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Abstract

InxGaixAs epitaxial layers were grown on InP (100) substrates by a metalorganic
vapor phase epitaxy (MOVPE) technique. The effect of Indium (In) composition on the
crystalline quality and optical properties are investigated. High resolution X-ray diffraction
(HR-XRD) measurement and Raman scattering spectrum are used to evaluate the crystalline
quality, the residual strain and dislocation density property. The number of dislocations in the
epitaxial layers is found to increase by increasing the Indium content in order to release the
stresses due to the epitaxial clamping. Photoluminescence (PL) measurement is used to
characterize the optical properties. At 10 K, PL measurements show that the InGaAs band gap
redshifts with the indium content. Moreover, the asymmetry at the low-energy side of the PL
peak has been attributed to the presence of localized excitons. In all samples, a blue shift of
PL peaks is evidenced by increasing the excitation power density, which is in line with the
presence of carrier’s localization and non-idealities in this system. Moreover, the temperature-
dependence of the PL peak energy displays an unusual red-blue-red shift (S-shaped) behavior
when raising the temperature. These observations can be related to the inhomogeneous
distribution of indium which gives rise to the appearance of dislocations and other defects
which serve as traps for charge carriers. Interestingly, those highly In-content InxGai.xAs
epitaxial layers show PL emission located between 1637and 1811 nm (depending on In
content) and thus might be suitable for in the design of novel heterostructure devices such as

short wave infrared (SWIR) detectors.
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1. Introduction

InGaAs is one of the most important III-V semiconductor materials attracting attention for
their applications in remote sensing, environmental monitoring, optical fiber communication
etc [1-6]. Indeed, their bandgap can be engineered in a large range of the infrared spectrum
0.9-3 um [7] corresponding to the atmospheric transmission window of interest for military,
agricultural, scientific and spectroscopic applications [8, 9]. For instance, InxGaixAs (x=0.53)
grown on InP substrate are commercially available and mature photodetectors with cut-off
wavelength at 1.7um [9]. As a competitor, II-VI HgCdTe-based materials cover the same
wavelength range as InGaAs and many commercial devices exist in the market. However,
those HgCdTe detectors require efficient cooling while InGaAs detectors do not need any
cooling systems since they can already operate efficiently at room temperature [10].
Moreover, the usually used CdZnTe substrates that have near lattice mismatch with HgCdTe
have severe drawbacks such as a lack of large area, a high production cost and, more
importantly, a difference in thermal expansion coefficient between those substrates and the
silicon readout integrated circuit [11]. Actually, the epitaxial growth and especially the
heteroepitaxy of semiconductor materials requires suitable substrate materials which are
restricted by lattice mismatch limits. Indeed, the presence of dislocations which appear to
relax strains in the active heteroepitaxial layer during the growth can be detrimental to optical

and electrical device performances [12].

In case of InGaAs, applications in longer wavelength region (>1.7um) require to increase the
indium content, which in counterpart increases the lattice mismatch between indium
content InGaAs and InP substrate. For example, the 2.5 um cut-off wavelength photodetectors
Inp.83Gao.17As have a lattice mismatch of about + 2.1 % with respect to InP [13]. As a result,
many studies have been conducted to improve crystalline and optical quality and surface
roughness as well as decrease deep-level defects of highly indium-doped InxGaixAs epitaxial
layers. In this context, Xiaoli et al. [14] showed that the high dark current is still one of the
critical technology issues for extended wavelength InGaAs detectors. The cut-off wavelength
ranges from 1.7 pm to 2.4 pm with the rise of Indium composition from 0.53 to 0.78, but
concomitantly the dark current increases about four orders of magnitude. The origin of the
enhanced dark current is known to be related to lattice-mismatch between the epitaxial layer

and the substrate [14]. For InxGaixAs thin films grown on InP, Liang Zhao et al. [15] used



