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We studied the impact of surface reconstruction on the performance of infrared photodetectors containing InAs/
GaAs submonolayer quantum dots (SMLQDs) grown by molecular beam epitaxy. Adjusting the substrate tem-
perature before InAs deposition allowed us to move between the conventional c(4x4) reconstruction of the GaAs
(001) surface, observed at low growth temperatures, and the (2x4) reconstruction which can only be stabilized
at higher sample temperatures than those commonly used to deposit InAs. Photodetectors based on SMLQDs
grown on such a (2x4) surface reconstruction outperformed those grown on a c(4x4) reconstruction and pro-

vided specific detectivities as high as 8.3x10'! em Hz'/2 W™ at 12 K. This increase in performance is due to the
nucleation of true two-dimensional InAs islands which are the building blocks of SMLQDs and can only form on a
(2x4)-reconstructed GaAs(001) surface.

1. Introduction

In recent years, semiconductor quantum dots (QDs) have attracted
considerable attention due to interesting optoelectronic properties
resulting from their three-dimensional (3D) carrier confinement. In
addition, they exhibit completely discrete energy spectra similar to
those of atoms [1-3], which is the reason why they are sometimes called
artificial atoms. QDs have already been successfully used for device
applications such as lasers [4,5], infrared photodetectors [6,7], and
solar cells [8]. Due to these peculiar features, quantum-dot infrared
photodetectors (QDIPs) have several benefits over the more popular
quantum-well infrared photodetectors (QWIPs), including a lower dark
current, normal-incidence detection, higher operating temperature, and
higher detectivity [9-11].

Over the last three decades, most QDs used in solid-state samples and
devices have been of the self-organized type obtained during deposition
of InAs on a GaAs substrate in the Stranski-Krastanov growth mode [12,
13]. While such nanostructures led to higher device performance
compared to the use of quantum wells, some of their known drawbacks
are limiting further improvement (low areal density, poor size control,
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presence of a wetting layer). QDs obtained with the submonolayer
technique (SMLQDs) have recently been the subject of several studies.
They offer some important advantages over conventional
Stranski-Krastanov quantum dots (SKQDs), such as better size control,
higher surface density, and the absence of a wetting layer [14-16].
InAs/GaAs SMLQDs are formed by depositing a fraction (typically 30 —
50 %) of a monolayer of InAs, followed by a few monolayers of GaAs,
and then by repeating this process at will until the total desired amount
of InAs has been deposited [17,18]. Ideally, the small two-dimensional
(2D) InAs islands nucleated in consecutive InAs SMLs will align verti-
cally—because of the local strain field originating from the lattice
mismatch between both materials—to form columnar structures
behaving as individual QDs. Due to the small lateral size of the original
2D InAs islands [15], SMLQDs have a larger height-to-base ratio than
SKQDs. This increased lateral quantum confinement, together with the
higher density of nanostructures, has resulted in QDIPs based on
SMLQDs performing well under normal incidence illumination [19].
The molecular-beam-epitaxy (MBE) growth conditions for SMLQDs
are more complex and their optimization is more challenging than those
for conventional SKQDs, as they involve more experimental parameters.
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This is perhaps the reason why almost all papers report InAs/GaAs
SMLQDs grown under conditions similar to those for conventional
SKQDs. These well-established growth conditions typically involve a
substrate temperature around 480-515 °C and a high As flux (equivalent
to 1.5-2.5 monolayers per second (ML/s)), leading unavoidably to the
As-rich c(4x4) reconstruction of the GaAs(001) surface prior to InAs QD
self-assembly. QDIPs containing SMLQDs grown under these conditions
outperform devices based on SKQDs [20-22]. However, in-situ scanning
tunneling microscopy (STM) studies have shown that the only way to
form 2D InAs islands—the critical building blocks of SMLQDs—is to
deposit the InAs material onto a GaAs(001) surface with an As-stabilized
(2x4) surface reconstruction [23,24]. At a growth temperature of
490 °C, the (2x4) reconstruction can only be obtained by drastically
reducing the As flux [25] down to 0.15-0.20 ML/s. Unfortunately, such
a low As flux also reduces In incorporation [26] and increases In
segregation [27], leading to layers with an overall lower In content and
density of nanostructures [28] than when grown on a c(4x4) recon-
structed surface.

