [8]. Nevertheless, InAlAs buffer layer can
lead to phase decomposition and rougher surface. Another material has
been introduced as buffer layer: InAsP ternary. This latter can be a good
alternative to relax the strained monolayers on the InP substrate instead
of InAlAs by showing step-graded aspect [11,12] where the roughness is
7.3 nm for InAlAs Vs. 2.2 nm for InAsP. The step-graded buffer layer
demonstrated by InAsP can be useful to migrate the strain mismatch for
In-rich InGaAs. Li et al. have grown InGaAs at xp, = 0.76 on InP substrate
with compositionally undulating step graded buffer structure with an
unequal layer thickness of InAsP (2.09 pm of thickness). The same
InGaAs ternary was also grown on InP by insertion of common step
graded buffer structures of InAsP (2.96 pm of thickness), intentionally.
The structures assured the extended wavelength of 2.3 pm compared to
2 pm for xy, = 0.69 which is worthy for SWIR application [12]. One can
see the successful strategy of graded buffer layer to mitigate the im-
perfections of the grown heterostructure for high indium contents
operating at SWIR band. Nevertheless, this technique inquires more
sophisticated processes, higher costs, and much control of the growth
parameters and it can also degrade the optical quality as reported in
Ref. [13]. Guo et al. have reported on the interface engineering in
InGaAs/InP by studying the effect of buffer layer on its emission prop-
erties: the better performance can be attended when sacrificing the
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buffer layer. In 2019, Zhao et al. have experimentally investigated the
surface-interface free buffered heterostructures of InGaAs/InP for
different In contents and they have concluded that growing such het-
erostructure out of lattice matching condition will be more beneficial for
higher indium concentrations (>0.53: positive lattice mismatch system)
to reduce the dislocation density and prevent the threading dislocations
in the substrate from moving to the epitaxial film [14].

In this context, we suggest elaborating Ing ¢5Gag.3sAs/InP without
buffer structures to simplify the epitaxy design, to reduce the production
costs as much as possible, to avoid the deterioration of optical perfor-
mance, and to maintain a good surface morphology, which present our
challenge in this work. The sample was subjected to structural charac-
terization using X-Ray diffractometer (XRD), scanning electron
microscopy-energy dispersive X-ray technique (SEM-EDX), Raman
spectroscopy, and atomic force microscopy (AFM) to study the compo-
sition, the microstructure, the surface quality and the strain effects. The
optical investigation is also conducted to study the InGaAs luminescence
evolution where a numerical simulation using the localized state
ensemble model is performed for comparative analysis between exper-
imental results and semi-empirical models. All these experiments are
devoted to probing the In-rich InGaAs structural properties and studying
its optical behavior and their effects on the promotion of this sample for
SWIR detection.

2. Experimental details

InGaAs epilayer was grown on a commercially available indium
phosphide (InP) substrate which is (100) oriented, semi-insulating (SI),
double side polished, and Wafer-Tech brand, by using horizontal flow
reactor MOVPE system which is brand AIXTRON 1 x 2" or 1 x 3” 200/4
RF-S. The real time information about the growth such as reflection
intensity, growth rate and temperature of substrate was obtained by
Luxtron 880 nm reflectometer and light pipe assembly. InGaAs epilayer
was grown thickness of 190 nm at 560 °C with the growth rate of 3 A/s.
The opto-grade Trimethylgallium (TMGa, Ga(CH3)3), Trimethylindium
(TMIn, In(CH3)3), and Arsine (AsH3) sources were employed to elabo-
rate the III-V compounds as precursors of gallium, indium, and arsenic in
MOVPE set-up, transferred by using ultra-high purified Ny and H carrier
gases. TMGa, TMIn and AsH3 flows were used as 0.85, 37, and 40 sccm,
respectively and V/III ratio was 136. Reactor pressure, total carrier flow
and substrate rotation speed were fixed as 50 mbar, 6000 sccm, and 80
rpm, respectively. The InGaAs thin film was deposited on the InP sub-
strate without buffer layers, which represents the challenge of this work.

The structural properties of the investigated sample were studied
using X-ray diffractometer (Empyrean, PANalytical, Almelo, The Neth-
erland) in the Bragg-Brentano configuration with Ag, = 1.54 A anode
operated at 40 kV- 40 mA and 20-scanning in the range 40°-80°.