transmission electron microscopy to show that the observed surface undulation which is
enhanced with the increase of mismatch degree is caused by the accumulation of dislocations.
Moreover, the high density of such structural defects (cluster effect) in the InGaAs layer, can
generate localized trap states near the band edge [16]. Any localization of carriers in InGaAs
structures due to lattice disorder, impurities, composition or layer thickness variation... [17-
19] has an important effect on their dynamics and thus the properties of the material. A better
understanding of the consequences of In content in concentration x in InxGai.xAs alloy is
therefore crucial prior to its integration into opto-electronic applications. This is the aim of the
current paper. The crystalline quality, the residual strain, dislocation density and optical
responses of InxGajxAs epitaxial layers are studied here in detail by high-resolution
X-ray diffraction (HR-XRD), Raman spectrocopy, power-dependent photoluminescence

(PDPL) and temperature-dependent photoluminescence (TDPL) measurements.

2. Experimental details

The InxGai-xAs epitaxial layers of thickness 190 nm with different In contents (sample S1: x =
0.65, sample S2: x=0.661 and sample S3: x=0.667) were grown on (100) InP substrate by
Metalorganic Vapor Phase Epitaxy (MOVPE) at 560°C. The growth rate is about 3 A per
second. High purity hydrogen (H2) and nitrogen (N2) gases are used as the carrier gas in
MOVPE system during the growth. Metal organic (MO) TMGa (Trimethylgallium), TMIn
(Trimethylindium) and hydride AsH3 (arsine) are used as Ga, In and As precursors,
respectively. Gas flow rotation is used to obtain uniform (thickness, composition etc.)
epitaxial layers. The hydride and metal-organic sources are introduced as vapor phase into a
hot (~650 °C) reaction chamber and thermally decomposed (pyrolysis) at growth temperature
on the hot substrate located on top of susceptor to form the desired film in the reaction
chamber. 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 K,=1.54056 A) which provides 9kW X-ray power and four
bounced Ge (220) monochromator allowing a 2theta precision of 0.0004°. The Raman spectra
were acquired using a Horiba T64000 spectrometer at room temperature in a backscattering
geometry using the 532 nm-excitation line of an argon-ion laser operating at 10 mW focused
to a spot of 50 um in diameter. The scattered light was dispersed using a triple
monochromator and the spectra were recorded using a liquid nitrogen cooled CCD. For PL
measurements, the samples were mounted in a closed-cycle cryostat with temperature varying

from 10 to 300 K, and excited by a 514-nm continuous Ar+ laser and a fixed power excitation



of 80 W/cm?. Spectral response of the luminescence measurements was dispersed using

JOBIN YVON HRD1 monochromator and detected by a cooled InGaAs photodetector.

3. Results and discussions

3. 1. Structural characterizations

The HR-XRD spectrum of the three InxGai-xAs/InP samples versus 20 is presented in Figure
1. We have chosen the interval between 61° and 64° where the {004} Bragg peak is located.
In this figure, it is clear that the high-intense sharp peaks were derived from InP substrates
and the other peaks from In.Gay  As layers. According to the HR-XRD data, InxGaj.xAs peaks
are on the left side of InP peak for all samples, which means that the film is under
compressive strain resulting in an enhancement of the out-of-plane lattice parameter. From
HR-XRD measurement of the (004) plane spacing, we it is possible to determine the strain

between the InxGai-xAs epitaxial layers and the substrate as [1]:

(1)

Aa AO
a tan(8p)

where AO is the measured angular spacing between the epitaxial layer and substrate
diffraction peaks and 8y 1s the Bragg angle for the InP substrate.

In the Figure. 1, one can also see the possibility to grow relatively rich indium content of
InxGaixAs (x=0.667) without using any compensation buffer layer. As can be clearly seen,
the more the In content is and the stronger the compressive strain is as the Bragg peak is more
shifted towards the left side (low 2theta) angles. Moreover, when the mismatch between the
InGaAs films and the InP substrate is large, the full width at half maximum (FWHM) of the
Bragg peak is bigger while the film thickness keeps constant, meaning that defects, and most
likely dislocations, form in order to release the imposed misfit strain by the substrate. Based

on the literature, it is possible to evaluate the dislocation density (Nais) in such epitaxial layers

according to the following formula [20, 21]:

