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A set of samples containing a single ultrathin InAs layer with varying thickness from 0.5 to 1.4ML
in a GaAs matrix have been grown by molecular beam epitaxy on GaAs (001) substrates at low
temperatures and investigated by low-temperature photoluminescence (PL). A linear change in
emission energy with InAs thickness has been experimentally observed. The PL emission line
shape from InAs/GaAs heterostructures has been investigated as a function of incident optical
intensity. The interplay between uncorrelated electron-hole pairs, free excitons, and localized
excitons, as a function of the excitation intensity, is found to play a significant role on the optical
properties of the InAs layer and is described in detail. Published by AIP Publishing.
https://doi.org/10.1063/1.5053412

I. INTRODUCTION

Highly strained ultrathin InAs layers on GaAs have
attracted much interest in the study of fundamental physics1

as well as in applications for electronic and optoelectronic
devices.2,3 For example, recently, sub-monolayer (SML)
InAs deposition on GaAs4 has been proposed as an alterna-
tive method to the extensively used Stranski-Krastanow (SK)
mode of quantum dot (QD) growth to achieve carrier con-
finement. Moreover, both theoretical5 and experimental6

investigations encourage the use of InAs single quantum
wells (QWs) for efficient excitonic lasing applications. These
investigations raise an interesting question as to the degree
and role of carrier confinement in nanostructures formed by
sub-monolayer growth.

For example, it has been reported that carriers confined
to an ultrathin InAs layer show confinement in one dimen-
sion, and any restriction on center-of-mass motion of exci-
tons in the lateral direction due to the InAs island nature can
be excluded.7 This is in contrast to other works, which argue
for a significant role for the lateral confinement by the island
geometry.8,9 Consequently, the question of whether an
exciton in an ultrathin InAs layer is free in-the-plane of the
layer or if it experiences in-plane confinement due to the iso-
lated nature of the island, or coupling between islands, is
interesting to explore.

To explore this question, the focus of this paper is on the
excitation intensity dependence of photoluminescence (PL)
to investigate carrier recombination in different monolayer
InAs structures ranging from 0.5ML to 1.4ML, embedded in
a GaAs matrix. We observe and study the PL line just below
the GaAs free exciton (FE) peak, which is very strong even
though it is only on the order of a single ML of the material.
This PL line is due to the recombination of an excited elec-
tron and heavy hole in InAs.4 A very intense PL emission
line from a thin InAs quantum well compared to the GaAs
barrier has also been reported in the literature.10–12 We dem-
onstrate here that the PL intensity does not simply depend on

the thickness of the InAs layer but also on other factors. For
example, at lower InAs thickness, appreciable carrier escape
into the barrier has been observed, which decreases the PL
intensity drastically. By investigating the intensity depen-
dence of the PL on the InAs coverage, we demonstrate that
there are different channels of radiative recombination and
therefore the nature of carrier confinement.

II. EXPERIMENTAL PROCEDURE

Samples have been grown by the conventional
Molecular Beam Epitaxy (MBE) on semi-insulating (SI)
GaAs (001) substrates. After the oxide desorption, a 500 nm
thick GaAs buffer layer is grown at 580 °C. Subsequently,
the substrate temperature has been brought down to 460 °C.
At this substrate temperature and relatively higher As4 over-
pressure, five different thicknesses of InAs (0.5, 0.75, 1, 1.2,
and 1.4ML) have been grown on GaAs. A low substrate tem-
perature and a high As4 overpressure during InAs growth
were used to minimize indium segregation.13 Indium segre-
gation and subsequent In/Ga intermixing have been studied
in great detail for the III-V alloy system and for ML scale
InAs.14,15 After the deposition of InAs, a 10 s growth inter-
ruption was introduced to get rid of liquid like indium or
clustering on the surface. After the InAs layer, a 5 nm layer
of GaAs was grown at the same temperature to minimize In
diffusion. The substrate temperature was then increased to
580 °C, and a 45 nm GaAs layer is grown. Reflection
high energy electron diffraction (RHEED) was used to
monitor the growth in real time. Throughout the growth, a
streaky RHEED pattern indicated that we maintained
two-dimensional growth.