Additionally, the microstructural analysis of the III-V alloy was
performed using scanning electron microscopy (LEO 1525 model, Carl
Zeiss AG, Oberkochen, Germany) operated at 10-15 kV, combined with
energy dispersive X-ray spectroscopy. Raman spectra were measured by
using a XploRA Nano system (Horiba Jobin Yvon Srl, Italy) formed by a
confocal microscope (Olympus BX) and a 1200 gr/mm reticule. A
Peltier-cooled Open Electrode CCD was used to record the Raman
spectra excited by a 638 nm solid-state laser. Spectra were recorded in
the Raman shift range 50-540 cm ™' measured at room temperature.
UV-vis spectrometer (UV-2600, Shimadzu, Kyoto, Japan) was used to
determine the absorption coefficient and estimate the bandgap energy of
our sample at room temperature. Regarding the systematic optical
investigation, we conducted temperature dependent photoluminescence
TDPL measurements in the range 10 K-300 K using ionized Argon laser
with A5+ = 514.5 nm chopped at 27 Hz, JOBIN YVIN iHRD320 1/3 m
monochromatic system, and InGaAs photodetector, all connected to a
lock-in amplifier system.
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3. Results and discussions
3.1. Composition and microstructure

The XRD patterns around the symmetric (0 0 4) reflection shown in
Fig. 1, indicates two doublet peaks (splitting into K,; and K,3). The
right-hand doublet peak is associated with the InP substrate, while the
doublet peak with less intensity corresponds to the InGaAs thin film: the
XRD intensity is as lower as the layer is thinner [15]. It is well to know
that the peak in lower 20 reflects the compressive strain of InGaAs to
InP, which is in good agreement with the growth composition 65% >
53% (the gold concentration for lattice matched InGaAs/InP
heterostructure).

To map the distribution of III- and V-elements in the investigated
structure, SEM-EDX characterization was performed. The top-view SEM
images at 10 KV, given in Fig. 2, Fig. 3, Fig. 4, and Fig. 5 show a pictorial
representation of InGaAs surface combined with the elemental compo-
sition of four chosen areas probed by EDX spectroscopy with an average
composition of 62%.

As the Indium content measured at the top surface of the hetero-
structure is underestimated, a cross-section microscopy was conducted
to evaluate the percentage of indium within the structure, shown in
Fig. 6, Fig. 7, and Fig. 8.

The atomic weight of components within the sample in the different
regions (Zone 6, Zone 7, and Zone 8, as indicated in Fig. 6, Fig. 7, and
Fig. 8, are displayed in Table 1.

It is clear from Table 1 that In weight is estimated by EDX about 62%
therefore pretty similar to the In concentration set during the MOVPE
growth (65%). Additionally, we mention the fluctuation of indium
content along the probed zones which is more important as we approach
the substrate. This is indicative of the non-uniform distribution of in-
dium atoms within the structure, mostly at the surface of the specimen
because of the segregation effect related to indium. Similarly, the atomic
weight starts to decrease when moving far from the substrate. Notably,
the Ga weight is too small compared to the N weight owing to the growth
process which intervenes in such impurities through the carrier gas flow
related to N,. Going downward the InGaAs to the substrate, the Phos-
phorous weight has increased from 17% (region 6) to 21% (region 7)
which remained almost constant in the region 8. The presence of
Phosphorus and its larger amount compared to Gallium are quite
questionable in the top area. An out-diffusion of Phosphorous and/or

— In, (;Ga, ;sAs / InP
] : K%
— |
Zz |
2 K .
S I
=] I
=) 1
< Kez ! K2
b - I
.a |
: |
) 1
- InGaAs 1
E 618 620 622 624 626 628 :
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L] T/\'I¥ ! L] L]
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Fig. 1. XRD patterns of InGaAs/InP structure.

Materials Science in Semiconductor Processing 153 (2023) 107149

! 30um . Electron Image 1

T T T T T

0 2 4 6 8 10

Full Scale 782 cts Cursor: 0.000 keV|

Fig. 2. Top-view micrograph taken by SEM-EDX technique in area 1 of
InGaAs layer.

pipe diffusion along dislocations in defective structures could be behind
this observation according to Hernandez and co-workers [16]. More-
over, the strained-layers studies have shown that tensile InGaP layer
(due to the phosphorous which can induce near-surface chemical ex-
change between As and P atoms at the interface) or compressive InAsP
layer (due to the memory effect of As-precursors in the growth chamber
that allows the in-diffusion of As atoms into the substrate) can be formed
for InGaAs/InP heterostructure [17-28].

Also, the high growth temperature set in our MOVPE system plays
the role of catalyzer for the phosphorus out-diffusion processing [29]. To
emphasize the hypothesis of non-uniform incorporation of indium
within the GaAs binary, an acquisition of the compositional profile in
SEM combined with EDX spectroscopy is performed to probe the atomic
distribution of Indium within the investigated structure. In Fig. 9, we
have done a line scan along the top area of the sample that confirms the
non-uniform distribution of Indium and even the phosphorous due to the
inter-diffusion of Indium as mentioned earlier.

Apart from XRD and SEM-EDX techniques, Raman spectroscopy is
still performant for the identification of our structure by revealing the
vibration modes and the strain degree. In Fig. 10 and Table 2, we
exhibited all the Raman scattering modes in InGaAs/InP sample ac-
quired with 638 nm-excitation and interpreted in the following.