—9 (FWHM)?
- 9a3

Nais ()

Where ag is the lattice constant of the epitaxial layer. We then determined the dislocation
density of the all samples (Table 1). From Table 1, we can see that, increasing the Indium
content through x = 0.65, 0.661 and 0.667 leads to an increase in the dislocation density Nais =
2.17, 2.64, and 3.14 (10° cm™), respectively. Yet, the smallest FWHM of 0.588° is obtained in
sample S1, which has the best crystalline quality compared to the others and the addition of

only 1.7% of In amount results in strong enhancement of dislocation density by ~ 45%. In



addition to HR-XRD measurement, we also performed Raman spectroscopy measurements
which is also a powerful technique for studying the InGaAs materials.

3. 2. Raman results:

When clamped onto the substrate, the semiconductor films mainly release the epitaxial stress
by forming dislocations [4]. Thus the epitaxial layer morphology is strongly linked to the
movement of the dislocations in the epitaxial layer [4].

The strain relaxation can be also investigated by means of Raman scattering in InxGaji-xAs
epitaxial layers as we did here under the (100) back-scattering geometry conditions. As
InxGai-xAs can be considered in somehow as a mixture of InAs and GaAs parent materials,
both InAs-like and GaAs-like phonon modes can be observed according to Raman scattering
conditions [22].

Typical Raman spectra of the three InxGai-xAs/InP structures measured at room temperatures
with a low excitation intensity in order to avoid laser-induced heating is presented in Figure 2
(a). The laser excitation energy is Ei=2.33 eV, which is above the InxGa;.xAs-layer band gaps.
In all samples, the two main phonon bands are related to alloy InGaAs-like and InP-like in the
ranges from 190 to 260 cm! and from 275 to 350 cm’, respectively [4, 22]. Also, the
disorder-activated longitudinal acoustic (DALA) phonon of InxGaj.xAs samples in the wide
Raman band from 100 to 190 cm™ is commonly observed [23, 24]. The reason for this is that
there is an interaction between atomic clusters during the development of the epitaxial layer,
which results in the disorder degree of crystal arrangement at the interface. The increase in the
disorder degree contributes to increase the dislocations density [4].

To quantify the exact peak frequencies of the different active Raman modes, the Raman
spectra are deconvoluted using Lorentzian shape function. The error bar in the value of the
phonon energy is 0.02 cm™. The fitting curves for the Raman spectrum of the sample S3 is
plotted in Figure 2 (b). At least seven different peaks are necessary to give the best fit to the
experimental data. Yet, two peaks are observed for all samples at 299.02 and 333.32 cm™!
related to transversal optical (TO) and longitudinal optical (LO) phonon modes of InP
substrate, respectively [25]. The spectra also display two-mode Raman peaks around 209.14
and 241.13 cm™ which correspond to LO phonon modes of InAs and GaAs, respectively [4].
Moreover, the peak corresponding to InAs-like LO mode is strong and sharp, due to the rich
content of Indium (x > 0.53). In this experiment, the InAs-like TO frequency is forbidden in

the (100) backscattering geometry. According to the scattering selection rule of zinc-blend



type structure, only LO phonon modes are expected in the (100) backscattering geometry in
the InxGai.xAs epitaxial layer [26].

By changing the In content, the lattice parameter of InxGaixAs alloy varies between GaAs
and InAs ones. As a result, we can observe in the Figure 2 (a) a shift of the InAs-Like LO
and GaAs-like LO mode towards lower wavenumber with increasing the In content. This shift
is due to the compressive strain caused by the lattice mismatch between InP and InxGaj.xAs
[27] and thus is in good agreement with the HR-XRD results.