After the growth, photoluminescence (PL) and X-ray dif-
fraction (XRD) measurements were carried out on the
samples. For low-temperature PL measurements, the samples
were mounted in a closed-cycle cryostat ( Janis CCS-150)
with temperatures varying from 10 to 300 K and excited by a
532-nm continuous-wave (CW) laser. The PL signal was
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detected by a liquid nitrogen cooled CCD detector array
(Princeton Instruments PyLoN: 1024-1.7) attached to a
50-cm focal-length spectrometer (Acton 2500). All of the PL
spectra presented in this paper have been measured at 10 K.
XRD scans were performed on a PANalytical X’Pert MRD
diffractometer equipped with a multilayer focusing mirror, a
standard four-bounce Ge (220) monochromator providing a
collimated and monochromatic incident Cu Kα1 source of
radiation (λ = 0.15406 nm), and a Pixel detector. In this
case, ω-2θ scans, measured in the vicinity of GaAs (004)
reflection, were used for the characterization of the layer’s
thickness and strain.

III. CHARACTERIZATION OF SUB-MONOLAYER InAs
SAMPLES

A. X-ray diffraction (XRD)

Interference of the X-ray wave field in the semiconduc-
tor heterostructure was used to analyze the structural proper-
ties of the ultrathin layers.16 The interference from x-rays
scattered from GaAs below the InAs layer and the GaAs cap
layer was observed in the XRD pattern as the pendellösung
fringes. This allowed us to confirm the total deposited
indium, which was calibrated with RHEED, by comparing
the XRD measurement with dynamical scattering theory sim-
ulations.17 This technique provides accuracy better than
0.1ML.18 Figure 1 shows the symmetrical (004) XRD pattern
(both experimental and simulated) of the samples under con-
sideration. Excellent agreement between experimental and
simulated curves can be observed. Simulation has been per-
formed considering a fully strained system. Calculated “effec-
tive thickness of the InAs layer” from curve fitting has been
tabulated in Fig. 1. The samples have been named on the
basis of InAs coverage, for example, a sample having an

average InAs layer thickness of 0.5ML has been named
S0.5ML. It is important to note that the thickness determined
by x-ray simulation agrees exceptionally well with the
intended ML deposition based on the growth rate determined
by RHEED oscillations. It should also be noted that the
effective thickness of the well due to In/Ga intermixing will
result in a thicker InGaAs layer.

B. Photoluminescence (PL)

Before discussing the excitation intensity dependence of
PL, we discuss some general features of the observed PL to
characterize the emission. For example, Fig. 2(a) shows the
low-temperature PL spectra of the ultrathin InAs samples at a
low excitation power. It allows us to observe the distinct PL
line shapes of all samples. A few simple observations from
the PL spectra are as follows: PL emission energy of InAs
heavy hole (hh) exciton line decreases linearly as the deposi-
tion of InAs, from 0.5ML to 1.4ML, increases [Figs. 2(a)
and 2(b)]; Full width at half maximum (FWHM) of the InAs
hh exciton line increases with InAs deposition, except for the
1ML sample, which falls out-of-step and is relatively narrow
[Figs. 2(a) and 2(b)]; InAs hh exciton line is asymmetric in
nature with a low-energy-tail for all samples, except, again,
for the 1ML sample, which is very symmetric [Fig. 2(a)].

The PL emission energy, as a function of deposition, for
the InAs hh-line is plotted in Fig. 2(b). The decrease in the
emission peak energy with the InAs thickness is approxi-
mately linear. A similar trend was observed in the earlier
reports of thin InAs layers in GaAs.11,12 If InAs sub-
monolayers were simply composed of ML high InAs islands,
one could expect to see a PL characteristic of 1ML for all of
them. Likewise, for a deposition between 1ML and 2ML,
one would expect to observe PL for both 1ML and 2ML
quantum wells. However, this is not observed, rather the
observed PL peak behaves roughly linearly with deposition
from 0.5ML to 1.4ML.

An explanation for the linear, as opposed to the discrete
change in the PL peak with deposition, is that previous
studies on less than 1ML InAs islands show that the in-plane
island size is on the order of 2 to 4 nm.7,17,19 This is much
smaller than the exciton Bohr radius (aB � 15 nm),7 and
therefore there can be carrier confinement and sharing of the
carrier wavefunction with the barrier or other islands. In this
case, either due to lateral confinement or coupling between
islands, we need not observe the same PL peak energy for
S0.5ML and S0.75ML, or discrete PL peak energies for
1ML and 2ML quantum wells for S1.2ML and S1.4ML,17

but instead we can understand a more gradual change in the
PL emission peak energy with the amount of InAs deposited.
Likewise, another explanation for this PL behavior can be
based on intermixing of In and Ga from already formed InAs
islands during GaAs capping, which results in InxGa1-xAs
islands in which case the peak PL energy can shift more
gradually due to a changing value of “x” with increasing
deposition time. Our data for the shift in peak PL energy do
not distinguish between the two possibilities.