DALA or disorder-activated longitudinal acoustic phonon of InGaAs
alloy is commonly located in the low-range of Raman shift (<200 cm ™)
as mentioned in Fig. 10 and Table 2. For the golden concentration of
indium (0.53), the DALA vibration resides in [100-190] cm~! [39].
Similarly, Sayari et al. have found the DALA band for Raman shift less
than 200 cm™! for the heterostructure InAlAs/InP at different Indium
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Fig. 3. Top-view micrograph taken by SEM-EDX technique in area 2 of
InGaAs layer.

contents of 47.2%, 48.6%, and 53% [40].

The LO-InAs mode shows up at 214.9 cm™! exhibiting the strongest
peak dominating the Raman spectrum. The shoulder in the highest in-
tensity peak of InAs vibration seems to be related to InAsP ternary
(229.7 em™ V). Finders et al. have recorded a shoulder near 235 cm ™! due
to the formation of InAsP interface layer [41]. In addition, Smiri. et al.
have studied the Raman scattering of InAlAs/InP at different excitation
wavelengths: they have assigned the two vibrations in the range
[200-250] cm™! to InAs- and InAsP-like modes. Under the excitation
wavelength (lee = 638 nm), the InAs-like mode dominates the
InAsP-like one. The same trend is observed for our Raman spectrum
under the same excitation A, = 638 nm where the LO-InAs mode at
214.9 cm ! is more intense than the LO-InAsP mode at 229.7 cm ™' [33].
The identification of InAsP-like mode needs to be evaluated.

As the InGaAs is an epitaxial ternary deposited onto InP without
preparing buffer layers, an interfacial layer can be non-intentionally
introduced to relax the strain induced by the high indium content.
Probably, this layer can be either InAsP or InGaAsP. We study the nature
of eventually induced layer between the InGaAs and the InP thermo-
dynamically by calculating the standard enthalpy energies of both
compounds as the following: AHpgaas = — 15.13 kcal/mol, AHpasp =
— 20.35 kcal/mol, and AHjgeasp = —21.54 kcal/mol by using Vegard
law [29] and experiments (xp, = 62%,xas = 12%). The InGaAs has the
lowest value of enthalpy which confirms the formation of InGaAs as the
main layer on InP substrate. However, comparing the enthalpies of
InAsP and InGaAsP one observes that the InAsP layer can be preferen-
tially generated at the heterointerface as it has the lowest enthalpy en-
ergy. To emphasize this interpretation, we re-investigate the XRD
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Fig. 4. Top-view micrograph taken by SEM-EDX technique in area 3 of
InGaAs layer.

pattern in the semi-logarithmic scale which shows a right-hand shoulder
of the InP-K,; (see Fig. 11) that we assigned to the interfacial layer:
InAsP.

Indeed, as the enthalpies of InAsP and InGaAsP are close, the low
value of InAsP formation is still an insufficient justification for the in-
terface’s nature. In that case, the type of the mismatch is decisive in the
determination of the interfacial layer: the strain nature varied from
compressive for InAsP/InP to tensile for InGaAsP/InP [42].

Using equation (1), the lattice parameter of the interfacial layer
Apmasp = 5.8815 A whereas the calculation by Vegard law based on SEM-
EDX results gives amasp = 5.8833 A. This finding demonstrates that
InAsP layer includes almost the same As content proved by SEM-EDX in
the area (a).

Aa_ —Abg
a  tan Oy

(€8]

a is the lattice parameter of the substrate, Aa is the difference in
lattice parameter between the epitaxial layer and the substrate, 05 is the
Bragg diffraction angle, and A6 is the difference in Bragg angle between
the epitaxial layer and the substrate.

The diffraction peak positions located at 20 = 62.23°, 20 = 63.12°,
and 20 = 63.36° as displayed Fig. 11 leads to the estimate of the indium
concentration xp, = 73% by calculating the lattice parameter ajgeus =
5.9525 A and the lattice mismatch: PmGaas = 1.44% and ppasp = 0.23%,
based on equation (1). According to the EDX-SEM measurement, the
overestimate of indium content using the XRD shift is consistently
related to the full relaxation of the epitaxial layer InGaAs on InP [43,44],
which is exhibited in the formation of the interfacial layer (Fig. 11).
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Fig. 5. Top-view micrograph taken by SEM-EDX technique in area 4 of
InGaAs layer.