There is, however, another way to stabilize the (2x4) reconstruction
of the GaAs(001) surface. Instead of reducing the sample temperature
from 570 °C (used to grow GaAs) to 490 °C (to deposit InAs)—which
switches the reconstruction from the usual (2x4) pattern at high tem-
perature to the c(4x4) pattern at some intermediate temperature
(515-520 °C)—and then lowering the As flux to recover the original
(2x4) pattern, as was previously done [29], one could lower the sample
temperature to a value (525-530 °C) just slightly above that of the (2x4)
to c(4x4) transition, in order to maintain the original (2x4) recon-
struction. This higher growth temperature might slightly increase In
segregation and desorption with respect to the other conditions previ-
ously used to reach the same surface reconstruction, but at least one
could keep the As flux at a normal value, and In incorporation could
recover its usual value.

In the present work, we grew, processed, and analyzed the perfor-
mance of two QDIPs containing SMLQDs: one where InAs was deposited
onto the conventional c(4x4) GaAs surface reconstruction, and another
one where the InAs material was grown onto the (2x4) GaAs recon-
struction obtained at a higher substrate temperature. We also compared
their properties with those of a previous QDIP in the literature that had
the same structure but contained SMLQDs grown on GaAs(001) with a
(2x4) reconstruction obtained the other way, i.e., using a lower sample
temperature and As flux.
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2. Experimental details

The two QDIPs under consideration were grown by MBE on semi-
insulating GaAs(001) substrates. Their structure consisted of two 1
pm-thick Si-doped GaAs layers (n = 1x10'® ecm™%) grown at 570 °C,
acting as bottom and top contacts. In between them, the active region
was formed by ten GaAs quantum wells (QWs) containing the InAs
SMLQDs, each surrounded by 45 nm-wide Alg 1Gag 9As barriers depos-
ited at 580 °C (Fig. 1). The inner part of each of the QWs started with
1.3 nm of GaAs followed by the SMLQDs. The SMLQDs consisted of six
repetitions of a basic cycle containing 0.5 ML of InAs, deposited at
0.1 ML/s, and a 2.5 ML GaAs spacer deposited at 1.0 ML/s. After the
sixth cycle, 2.1 nm of GaAs were further grown. Each 2.5 ML-thick GaAs
interlayer was Si-doped (n = 2x10'® em™3) to provide an adequate
number of electrons to the SMLQDs. The As; flux was kept constant
during the full growth and was equivalent to 1.90 ML/s. The only dif-
ference between both samples was the temperature at which the inner
part of the QWs was deposited. After growing each Aly 1Gag 9As barrier
at 580 °C, the substrate was cooled to 490 °C for sample A and to 525 °C
for sample B. The inner part of the QW was deposited, and then the
temperature was raised back to 580 °C to grow the next Aly1Gag 9As
barrier.

Reflection high-energy electron diffraction (RHEED) was used to
calibrate the growth rates, identify both surface reconstructions, and
determine the sample temperature at which the transition between the
(2x4) and c(4x4) reconstructions occurred. Since this happened around
520 °C for the growth conditions described above, the SMLQDs of
sample A were deposited on a c(4 x4)-reconstructed surface, while those
of sample B were grown on a (2x4) surface [25]. Although the (2x4) to
c(4x4) transition could be observed along the [110] azimuthal direction
commonly used for growth-rate calibration, the transition temperature
was more accurately determined along the [010] direction,i.e., at 45°
from the previous one. Indeed, the periodicity of the RHEED pattern is
one-fold for the (2x4) surface and four-fold for the c(4 x4) surface along
[010], while it is two-fold for both reconstructions along [110] [25,29].
Since the substrate temperature of sample B was higher than usual for
InAs deposition, the growth rate of that material was previously cali-
brated at the same temperature to take account of the slightly stronger In
desorption in sample B and ensure an equal amount of InAs was
deposited in both samples. The substrate temperature was monitored
during growth using an infrared pyrometer and did not vary by more
than +2 °C.