The PL linewidth, as a function of deposition, of the
InAs hh-line is plotted in Fig. 2(b). The increase in the

FIG. 1. XRD determined the effective or average thickness of the InAs
material. Experimental (symbols) and simulated (black solid lines) XRD
pattern for the symmetrical (004) plane; the table in the inset shows the cal-
culated thickness of GaAs and InAs layers.
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emission linewidth or FWHM with the InAs thickness is
gradual, except at S1ML. The most likely and the most cited
explanation for this is based on the research by Singh et al.
who examined an exciton in an island when the lateral extent
of those islands is smaller than the exciton Bohr radius using

the virtual crystal approximation (VCA) model.20 Applying
these results to our case, the spectral broadening of the PL
emission line21 can be due to interface roughness.17,19 A
second possibility is related to island nucleation. Increased
deposition simply means that while already existing islands

FIG. 2. (a) Low temperature (10 K) normalized PL spectra of InAs samples (measured data plotted by symbols) and Gaussian fitting of InAs PL peak
demonstrate the asymmetry toward low energy side (Gaussian fitted data are plotted by solid lines). (b) Variation of PL peak energy and linewidth (FWHM)
with InAs content.

FIG. 3. (a)–(e) Excitation power
dependent PL spectra of all samples;
two dashed blue lines show the
approximate position of GaAs related
peaks and (f ) de-convolved PL spectra
of S0.5ML.

235303-3 Kumar et al. J. Appl. Phys. 124, 235303 (2018)



are ripening, new ones are nucleating, causing the island dis-
tribution to broaden.22 A third possibility is that In/Ga inter-
mixing, from already formed InAs islands during GaAs
capping, results in material inhomogeneity that broadens the
emission. In either case, the narrow linewidth for the S1ML
InAs is understandable since for near 1ML of InAs coverage,
the roughness is reduced, the InAs island size distribution is
a much smaller issue, and intermixing is only vertical.

PL spectra of all samples [Fig. 2(a)], except sample
S1ML, show an asymmetric peak shape under low power
excitation in which the low energy side has an extended tail,
especially for S0.5ML and S0.75ML, as observed in the poor
Gaussian fit in Fig. 2(a). One explanation for the asymmetric
PL line shape is the carrier localization in the lower energy
states.23 A tail of localized excitonic states appears for a non-
integer amount of InAs, possibly due to increased roughness.
Gradual fading of the low-energy-tail as the excitation power
is increased (see Fig. 3) can be explained by the filling of
these localized exciton states because of their finite density.
Another possible explanation is that the tail is due to inter-
face or island edge states below the conduction band. The
tail is also observed to be minimized for S1ML and to
decrease for all samples relative to the PL peak as the excita-
tion power is increased (see Fig. 3). This is consistent with
the relative increase in free excitons or the saturation of the
edge states with increased excitation intensity.

While these three observations are consistent with previ-
ous experiments, here we have observed that the incident
excitation intensity has a significant effect on the PL emis-
sion peak, FWHM, and asymmetry. This presents an oppor-
tunity to learn more about the relationship between the InAs
coverage and the corresponding PL. As a result, the PL
spectra were measured with over 6 orders of magnitude varia-
tion in Iexc. The results are shown in Figs. 3(a)–3(e). Along
with the InAs PL peak, the GaAs free-exciton peak (around
1.516 eV) and an impurity peak (around 1.495 eV) are
observed. For the S0.5ML sample, in addition to InAs hh
peak, a light hole (lh) related emission is also observed.
The appearance of the lh related emission for the lower
coverage of InAs is also found in previous reports.7 In
Fig. 3(f ), the hh, lh, and GaAs FE peaks are de-convolved
for sample S0.5ML.

Our observations of the intensity dependent spectra are as
follows: (1) the linewidth increases with excitation power; (2)
in general, the PL peak blue-shifts with excitation power; (3)
the intensity of the PL peak increases with excitation power;
and (4) in general, the low energy tail observed for low power
excitation vanishes with increasing excitation power.

In order to understand these results, the dependence of
the PL linewidth, peak position, and integrated intensity on
Iexc is investigated and each is summarized in Figs. 4 and 5.

Both the PL linewidth and peak position variation of the
InAs hh peak with excitation power are plotted in Fig. 4. In
addition to the five InAs thin layer samples, two samples
having 1ML of In0.5Ga0.5As (S0.5InGaAs) and 1ML of
In0.75Ga0.25As (S0.75InGaAs) sandwiched in the GaAs matrix
have also been plotted in order to compare with the S0.5 ML
and S0.75ML samples. In general, the observed trend can be
characterized as a (1) blue shift and an (2) increase in

linewidth with increasing Iexc. The general blue shift behavior
can be attributed to carrier concentration dependent band
filling with increasing Iexc (dynamic Burstein-Moss effect).
Iexc increases the non-equilibrium carriers (n), which fills the
states near the band edge, shifting the PL peak toward higher
energy. As a result, competition between increasing n and
the rate of recombination raises the quasi-Fermi level produc-
ing both an increase in linewidth and emission energy of the
PL peak.