Meanwhile, the overestimate of As content is not reported for the InAsP
ternary as the XRD pattern has almost belonged to one feature (its
mismatch to InP is almost zero). Noticeably, according to Fig. 11 the
interfacial layer should be thinner than the active layer due to its lower
intensity. The vibration modes observed at higher wavenumbers (> 400
c¢m ™) cannot be assigned to InP modes according to reference [36].
However, 425.8 cm ™! and 466.7 cm™! could be attributable to the local
vibration mode of NN dimer on the As site (N-N4s) and N-isolated state
[37,38], respectively. We adopt this interpretation because the
SEM-EDX measurements highlight the presence of 4% of Nitrogen con-
tent within the sample that we assigned to the carrier gas used in the
MOVPE set-up. We can remark that the InP modes have too low in-
tensities compared with the Raman spectrum recorded under 532 nm in
our previous work [45]. This should be related to the focus position used
in experiments [46].

To get more information about the surface morphology of InGaAs, an
atomic force microscopic (AFM) measurement is performed and
exhibited in Fig. 12 for 5 x 5 pm? scan size that was reduced to 1 x 1 pm?
in Fig. 13 for better observation of the surface topography.

As the growing surface is strongly dependent on the growth modes
that shape the sample’s surface, several kinds of morphology can be
obtained as presented in Fig. 14.

It is worthy to notice that these different classes can be disordered
and follow a non-periodic distribution as can be seen in Figs. 12 and 13.
The InGaAs alloy’s topography with RMS roughness of 6.9 A shows a
complicated surface faceting with irregular planar domain and pits
decorated by 2D and 3D islands as illustrated in Fig. 12 And emphasized
by Fig. 13. Kitamura et al. have found the same trend and have
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Fig. 6. Cross-section SEM micrograph over the InGaAs layer downward to the
InP substrate combined with the EDX measurement in Zone 6 (spectrum 6).

associated it to the non-uniformity of In content [47]. Hence, this
observation can be related to In-rich domains inducing the clusters’
formation. A detailed analysis will be given in the following.

Fig. 12 (a) shows unified orientation of the stepped structure which
reflects the crystallographic symmetry of the epitaxial layer [48]. The
steps seem straight rather than meandered, made up of widely flat ter-
races and wavy edges. This straightening is supposed to be a marker of
the 2D step flow growth mode [49]. However, we cannot ignore the
undulation observed at the step line and the presence of cusps markedly
illustrated in Fig. 12 (b, c¢) and Fig. 13 resulting in i) 2D pits (that can
deteriorate the step structure), as indicate the white arrows in Fig. 12 (a)
and the 1 x 1 pmz AFM image in Fig. 13 (a), and ii) 3D island, as
mentioned in Figs. 12 (c¢) and Fig. 13 (c), that maybe assigned to clus-
tering effect in InGaAs. Tejedor et al. [50] have evidenced the In surface
segregation in InGaAs sample that results in clustering and have pro-
cessed AFM measurement showing 2D to 3D transition of growth mode
due to the irregular formation of clusters on the surface, similar to what
we exhibited in Fig. 12 (¢) and Fig. 13 (c). Gu et al. [51] have also
mentioned the 2D-3D transition mode in InGaAs epitaxy due to the fact
that ‘In atoms can easily reach the defects on the growth surface to form
some nucleation sites and form ‘In-rich islands’.

Another aspect is noticed by the stepped morphology which is its
irregularity that i) suggests the presence of impurities and relaxation
effect due to lattice mismatched InGaAs to InP that we justify by the high
indium content, set when designing the epitaxy, inducing the formation
of InAsP interfacial layer demonstrated by XRD and Raman analyses,
and ii) rules out the possibility that step-flow mode still governs the
epitaxy of InGaAs where the observed steps could be split into smaller
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Fig. 7. Cross-section SEM micrograph over the InGaAs layer downward to the
InP substrate combined with the EDX measurement in Zone 7 (spectrum 7).

ones or coalesced into larger ones giving arise to the step-bunching
mode [48,52]. This growth mode could be a fingerprint of the insta-
bility of epitaxy enhanced by the relatively high growth temperature
and the V/III ratio that lowers the diffusion of adatoms on the growing
surface [53,54]. Jesson et al. [55] have studied the morphology insta-
bility in strained films as a cooperative mechanism of islands and pits
described by their concurrent/sequential nucleation, responsible for the
occurrence of 2D-3D transition. The non-periodicity and the irregularity
characterizing the growing surface added to the high surface mobility of
Indium compared with that of Gallium imply an inhomogeneity within
the crystal. Under this condition, locally strain fluctuations occur by
inducing energetic states fluctuation that directly affects the optical
properties of such material. This scenario will be far discussed in the
second part of the section ’optical investigation’.