Both samples were processed into 400x400 pm? mesas using
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b

Fig. 1. a) Structure of samples A and B containing SMLQDs (black rectangle) formed by repeating six times a basic cycle consisting of 0.5 ML of InAs (red) followed
by 2.5 MLs of GaAs. The SMLQDs of sample A were grown at 490 °C in the presence of a c(4x4) reconstruction of the GaAs(001) surface, while those of sample B
were deposited at 525 °C with a (2x4) reconstruction. b) Conduction-band diagram of the nominal structure of the devices under bias. The dotted lines represent the

energy levels of confined states.
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standard optical lithography, wet etching, and electron-beam metalli-
zation. Rapid thermal annealing (520 °C for 30 s) was used to alloy the
thin metallic layers (Ni/Ge/Au, 25/55/150 nm) and obtain good ohmic
contacts. Then, the samples were fixed in a commercial chip carrier, and
their mesas were wire bonded with thin Au wires to its conductive pads.
Finally, the chip carrier was installed on the cold finger of a closed-cycle
optical cryostat to check the optical and electrical properties of the de-
vices between 12 and 300 K.

Three extra samples were also grown to perform photoluminescence
(PL) measurements and assess more specifically the optical properties of
SMLQDs. Sample C contained a single layer of SMLQDs similar to those
of device A (c(4x4) reconstruction), while sample D had a single layer of
SMLQDs as deposited in sample B ((2x4) reconstruction at high tem-
perature and As flux), both without any doping. Sample E was similar to
sample D, i.e., grown with a (2x4) reconstruction but at a lower tem-
perature and As flux, as reported for an earlier device [29].

3. Results

The absorption spectrum of both SMLQDIPs was measured by
Fourier transform infrared (FTIR) spectroscopy under normal incidence,
i.e., with the radiation reaching the mesas from the top. Fig. 2 shows the
results for samples A and B obtained at 12 K with a bias voltage of 1.8 V
and 0.9 V, respectively. These specific biases were chosen, as they pro-
vide the maximum specific detectivity for each device, as will be shown
later. The absorption spectrum of sample B is broader—the full width at
half maximum (FWHM) is approximately 16.0 meV—and redshifted
(Amax = 10.4 pm) compared to sample A (FWHM = 13.8 meV, Apax = 8.9
pm). The redshift is caused by the stronger In surface segregation that
occurs at higher substrate temperatures. Instead of incorporating into
the SMLQDs, a fraction of the In atoms rides at the epi surface and part of
it is evaporated later when the substrate is heated to grow the next
Alp 1Gag.9As barrier. As a result, the SMLQDs grown at 525 °C contain
slightly less In and hence have a wider band gap than those grown at
490 °C, despite the same amount of InAs being nominally deposited in
both samples. The broader peak in sample B is probably also related to
the enhanced In surface segregation that seems to induce a more inho-
mogeneous distribution of the size or composition of the SMLQDs.

The photocurrent of the SMLQDIPs was measured at 12 K in front of
a calibrated black body set at 800 °C. The black-body responsivity of
both devices was calculated by taking the ratio of the electrical output
(photocurrent generated in the mesas) to the optical input (power of the
infrared radiation falling on their optical area). Fig. 3 shows that the
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Fig. 2. Spectral response of SMLQDIPs A and B obtained by FTIR under normal
incidence at 12 K with a bias voltage of 1.8 V and 0.9 V, respectively. These
bias values are those where the detectivity of both devices is maximum.
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Fig. 3. Black-body responsivity of SMLQDIPs A and B under normal incidence
as a function of bias at 12 K.

responsivity of sample B, grown in the presence of a (2x4) surface
reconstruction at a higher temperature, is typically 10 times higher than
that of the c(4x4) reference device (sample A) at the same bias voltage.
Since the devices were processed simultaneously in the same way and
have equal size, it means that, under similar experimental conditions,
device B produces ten times more output signal than device A.