However, two anomalous behaviors of the Iexc dependent
variation of the emission energy are also observed: (1) a red-
shift in the PL peak of sample S1ML at low Iexc followed by
a blue shift of Pl peak at high Iexc and (2) a red-shift in the
emission energy of sample S0.5ML and similar for
S0.5InGaAs at high Iexc. The red-shift in S1ML (and a less
pronounced red shift in 1ML InGaAs samples) at low Iexc
can be understood in terms of competition between the for-
mation of the free exciton (FE) and uncorrelated e-h pairs.

FIG. 4. Peak position and linewidth variation with excitation power. Blue
lines and triangles show the peak position, whereas black lines and squares
represent the FWHM.
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Exciton formation in the case of non-resonant excitation is
most efficient at intermediate Iexc.

24 At low temperatures and
low Iexc, the probability for electron-hole collisions is small24

and uncorrelated e-h pairs can affect the emission energy of
PL peak. At low Iexc, uncorrelated e-h pair will influence the
PL peak, while with an increase of Iexc, the effect of uncorre-
lated e-h pair will become insignificant. This assumption is
further supported by the change in the slope of integrated
intensity vs Iexc for S1ML, which will be discussed later. In
other samples, instead uncorrelated e-h pairs at low excitation
power localized excitons (LE) form due to the presence of
localized states (consistent with our discussion of the PL
peak having a low energy tail at low Iexc) and consequently,
we do not observe a red-shift. Figure 4 shows the two
different regions for the S1ML sample in Iexc vs. emission
energy curve.

The red-shift in the emission energy in S0.5ML at high
Iexc can be attributed to two mutually supportive processes:
local heating effect and corresponding carrier escape from
the InAs to GaAs barrier (due to small escape barrier
potential). Carriers in the confined region have a higher radi-
ative recombination efficiency than in the barrier where an
exciton can find non-radiative recombination sites. Moreover,
non-radiative recombination in the GaAs increases the lattice
temperature, which in turn increases the carrier escape from
the InAs to GaAs barrier. Hence, these two processes are
multiplicative in nature. Local lattice heating is evident in
samples S0.5ML, S0.75ML, and S1ML by carefully observ-
ing the red shift in GaAs FE emission. In our data, the red
shift in the InAs PL peak is only observed in S0.5ML, proba-
bly because the escape probability of carriers from InAs to
GaAs barrier in S0.5ML is highest among all samples.

For the integrated PL, Fig. 5(a) shows the PL behavior
vs. Iexc. Basically, the integrated PL (IPL) increases with
increasing Iexc, based on the relation of IPL ¼ ηIαexc. The

exponent (α) gives information on the radiative recombina-
tion mechanism. For excitonic recombination, we expect that
IPL varies linearly with Iexc (α ¼ 1), while for uncorrelated
electron-hole pairs recombination, IPL is proportional to the
square of Iexc (α ¼ 2).25,26 After fitting the experimental data,
we find the exponent (α) for all samples to be near to unity
except for S0.5ML. It shows that a strong radiative recombi-
nation mechanism is due to correlated e-h pairs with a signif-
icant fraction from uncorrelated e-h pairs. At the same time,
IPL of S0.5ML is almost 3 orders of magnitude lower than all
other samples for the same value of Iexc. Considering the
very small escape barrier height in the case of S0.5ML
sample, carriers will escape as excitons, become uncorre-
lated, or escape as uncorrelated pairs. These carriers are
easily lost to the GaAs barrier resulting in the drop of PL
intensity. It was shown by Le Ru et al. that escape of the
carrier modifies the dependence of IPL on Iexc and makes it
superlinear.27 In the case of S0.5ML sample, relatively high
exponent (α = 1.71) is due to the carrier escape from the
InAs to GaAs barrier. As expected, almost the same order of
intensity and exponent is observed for the S0.5InGaAs
(1ML In0.5Ga0.5As) sample.