Returning to the RMS roughness (RMS = 6.9 A), a comparison is
made between our value and the values found in Refs. [11,12,56] for
InAlAs (RMS = 73 A [12]), InAsP (RMS = 22 A) (RMS = 36 A optimized
to 13.8 A by adding bottom and upper modulation layer [11]) and InAs
(RMS =130 A optimized to 40 A [56]) buffer layered InGaAs/InP, one
can conclude the smooth morphology that our sample shows. This can
be explained by the formation of interface layer lattice matched to InP
that plays the role of unintentionally buffer layer by compensating for
the dislocations and accommodating the strain in the high In content
structure. This contrast is also proven by the large values of RMS (more
than 40 A) obtained by Gu et al. [11] even when using grading profile
and digital alloys in buffer layered structures. More accuracy and con-
sistency are given to this comparison by referring to Zhao et al.‘s work
[42] reporting on the surface roughness of InGaAs/InP in positive and

Fig. 8. Cross-section SEM micrograph over the InGaAs layer downward to the
InP substrate combined with the EDX measurement in Zone 8 (spectrum 8).

Table 1
Atomic weight of components within the sample in the regions 6, 7, and 8.
Chemical Element In Ga N P As
Weight (%) Zone 6 62 5 4 17 12
Zone 7 72 _ 4 21
Zone 8 75 4 21

negative mismatch systems without using buffer layers: RMS = 690 A
(X = 0.16), 451 A (x, = 0.28), 134 A (x1y = 0.53), 331 A (x1n = 0.72),
and 411 A (xy, = 0.82) which is exponentially higher than our sample’s
RMS reflecting its high surface quality that might due to the low disorder
degree of crystal arrangement at the interface of positive mismatch
system [14]. Such result is promoting for epitaxy design of free-buffer
InGaAs/InP structure at high indium content by MOVPE system and
transmission electron microscopy still highly required to examine the
presence of (misfit/threading) dislocations or not in our alloying system.

3.2. Optical investigation

3.2.1. RT-UV-vis measurement

As described in Fig. 15, no sharp peak has been already observed in
the RT absorption spectrum which is indicative of the high background
impurities in such material [57]. Namely, we have recorded three highly
absorptive spectral regions indicated by black arrows at 313 nm (3.96
eV), 475 nm (2.61 eV), and 514.5 nm (2.41 eV). We can attribute the
highest one to InP material that absorbs well in the UV range [3,4] eV
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)

Fig. 9. Clockwise: (I) Cross-section SEM micrograph at 10 kV mapping over the InGaAs/InP heterostructure indicated by the white dashed line at 1 ym scale, (II) the
composition profile in-depth of 1.3 pm of (a) Indium, (b) Phosphorous, (c) Nitrogen, (d) Arsenic, (e) Gallium, and (III) Sum EDX-spectrum of InGaAs/InP material.
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Fig. 10. Raman scattering spectra deconvoluted by Lorentzian line profiles at room temperature under 638 nm-excitation wavelength.

[58] whereas the two other peaks are assignable to the InGaAs material Hernandez et al. [16] reported that the probing depth of Raman scat-
[13]. As mentioned above, the InP-like mode Raman intensity is lower tering 9 is inversely proportional to the absorption coefficient a (9 =1),
under the 638 nm excitation than the 532 nm excitation, compared to i.e., the 532 nm wavelength will be less penetrative into the sample than

the InAs-like mode intensity. This can be explained by the absorbance of that of 638 nm-wavelength where 9532™ — 137 nm and 9638™ —
InGaAs at these wavelengths as indicated in Fig. 15 (a®%® ™ < @®32™™): 166 nm. The optical penetration of 638 nm-excitation wavelength
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Table 2
Raman scattering modes in the InGaAs/InP structure.
Peak Raman shift 13 FWHM Raman mode Reference
position (i) (em™) Iy (cm’l)
ratio
1 87.3 0.32 52.28 DALA [30-32]
2 105.4 0.18 19.33 DALA [30-32]
3 150.2 0.41 62.77 DALA [30-32]
4 2149 1 12.39 LO-InAs [33]
5 229.7 0.16 15.19 LO-InAsP [33,34]
6 266.1 0.39 41.21 LO-GaAs [32,35]
7 303 0.05 7.07 TO-InP [36]
8 343.4 0.44 63.64 LO-InP [36]
9 425.8 0.05 17.34 N-Njus dimer [37]1
vibration
10 451.2 0.04 15.40 P-P vibration [16]
11 466.7 0.03 18.8 N-isolated [38]
vibration
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Fig. 11. XRD patterns of Ing g5Gag 35As/InP in semi-logarithmic scale.
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within the InGaAs thin layer could explain the observation of the InAsP
mode as a shoulder of the InAs vibration. By fitting the experimental

data for allowed direct transition using (ahv)? = f(hv) as presented in
the inset of Fig. 15, the bandgap energy of InGaAs is estimated at 0.748
eV. In the following, we have studied the temperature-dependent pho-
toluminescence of our sample by adopting localized state ensemble
simulation.