According to previous studies [4, 28], the relationship between the shift of GaAs-like LO

frequency and the residual stress in the InxGai-xAs epitaxial layer is given by:

2(1)0A(1)L0

R = a5 r2e-Gu s o-0] 3)
where

A0 = L0 — L0 )
ws® = —32x% — 18.6x + 290 (5)
wy = —0.0003x + 0.16 (6)
p = 0.268x — 0.427 (7)
q = 0.126x — 0.478 (8)
Si11 = 0.77x + 1.175 )
Si2 = 0.32x — 0.365 (10)

with, x is the In content, p and q are the optical phonon deformation constants, S11 and Si» are
the elastic compliance constants, ®"© is the measured GaAs-like LO frequency in epitaxial
layer, w, is optical phonon frequency at k = 0, w5 is the frequency of epitaxial InxGaj-xAs
without stress and Aw'C is the frequency shift between wro andw5C. All parameters and

values of equation 3 are summarized in Table 2.

For sample S1, S2 and S3, the residual strain in epitaxial layers increases with the increase of
indium contents which is consistent with our previous HR-XRD measurements.

3. 3. Optical study:

To investigate the influence of indium composition on the optical properties of InxGaixAs (x
=0.650, 0.665 and 0.667) thin films grown on (100)InP substrates, photoluminescence (PL)

measurements at 10K using a continuous-wave laser with a wavelength of 514 nm were



recorded in all the samples. For the sake of comparison and in order to identify the different
energy peaks, PL spectra are normalized and deconvoluted using multiple Gaussian curves
(solid lines). Figure 3 shows normalized PL measurement of all InGaAs samples under an
excitation power density of 80 W/cm?. Two peaks are observed for all samples. The peak
localized between 880-905 nm most likely originates from a band-to-band transition of InP
substrate [25]. In addition, a wide PL signal, which belongs to band-band emission of InxGa;.
xAs layer [29], appears at about 1637, 1770 and 1811 nm for samples S1, S2 and S3,
respectively. We note that the difference of energy observed between the transitions of
InGaAs layer corresponds to the difference in the indium composition (see Figure 3). It can
be seen that the InGaAs emission shifts from 1637 nm to a higher wavelength of 1811 as the
Indium composition increases from 0.65 to 0.667 [30]. Our results demonstrate that these
samples are highly suitable for short-wavelength infrared (SWIR, 1.4 — 3 pum) applications.
The short-wave infrared (SWIR) band of 1.4-3 pum has attracted increasing attentions for its
broad applications, especially in earth observation, night vision and spectral analysis [31].
However, the devices could be optimized for any wavelength within a spectral range of 0.85—
3.6 um.

The FWHM width of the PL signal is within 56116 meV for all samples. It can be seen that
the FWHM of the PL peaks are broadening while the indium content increasing. This effect is
due to the mismatch and strain increasing between substrate and the clamped epilayer [25,
30Jand can be explained by the presence of the crystal imperfections (surface roughness,
dislocations), defects and indium fluctuations in InGaAs epilayer [4, 30]. This high density of
structural defects in the InGaAs layer, can generate localized trap states near the band edge,
which can be accounted to the asymmetry at the low-energy side in PL peak of InGaAs layer
(as indicated by an arrow in Figure 4) [17, 31]. Such asymmetry has been attributed to
localized excitons which exhibit slightly lower energies due to potential modulations inside
the InGaAs layer [17,32]. A similar phenomenon has been already observed in

InGaAsP/InAlAs/InP (100) quantum well heterostructure [33].

Here in our films, misfit dislocations could be created by the disorder of cluster arrangement
at the interface during the growth process. The results of PL. measurements, as well as those

obtained by Raman and HR-XRD, are thus in a very satisfactory agreement.

In order to get further insights into the carrier’s localization, the power of the excitation line
of the InGaAs PL measurements is varied. Figure 3 shows the PL spectra at 10 K using six

different optical excitation power densities (80, 35, 18, 7, 3 and 0.7 W/cm?). At 0.7 W/cm?



optical excitation power density, the PL peaks are centered at 0.714, 0.719 and 0.760 eV. By
increasing the power density by a factor of ~100 to reach a power density of 80W/cm?2, the PL
peaks shift toward higher energy by 10 meV. The slight shift of the emission energy observed
with increasing excitation power density supports the hypothesis of exciton localization at low
temperature. Indeed, for InAlAs/InP, a similar phenomenon was highlighted [17, 18].