Earlier, we proposed that the interplay between FE and
uncorrelated e-h pairs is the reason for the red-shift of PL peak
in the S1ML sample at low Iexc. To examine the interplay
between FE and uncorrelated e-h pair in the S1ML sample,
IPL variation of InAs hh peak with Iexc is divided into two
regions, denoted by dashed and solid blue lines in Fig. 5(a).
The low Iexc region is shown by a dashed line, where we
observed the red shift in the emission energy, and the high Iexc
region is shown by a solid line, where we observed the blue
shift due to the band filling effect, as described earlier. Two
distinct exponents (α) can be observed in these two regions.
The low Iexc region shows the slope as high as 1.5 indicating
the influence of uncorrelated e-h pair recombination in this

FIG. 5. (a) Variation of the integrated
intensity of InAs hh peak with excita-
tion power; all graphs fitted according
to the power law mentioned in the text
and the calculated exponent (α, written
as slope) are shown in the figure. Error
in the calculation of slopes is less than
0.05. (b) Variation of the intensity
ratio between InAs hh peak and GaAs
FE peak.
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region. The high Iexc region shows the slope almost the same
as other samples indicating that the main recombination
channel in this region is FE recombination.

Under the specified laser illumination, carriers will be
initially generated at an energy higher than the GaAs barrier
and fall to the conduction and valence band edges of both
the islands and the barrier. Therefore, here, we assume that
approximately the same amount of carriers will be generated
in all samples under the same excitation power and diffuse to
the InAs. Higher ML InAs samples should capture more car-
riers because of the deeper ground state, larger size, and
therefore larger capture cross section.28 Figure 5(b) shows
the intensity ratio of InAs hh to GaAs FE peak variation as a
function of Iexc. The higher amount of InAs samples shows a
higher intensity ratio supporting the assumption that the
carrier capture is more efficient in larger ML InAs samples.
At high Iexc, as expected, the integrated intensity of InAs
peak for higher ML sample is higher. However, at low Iexc,
the behavior is non-trivial. PL intensity from InAs will
depend on the carrier capture efficiency of the InAs region,
oscillator strength of carriers in the confined InAs region,
and carrier escape from the InAs to GaAs barrier. Using
these three factors, we can examine the integrated PL inten-
sity behavior with Iexc. In general, one may expect the InAs
PL intensity to increase with increasing InAs deposition.
However, one has to also consider the escape and emission
probability of carriers which are expected to be different for
each sample. The observation that the InAs PL intensity is
higher for S0.75 ML than S1ML is consistent with the expec-
tation that the oscillator strength of correlated versus uncorre-
lated e-h pair is larger. Carriers in the S1ML sample are less
correlated than the S0.75ML sample at low Iexc. Similarly,
the higher PL intensity from the S1.2ML sample than the
S1.4ML sample at low Iexc can be explained based on the
exciton oscillator strength. With the increase in Iexc, localized
states saturate and we observe the crossover [Fig. 5(a)] of
integrated intensity between these samples.

IV. CONCLUSIONS

Different ML InAs (0.5 to 1.4ML) samples are grown
on GaAs by MBE and their PL properties are investigated.
Observed PL can be explained by either the island nature of
InAs or InGaAs formation due to In and Ga intermixing. We
do not distinguish between these two possibilities in our
explanations and both may play a role. PL emission energy
of the InAs heavy hole (hh) exciton line decreases linearly as
the deposition of InAs, from 0.5ML to 1.4ML, increases:
indium lateral intermixing, lateral confinement of carriers,
and wavefunction spread over multiple InAs islands are pos-
sible explanations. Full width at half maximum (FWHM) of
the InAs hh exciton line increases with InAs deposition,
except for the 1ML sample, which falls out-of-step and
is relatively narrow: interface roughness, island distribution
broadening with increased coverage, and inhomogeneity
introduced by intermixing are the possible reasons for line-
width broadening. The InAs hh exciton line is asymmetric in
nature with a low-energy-tail for all samples, except, again,
for the 1ML sample, which is very symmetric: increased

roughness induced localized states or interface or edge state
introduced localized states are possible origins of this
low-energy-tail. In addition to the general behavior of the
InAs PL, the excitation intensity dependent optical properties
of ultrathin InAs in the GaAs matrix have been investigated
to add to our understanding of the PL behavior. Red-shift of
PL peak for 1ML InAs can be understood as the interplay of
free exciton and uncorrelated electron-hole pairs. This
assumption is supported by the two different slopes for the
integrated PL intensity with excitation intensity. Red-shift of
PL peak for 0.5ML InAs can be understood as local heating
and carrier escape to the barrier. This is also consistent with
the observed almost 3 orders of lower intensity for 0.5ML
InAs. Nontrivial integrated PL intensity behavior of these
samples has been explained by the interplay between differ-
ent radiative recombination mechanisms, namely, uncorre-
lated e-h pair recombination, and localized and free excitonic
recombinations.
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