3.2.2. Temperature dependent photoluminescence in localized state
ensemble (LSE) frame

The temperature dependence luminescence of semiconducting
compounds has been investigated by semi-empirical models such as
Varshni, Vina and Passler models [59]. Nevertheless, abnormal emission
can be detected in II-VI and III-V materials in the low temperature range.
Eliseev et al. have attempted to simulate this kind of energetic evolution
[60] by using equation (2):

0.2

E(T) =E) — X7 ()
E, is the center of the distribution function, ¢ is the standard devi-
ation of the localized states’distribution and Kz is the Boltzmann
constant.
As this model is reproducible only at a temperature higher than 77 K
[60], another model is developed to simulate the S-shape feature: the
model of “Localized State Ensemble (LSE)”.
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The Gaussian-type distribution of luminescence through the local-
ized state ensemble is given by equation (3)

C(E.T) = 0" (E).F(E,T) @)
1
F(E,T)=—— (€]
efsl 42
—(E-5)”
@P%(E) = wpe” 7 (5)

When we derive equation (3) with respect to the energy ( g% = ), the

energy in the semi-empirical configuration will be given in equation (6).
E(T) =E, — A(T).KsT (6)

equation (2) can be expressed for an ideal semiconductor by the
semi-empirical Passler and Vina model as the following [61]:

E=Eg—ag|l+ @i —A(T).KgT (%)
exp(7) —1 e
/ } 2T\ ¢
E—Eo—aT@p[ 1+ <@—:> —1} — A(T).KpT (*x)

The first parameter represents the emission energy at 0 K defined by

the following formula:
Ep —ag
E(T=0K)= , =E ®)
EO

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

dE

T dTT- [62] :

The temperatures ©p and Oy are estimated to be the average phonon
temperature based on the Passler and Vina approaches, respectively.

The parameter ¢ = 4/1 + (&%) -2 represents the phonon dispersion
leading to three regimes:

for the limit value of high temperature such that a =

¢ < 2: the regime of large dispersion
2 < ¢ < 3.3 : the regime of intermediate dispersion

¢ > 3.3 : the regime of small dispersion

4¢ represents the phonon dispersion degree.
For higher temperatures, the bandgap energy evolution follows Eli-

seev’s model where the parameter A(T) = (#)2 ()]

The characteristic parameter of the thermal redistribution of carriers
over localized states A(T), soas 0 <A < (é)z is estimated in the LSE
configuration by solving equation (7):

2
(ﬁ> —A} <7) (10)

Z represents the ratio governing the carrier localization phenomenon
-

Aet =

and w, designates the amplitude of DOS distribution.

E, is the energetic position below which carriers occupy the localized
states at T = 0 K.

The photoluminescence investigation of InggsGagssAs was per-
formed at different temperatures as described in Fig. 16.

The low temperature LT PL-spectrum in Fig. 16 (a) proves the
operation of the investigated sample in.-the SWIR range, where the inset
presents the thermal evolution of the integrated PL intensity. The
dependence of PL spectra on temperature is exhibited in Fig. 16 (b),
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Fig. 12. 2D AFM (a) and (b) phase contrast micrographs and (c) 3D AFM micrograph with 5 x 5 um2 scan size of (100) oriented InGaAs/InP (Regarding the
significance of arrows in (a): white arrows indicate pits, blue arrows show deepper and aligned pits along the surface, and red arrows show 3D-islands where the

combined one points the mega-islands).

fitted by the semi-empirical models and modified semi-empirical models
based on the LSE model. This latter indicates an anomalous behavior in
the LT range giving an S-shape form deviated from the conventional
behavior announced by the semi-empirical Vina and Passler models:
energy is decreased with temperature due to the thermal agitation and
the lattice expansion (in the high-temperature range). The LSE simula-
tion is consistent well with the experimental points. It is worthy to note
that all the fitting curves are superposed at higher temperatures. In both
semi-empirical and LSE frames, the energy falls linearly with the PL data
at high temperatures where the fitting parameters are summarized in
Table 3.

As the empirical Varshni model fits the PL bandgap evolution at the
Debye temperature @p = 346 K, the effective temperature d o = 20p
[64] will be 231 K which is comparable with that of Passler model in the
LSE frame. This can prove the appropriacy of this model to fit the PL
bandgap shrinkage more than that of Vina [64], as Fig. 16 (b) exhibits. It
is well to note the different values of the bandgap energy extracted from
UV-vis (0.748 eV) absorbance and the PL emission energy (0.718 eV) at
room temperature. This shift is known as “Stokes shift” between ab-
sorption and emission spectra.

Numerous research works have been published to understand this
phenomenon in In-containing samples and based on them [51,60,
65-70] we explain our finding: because of the surface segregation of

Indium, In-rich zones are created so called clusters that can trap carriers
and behave like localized states. The S-shaped feature in PL energy
evolution emphasizes our expectation about the non-uniform distribu-
tion of Indium, proved by SEM-EDX graphs and supports the fact that
clustering effect, seen in AFM micrographs which in turn induced by the
composition fluctuation, results in potential fluctuation, the most
responsible for the abnormal PL behavior (S-shape) observed at low
temperatures. The down-up-down evolution at low temperatures re-
flects the carrier trapping by the localized states in the sample-thermal
transfer between localized states (from deep to shallower
levels)-thermal activation of electron interaction with phonons.