The photodetectors were then covered with a copper shield, allowing
us to perform current-voltage (IxV) and noise measurements in the
dark. As there was good thermal contact between the copper shield and
the sample holder, the copper shield also acted as a cold shield. Fig. 4a
shows that, for a given bias, the dark current of sample B is several or-
ders of magnitude higher than that of sample A, which is consistent with
the higher ground-state energy of those SMLQDs suggested by the
redshift observed in Fig. 2. This leads to a smaller activation energy in
sample B (57 meV) compared to sample A (91 meV), as calculated from
an Arrhenius plot of temperature-dependent IxV measurements in the
dark (Fig. 4b).

The noise-current spectral density was calculated by dividing the
root-mean-square (RMS) noise current coming from the devices by the
square root of the bandwidth of the noise spectrum used by the spectrum
analyzer (Fig. 5). In general, the main noise source in a photoconductive
photodetector is related to the generation-recombination (g-r) noise
from the dark current. Thermal and Shot noise are usually much weaker,
as is 1/f noise when the measurements are performed far from the low-
frequency region [30]. It is therefore expected that the noise curves in
Fig. 5 show the same trends as the dark-current curves in Fig. 4a. The
plateau observed at low bias is due to the noise floor of the experimental
setup that prevents any measurement below 4x1071* A Hz~1/2 [29].

The specific detectivity D* is the major figure of merit of a detector as
it allows a quantitative comparison of devices having different sizes or
measured in different experimental conditions. It is related to the black-
body responsivity (R) and noise current density (i) and is defined as
D* =Rv/Al/i,, where A is the optical area of the mesas [30]. Fig. 6 shows
D* as a function of bias voltage at 12 K for samples A and B. Although the
responsivity is a monotonic function of bias (Fig. 3), the detectivity
curves have a maximum due to the steep noise increase beyond a certain
bias voltage (Fig. 5). Maximum specific detectivities of 3.7x10'! cm
Hz'2 W ! and 8.3x10' cm Hz'/? W™! were achieved in SMLQDIPs A
and B at 1.8 and 0.9 V, respectively. Device B shows better performance
because its noise floor is narrower than that of the control device, and
the onset of its noise occurs at a bias (& 0.9 V) where the responsivity of
the (2x4) device is much higher than that of the reference c(4x4) de-
vice. The detectivity of device B seems to be so far the highest ever re-
ported for a SMLQDIP at helium temperature. However, it is worth
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Fig. 4. a) Current versus voltage (IxV) curves in the dark (dark current) of SMLQDIPs A and B obtained at 12 K using a dark-+cold shield. The current saturation at
high bias is due to the compliance of the curve tracer that was set to 20 mA. b) Arrhenius plot of the dark current as a function of temperature to calculate the

activation energy of the SMLQDs in devices A and B close to 0 V.
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Fig. 6. Specific detectivity of SMLQDIPs A and B as a function of bias voltage
at 12 K.

mentioning that slightly lower values were obtained at liquid-nitrogen
temperature [20,31,32] and higher values were also reported [33] but
for a device operating in the near-infrared using interband instead of
intraband transitions (Table 1).