Moreover, we have also performed the temperature-dependent photoluminescence (TDPL)
measurements from 10 K to 300 K shown in Figure 5 a, b and ¢ in sample S1, S2 and S3,
respectively. From those PL spectra, we extracted for each temperature the peak position, the

integrated intensity and the FWHM as depicted in Figure 6 a, b and c, respectively.

Figure 6 (a) shows the PL peak energy positions of InGaAs as a function of temperature. The
peak position shows an anomalous behavior (red-blue-red shift) upon increasing temperature
from 10K to 300K. The S-shaped form in PL peak emission along the temperature axis can
be divided into three temperature intervals and explained as follows:

First the peaks shift to low energies (i.e., red-shift) with increasing temperature, up to
approximately 50 K (region I). The red-shift is around 8.5 meV, 12.1 meV and 17.2 meV for
S1, S2 and S3, respectively. This behavior can be attributed to the recombination of photo-
generated carriers trapped by localized states, associated to the tails of the bands. When the
temperature is above ~60 K, the thermal energy becomes sufficient for the excitons situated in
the tails of the bands to reach the strip edges, where they are delocalized to high-energy
levels. As a result, a blue shift is observed (Region II i.e. ~5S0K to ~100K). For even higher
temperatures above ~100 K (Region III), all carriers are delocalized in the continuum and the
shift of the PL peak to lower energies (redshift) prevails, dictated by the thermal dependence
of the band gap, which in turn is induced by electron-phonon interaction and lattice thermal
expansion [34].

Thus this atypical behavior (S-shaped) of the InGaAs peaks energy can be related to the
localized states, due to the inhomogeneous distribution of indium composition [35].

Between samples, there are some differences between S-shape temperature dependence for
the localized states of InxGaixAs epitaxial layers emission. The energy separation
between the minimum and maximum positions of the S-shaped was defined as the exciton
localization energy. This energy is around 5.7 meV, 12.1 meV and 14.5 meV respectively for
S1, S2 and S3. It is therefore proposed that there are two kinds of localization states for
sample S2 and S3, which are distributed in the InGaAs layers at two distinct energy depths,

which is due to the inhomogeneous distribution of indium composition, i.e. with higher



indium composition (deep localization states) and reduced indium composition (shallow
localization states), as in sample S1. We explain this difference of the S-shape from one
sample to the other by the increasing content of indium in the alloy which increases the
lattice-mismatch between InP substrate and epilayer [36]. The lattice-mismatch in epitaxial
growth materials significantly degrades the material quality, as shown from the HR-XRD and
Raman measurements mentioned above.

In addition to the peak position, the FWHM of the PL peak is another key parameter which
likewise provides significant information on the localization mechanism of carriers. The
FWHM behavior against temperature of each samples under high excitation power density Po
is plotted in Figure 6 (b). The line width versus temperature exhibits non-monotonic
behavior, which brings further insights to the carriers’ localization mechanism. Indeed, the PL
linewidth continuously increases till a temperature of <200 K and then slowly drops down
above this temperature for the all samples. The widening of the PL signal with temperature
can be explained by the transfer and the thermalization from localized states. Indeed, when
the temperature rises up to the thermalization point, some of localized carriers occupy shallow
localized states [32]. This consequently leads to an increase of the FWHM. Here, when
approaching 200 K, most localized carriers become progressively mobile [37]. Note that this
temperature behavior is more pronounced in case of sample S3 which is the more defective
one.

Finally, the temperature dependence of the normalized PL intensity is reported in Figure 6
(c). By increasing the temperature, the global emission intensity of the PL spectra gradually
diminishes, showing the existence of non-radiative recombination centers.

In order to understand the mechanism of carrier thermal quenching in InGaAs layer, we fit the
experimental data of the integrated PL intensity by using the following Arrhenius-like

expression [37, 38]:

I(T) = Lo (10)

143 ciexp(Eh)
Where T is the measured temperature, I(T) is the integrated PL emission intensity, Ip is a
variable parameter, k is Boltzmann’s constant, c; are constants related to the densities of non-
radiative recombination centers, E,; are the activation energies corresponding to the non-

radiative recombination centers.