Since the S-shape stems from the carriers’ redistribution between
localized states and localized-delocalized states in the LSE formalism, a
comparative analysis between Vina and Passler models is introduced by
studying the evolution of “KgT.A(T)” dimensionless term. Fig. 17 shows
the reduction in characteristic temperature T™¢/d¢lc by 15 K with an
energetic increase of 8.3 meV in terms of the thermal redistribution of
carriers in InGaAs alloy when comparing Vina to Passler model.

It must however be emphasized that carriers were localized below
Tloc/deloc and after that temperature both of localization and delocal-
ization processes are competitive so that the blueshift is recorded.
Increasing continuously the temperature makes the carriers almost
(partially or totally) delocalized and enhances their interaction with
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Fig. 13. 2D AFM (a) and (b) phase contrast micrographs and (c) 3D AFM micrograph with 1 x 1 pmz scan size of (100) oriented InGaAs/InP.

phonons leading to the bandgap energy shrinkage. In view of this, the
thermal redistribution is higher in Vina approach than Passler approach
reflecting that the first redshift (band tail carriers will be re-trapped by
deeper states) is overestimated by the modified Vina model: S-shape is
not replicated very well in the low temperature range. The same for the
contribution of delocalized carriers at higher temperatures: it is more
significant for Vina model compared to Passler model in the LSE frame
where the delocalization of carriers is more rapid in the intermediate
range, and it is comparable at high temperatures.

Carriers can be localized mainly because of the potential fluctuation
due to clustering effects and/or the thickness fluctuation in quantum
well (QW) and quantum dot (QD) heterostructures’ interface [65]. As
we made the growth of In-rich free buffer InGaAs layer on InP, we rule
out the possible contribution of thickness fluctuation in such sample.
Consequently, the potential fluctuation seems the only factor respon-
sible for carrier localization due to the random and non-uniform dis-
tribution of Indium atoms within the structure, proved above by
SEM-EDX and AFM micrographs.

The first redshift observed at the lowest temperatures indicates the
re-localization of carriers by their redistribution i) between localized
states (from shallow to deeper states) and/or from ii) delocalized to
localized band tail energetic levels. Then, carriers start to delocalize at a
specific temperature noted TY¢/dlc where both localized and delo-
calized carriers contribute to the radiative recombination process.
Further increase in temperature allows the total delocalization of car-
riers by thermally activating the phonon-electron interaction, resulting
in the thermal bandgap energy shrinkage as the classic models stipulate.

10

This trend is highlighted in Fig. 16 (b) where all the fitting models are
superposed at high temperatures. Regarding the illustrative schematic
representation in Fig. 17, the delocalization process still incomplete
where the dimensionless term A(T). KgT, which reflects the re-trapping
and thermal transfer of carriers, persists even for higher temperatures.
Hidouri et al. have claimed that this result may be related to the lack of
the numerical procedure [71].

To get in depth the thermal redistribution of carriers, we study in the
following the spectral luminescence evolution in relation with the
phonon’s contribution.

The width of the InGaAs emission peak at half-maximum I" depends
on the temperature as described in Fig. 15, following equation (11) [72]

I'(T)=To+ T +T o+ iy (1D

Iy is the temperature independent inhomogeneous width.
I'ta = N 1aT designates the carrier interactions with acoustic pho-
nons.

TI'yo = I‘ELLg presents Frohlich interactions of carriers with optical
e XBT_1
phonons at elevated temperatures mainly in polar materials.
Limp = “,;’::p is linked to extrinsic mechanisms due to the non-
eKg T

idealities in the studied structure: alloy fluctuations, defect-related
transitions, impurities, etc ...

As mentioned in Table 3, Passler law follows the intermediate
dispersion regime where the contribution of LA-phonon is more signif-
icant than that of LO-phonon. However, this model does not replicate
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Fig. 15. UV-vis absorption measurement of InGaAs/InP (the inset illustrates

the evolution of (ahv)? versus (hv) by identifying the bandgap energy of InGaAs
EgT = 0.748 eV at room temperature).

the S-shape feature. For that reason, we developed such a model in the
LSE formalism showing another kind of phonon dispersion: a small
dispersion regime where the LA-phonon contribution is negligible than

11

that of LO-phonon. Nevertheless, the contribution of both LO- and LA-
phonon contributions still doubted when we analyze Fig. 18.