4. Discussion

Although, theoretically, SMLQDs seem to have many advantages
over SKQDs—better control of the height of the structures, higher den-
sity, and absence of a wetting layer—in practice, things are different.
Unlike SKQDs, which can be easily imaged by atomic force microscopy,
the structural properties of SMLQDs are more difficult to assess as they
are grown in a planar way and provide no relevant profile to be
measured. The only technique that has been able so far to provide some
useful information is cross-sectional scanning tunneling microscopy
(XSTM), as it can provide atomically resolved images of buried struc-
tures and some clues about their size, geometry, and composition. XSTM
measurements have already pointed out that the alternate deposition of
a fraction of InAs monolayer during SMLQD growth doesn’t actually
lead to stacks of 2D InAs islands, as expected and often sketched (see
Fig. 1). Instead, In-rich In,Ga;xAs clusters are observed, which are
embedded in a thick In-poor InyGaj.yAs layer (x>y) [15,28]. These
clusters are usually lower in height than expected and show no internal
periodicity along the growth direction, suggesting that they are not
columnar structures of 2D InAs islands. This is not very surprising, as
most results in the literature are related to SMLQDs grown in conditions
similar to those of SKQDs, i.e., low substrate temperature and high As
flux. However, such conditions invariably lead to a c¢(4x4) reconstruc-
tion of the GaAs(001) surface that results in random incorporation of the
In atoms and formation of a superficial InGaAs alloy instead of 2D InAs
islands [23]. Nevertheless, it seems that the In-rich agglomerates

Table 1

Maximum specific detectivity (D*), operation temperature (T), wavelength (1),
type of structure, and publication year of InAs/GaAs SML-QD-based infrared
photodetectors with a specific detectivity higher than 1.0x10'' cm Hz'/2 w1,

D* (cm Hz'/2 T A Structure year
w x) (um)

8.3x10™ 12 12.4 Dot in a well [this work] 2024
4.2 x10'2 80 0.88  Only QDs [33] 2019
3.2x10% 77 6.05  Quantum Cascade [32] 2017
5.4 x10'! 77 7.2 Dot in a well [31] 2014
1.2 x 10 77 7.5 Dot in a well + Confinement 2012

enhancing barriers [20]
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detected in the XSTM images of these samples do behave as QDs, and
several types of devices containing SMLQDs grown in such conditions
already perform better than with SKQDs [22,34]. Recently, Alzeidan
and coworkers [29,35] attested the first QDIP containing SMLQDs
grown in the presence of a (2x4) GaAs(001) reconstruction, which is the
surface predicted to nucleate true 2D InAs islands [24]. However, they
found that SMLQDIPs obtained with a c(4x4) and (2x4) surface
reconstruction had similar performance. XSTM experiments revealed
that, even in the presence of a (2x4) surface reconstruction, the nano-
structures observed in the samples were irregular In-rich clusters with
no periodicity and no evidence of 2D InAs islands [28]. However, the
SMLQDs grown on the (2x4) surface were smaller, had a lower In
content, and had an areal density ten times lower than that of SMLQDs
grown on the usual c(4x4) reconstruction. The most meaningful
explanation for both surface reconstructions leading to similar nano-
structures was that In segregation, which is known to be very strong in
the InAs/GaAs system, removes most In atoms from the 2D InAs islands
on the (2x4) surface and spreads them to form the thick InGaAs layer
observed around the In-rich clusters. When fitting the In-content profile
of their XSTM images with the empirical model of Muraki et al. [26],
Gajjela and coworkers [28] pointed out that, for the extreme growth
conditions required to stabilize the (2x4) surface reconstruction prior to
SMLQDs deposition—i.e., very low As flux (equivalent to 0.15 ML/s)
and low InAs and GaAs growth rates (0.015ML/s and 0.1 ML/s,
respectively)—the In segregation coefficient R was larger than that ob-
tained on a c(4 x4) surface at higher As flux (R=0.83 vs. 0.72). That was
confirmed by Cantalice et al. [27] on both types of surface reconstruc-
tion using the intensity decay of RHEED oscillations during deposition of
InGaAs on top of GaAs(001) in similar growth conditions [36], [37]. Asa
consequence, most In atoms are removed from the original 2D InAs
islands which, as a result, are no longer able to generate a strain field in
the thin GaAs layers around them that is strong enough to align the 2D
islands of the subsequent InAs submonolayers, as was already suggested
by Alzeidan et al. [35]. This is why SMLQDs do not develop their full
height, show no internal periodicity, and look like irregular In-rich
clusters embedded in a thick InGaAs layer containing less In, even
when grown on the (2x4) surface reconstruction.