Figure 7 shows the fit using equation (10) of the experimental data, and the activation

energies obtained from the fit for each sample are also indicated. Those activation energies



are 15, 22 and 27 meV for the samples S1, S2 and S3. It is worth pointing out that when the
indium composition increases, the thermal activation energy increases. This could be
understood as a consequence of the strongest trapping effect by the defects in case of sample
S3 which requires a stronger activation energy to release the charge carriers from their
localized states.

4. Conclusion

To sum up, the structural and optical properties of InxGaixAs epitaxial layers grown
on (100) InP structures have been investigated by HR-XRD, Raman and PL spectroscopies.
The effect of different indium contents on the crystalline quality and optical properties was
investigated. We have successfully grown epitaxial InxGaixAs films with relatively
indium content of x=0.667 without using any buffer layer. We have clearly showed that by
increasing the lattice mismatch with the increase of indium content, the crystal structure
releases the epitaxial stress by created defects which are likely dislocations for whom we
estimated the density. This structural defect are proposed as the carrier’s localization centers
as supported by our PL measurements. For instance, TDPL results reveal that the inverted S-
shape along temperature axis results from transition process between localized and
delocalized states in the InGaAs layer, which depends on indium amount and its relatively
inhomogeneous distribution.

Our work provides new insights into the understanding of the photoluminescence response in

InxGai-xAs with In composition.
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Tables captions

Sample Indium Contents Lattice FWHM Dislocation
(%) (A) (degree) density (10° cm™)
S1 65 5.9545 0.588 2.17
S2 66.1 5.9592 0.650 2.64
S3 66.7 5.9618 0.709 3.14

Table. 1: The HR-XRD results of the InGaAs epitaxial layers with different In.

Sample Indium w5 o0 Aw'® o R
Contents (%)  (¢cm™1) (em™) (em™) (10'*s-%2)  (GPa)
S1 65 264.39 249.21 -15.18 0.1598 2.88
S2 66.1 263.72 243.52 -20.20 0.1598 3.80
S3 66.7 263.36 241.13 -22.59 0.1598 4.17

Table 2: The Raman results of the InxGaixAs epitaxial layers with different In.



Figures captions

Figure 1: 20/w X-Ray diffraction spectra of the InGaAs layers having different In alloys
grown on InP by MOVPE.

Figure 2: (a) Raman spectra recorded at room temperature with incident energy E; = 2.33 eV

for the all samples. (b) Line shape fitting of Raman spectrum obtained from sample S3.

Figure 3: 10K PL spectra obtained from samples S1, S2 and S3 at different type of Indium

concentration (excitation laser power was 80 W/cm?2 for all the samples).

Figure 4: PL spectra of samples S1 (a), S2 (b) and S3 (c) at several different excitation

powers, measured under temperatures of 10K.

Figure 5: PL spectra of sample S1 (a), S2 (b) and S3 (c) at a temperature range of 10-300 K,

measured under excitation powers of 80 W/cm?.

Figure 6: (a) PL peak energy shift, (b) The PL FWHM and (e) integrated PL intensity vary as
a function of temperature for all samples measured at the laser excitation intensity of Ip = 80
W/cm?.

Figure 7: Temperature-dependent integrated PL intensity of samples S1, S2 and S3 at the

excitation power of 80 W/cm?.