T'mp seems to be the only term that fits well the temperature de-
pendency of the full width at half-maximum which reflects the high
density of impurities in our system due to the alloy fluctuations (inho-
mogeneous distribution of Indium), proved by the SEM-EDX and AFM
analysis, and the S-shaped form revealed by PL investigation. The large
value of I'y confirms the high density of non-idealities in such material
justified by the inhomogeneous density of Indium atoms and the high
induced residual strain [45] in the epitaxial layer, reported above. One
can remark the fluctuation of the linewidth at the low temperature range
[10-50] K, referred to the localized carriers, that continue to increase
with temperature till Ty, = 90 K at which it stabilizes and restarts its
rising at 150 K up to 300 K because of the activation of delocalized states
at high temperatures and the phonon-assisted thermal contribution. In
fact, the N-shape dependence is widely known as a fingerprint of carrier
localization distinguishable from the exponential evolution of temper-
ature dependent linewidth [73] and which is slightly shaped in our
sample. At higher temperatures, the phonon assisted thermal transport
will dominates the photoluminescence of InGaAs material. Thereby, the
width of its spectrum will be larger and larger as indicated in Fig. 18 due
to the frequent interaction of carriers with phonons. It is noteworthy
that the high concentration of Indium and its non-uniform distribution
within the structure, giving arise to high density of defects (translated by
the large FWHM of PL spectra), surface roughness (shown in AFM mi-
crographs) and dislocations will be detrimental for SWIR detection since
such defect’s density and heterointerface-induced strain led to higher
dark current density, thereby poor SWIR detection [70,74].
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Fig. 16. (a) Low temperature photoluminescence LT PL-spectrum of InGaAs (inset: temperature dependent integrated PL intensity), (b) Temperature dependent
photoluminescence TDPL energy fitted by semi-empirical and modified semi-empirical models.

Table 3
Optical fitting parameters used in semi-empirical and LSE configurations.
Models Passler  Modified Péassler Vina Modified Vina (LSE
(LSE frame) frame)
Ep (meV) 760 792.10 759.80 799.94
a(x 10~*eV /K) 3.44 2.60 2.26" 2.05"
6i_pp(K) 172 225 267 292
c 213 9 _ _
ap(meV) _ 30.20 30
Eg(meV) _ 790 829.94
'Iiuc/deloc (K) B 50 B 35
o (meV) _ 5 B 3.70
Eq — Eo (meV) . 17.90 _ 20.28
2ap
? aying = — [63].
Vina QB [ ]
0.04
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Fig. 17. Thermal redistribution of carriers over localized/delocalized states
within Ing sGag 35As structure using modified-Passler and -Vina models in the
LSE frame accompanied with illustrative schematic of the carriers’ redistribu-
tion at the energy scale.

4. Conclusion

We carried out comprehensive studies of the crystallinity, composi-
tion, lattice vibrations, and optical characteristics of free buffer InGaAs
thin film, successfully grown on InP substrate at 560 °C by MOVPE, with
high Indium concentration. On one hand, structural analysis was per-
formed: the XRD characterization demonstrated the higher crystallinity
of the heterostructure. Then, SEM-EDX analysis showed the non-uniform
distribution of Indium within the sample. Furthermore, Raman
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Fig. 18. Full width at half-maximum FWHM of the PL spectra plotted vs.
temperature, with associated line width broadening fits.

scattering analysis allowed the identification of the presence of InAsP-
like mode at 229.7 cm™!. This finding was emphasized by the XRD
shoulder of InP-related peak showing its compressive strain to InP layer.
On an atomic scale, the AFM observation made it possible to study the
surface morphology of our sample by showing its roughness and the
proceeding growth mode in our epitaxy that was correlated with the
optical response of InGaAs. The optical characterization was made to
confirm the non-uniform distribution of Indium. Firstly, UV-vis mea-
surement was performed to identify the absorption coefficient of InGaAs
film and to estimate its bandgap energy at room temperature. Secondly,
a temperature dependent photoluminescence characterization was car-
ried out in the range 10-300 K to study the optical behavior of In-rich
sample. The emission energy versus temperature revealed an S-shape
feature due to the localization phenomenon. This reflected the potential
fluctuation due to the composition fluctuation of Indium, proved by
structural analysis. Moreover, the theoretical simulation reproduced the
S-shaped form based on the semi-empirical models in the LSE frame,
allowing to get in depth insight into physical concepts. The modified-
Passler model seemed to be the most accurate for reproducing the PL
bandgap data, compared with the modified-Vina and the semi-empirical
models, describing the thermal redistribution of carriers. Finally, the
FWHM was also interpreted by considering the impurities, acoustic
phonon and Frohlich interactions with carriers in our semiconducting
material where the contribution of impurities takes over the phonon



M. Ben Arbia et al.

contribution (LO & LA modes). All these findings led to a concrete
conclusion: In-rich structure can include composition fluctuation, im-
purities, and defects and may generate dislocations within the sample
that can deteriorate its performance for SWIR application. In our future
work, we will be investigating the same structure but with buffer layer to
study its effect on the carrier localization by analyzing its structural and
optical characteristics and their influence on the SWIR detection.
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