Figure 1:

Normalized Intensi

1O InP
51 |
52
1E-1 53
InGaAs
1E-2
=661
1E-3 x=0.667 x={L650
1E-4
1E-5

20/m (Degree)

64



Figure 2

52

S1
Sample S3

Sample
Sample

v T v I v
250 300

200

(Shun-que) Ajsudju wewey

350

100 150

50

ft (em™ D)

Raman shi



F—— Sample S3 (b) InP-like TO

T=300 K
.. =532 nm
exc

InAs-like 142

Ing-like L.O»

Raman intensity (arb.units)

50 100 150 200 250 300 350
Raman shift (cm™ 1 )

Figure 3:

Iy
4

| @ Sample 81 [ |
@ Sample 82
@  Sample 83
Gauss fit of sample S1
Gauss fit of sample 82
Gauss fit of sample 83

T=10K

lex=5 14 nm

P, =80 W/cm’

Normalized PL intensity (arb.units)
|

B
! | ' I v I v //// ! v ! 1 L

] I I
750 900 1050 1200 1350 1500 1650 1800
Wavelength (nm)

|
1950 2100



Figure 4:



Figure 5:

PL intensity (arb.unitis)

PL intensity (arb.unitis)

PL intensity (arb.units)

Sample S1 a
£ . e 0 (a)
| —o— 50 wiem® sie
—a— 35 Wiem’ FIaL
3 o 2
L e 18 W/em’ 4 B
e 7 Wiem® ]
L 3 ke %
» 3 W/hem ST23 %

| e 0.7 W/em®

10 mey = T=10 K

| T T T ¥ T
0.66 0.68 070 0.72 074 076 0.78 0.80 0.82 084
Energy (eV)

| Sample §2 10 '““‘_:,,5 T=10 K —a— 80 Wicm®
—e— 35 Wiem’

(b) —o— 18 Wiem®
—a— 7 W/em’
3 Wiem®
—e—1 Wiem®

. ——
0.66 0.68 070 0.72 074 076 0.78 0.80 082 0.84
Energy (eV)

10 meV ! Sample 83 —e— 80 W/em’
; T=10K —a—35 W/em®
(c) —a— 18 W/em®

—e—7 Wiem’

3 Wiem®

—e—1 Wiem®

T T T T

- : e, S m ==
0.64 0.66 0.68 0.70 0.72 0.74 0.76 0.78 0.80 0.82 0.84
Energy (eV)




Sample 51
(a)

(s1rn'qIe) Kyisuonut Td

0.76 0.78 0.80 0.82

74

0,

0.72

0.70

MMM
S8R83
L]
|1 ,
A
-
2
3
=
E n.nb.a.?
ﬁ.
s}
7))
i
p o~
g e
¥ s]
(snrun'qre) Aysuajut q

T T T
064 066 068 070 072 074 076 078 080 082 0.84

Energy (eV)

—+— 10k
—e—20k
—es—30k
—a—40 k

30k

Samplc S3

—
9]
—

(syun-qre) Ausuajur 14

066 068 070 072 074 0.76
Energy (eV)

0.64

0.62

Figure 6



Figure6:

Peak energy (eV)

PL Intensity (arb.units)

0.78

] (a) :
—a— Samplec 51
0.764 0..0_0_0‘9_00 T —a— Sample 52
1 - Ny — Sample 83
0.74 o
-
o 0“--0
0.72 e
1 @ @-Q@ay
0.70 4 b i *—e-o_
——g
4 “-_____a
0684 - e
J -9 i Y
0,66 -|
0.64 - >
! T T ! T i T L T X T
0 50 100 150 200 250 300
Temperature (K)
126
—9— Sample §1 (b)
124 4 —e— Sample 82
—a&— Sample 53
122 / =
. :] 2
120+
118 4 ) onD—9 e
b >
116 rd 1.1
0-9-0-9
114 —_—a—g
o-@—a-9—0—9 A=
2 [+ =2
112 2.9-9—0
notr—r—————— = = =
0 50 100 150 200 250 300
Temperature (K)
1 - ] (©) —o— Sample S1
] \ @ Sample 52
: Sample S3
34
2 =
. q
.o
14 @ --
0 T T T T T T T T T T
0 50 100 150 200 250 300

Temperature (K)




Normalised PL intensity (arb.units)

3 =
@ Sample S1
@ Sample S2
@ Sample S3
Ea(sample Si ):] REd e
Ea(_mmplc SE):22'77 o
E . a4 eV
a(sample 53)
00
)
T T T T ' T | ' |
0.0 0.2 0.4 0.6 0.8 1.0 1.2

I/K,T (meV)