Therefore, In segregation seems to be the main problem to solve in
order to obtain SMLQDs closer to our expectations. If one could reduce
the segregation coefficient, more In would remain in the original 2D
islands and the strain field around them would be stronger, leading to
better vertical stacking. Additionally, a higher In content would lower
the band gap of the material and provide better confinement of the
carriers. As segregation is thermally activated, the segregation coeffi-
cient R can be written as

R = Roexp(E, /kT) (€9)

where Ry is a constant, E, is the activation energy of the segregation
process, k is Boltzmann$ constant, and T is the absolute temperature of
the sample during deposition. Thus, the easiest way to reduce the
strength of In segregation would be to lower the substrate temperature.
However, lower temperatures also result in a higher number of struc-
tural defects, so a compromise must be found. Moreover, the activation
energy of In surface segregation in the InAs/GaAs system is only
0.11-0.12 eV [26,36], which means that temperature must be decreased
by more than 200 °C if one wishes to lower R to half its original value,
something that is difficult to reconcile with good crystalline quality.
Nevertheless, limiting In segregation is not the only way to keep the
In content of the original 2D InAs islands at a higher level. Indeed, in
their attempt to grow SMLQDs at a low temperature in the presence of a
(2x4) surface reconstruction, Gajjela et al. [28] had to considerably
decrease the As flux and observed in their XSTM images that the In
content of their samples was lower than with a c¢(4x4) surface, because
In incorporation was reduced at low As flux [26]. As a consequence, the
In contents of the In-rich clusters and thick InGaAs layer around them
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were lower than on a c(4x4) surface, and so was the density of clusters
which also had a smaller size. In the present work, we wished to avoid all
the drawbacks related to using a low As flux to get a (2x4) surface
reconstruction. We only cooled the substrate to 525 °C under the usual
high As flux, maintaining the original (2x4) reconstruction observed at
high temperature and avoiding the transition to the c(4x4) recon-
struction. Of course, the higher sample temperature (525 °C instead of
490 °C) will increase In segregation but, as will be shown below, it
turned out that the benefits from the higher As flux outweigh the
negative effects of the higher substrate temperature. When the segre-
gation coefficient R; at a certain temperature Tj is known, Eq. 1 provides
the following relation to easily calculate Ry at another temperature To,
as long as all the other growth parameters are kept unchanged:

—E, (1 1
Ry = Ryexp( X <T2 - Tl)) (2

Using the activation energy mentioned above (0.11-0.12 eV) and the
segregation coefficient R=0.83 obtained in the XSTM images of Gajjela
et al. [28] for SMLQDs grown on a (2x4) surface at 490 °C, one could
expect a value of R=0.90 at 525 °C (see Table 2), if the other growth
conditions of our sample B were similar to those used in [28]. However,
as the As flux and InAs and GaAs growth rates of sample B investigated
here were kept at their normal values, i.e., much higher than in the
samples investigated in [28], they contribute to lowering segregation
[35]. Using Eq. 2, one can also estimate that, with the new growth
conditions used in sample B—which are similar to those of the c(4x4)
sample investigated in [27] except for its lower growth temperature of
515 °C—the In-segregation coefficient of sample B grown at 525 °C
should be around 0.79 instead of 0.77 in [27]. As a consequence,
although a higher substrate temperature of 525 °C was used in sample B
to get a (2x4) surface, its segregation coefficient was lower (R=0.79)
than that of the sample grown in a previous study (R=0.83 in [35]) with
the same surface reconstruction but at a lower temperature (490 °C) and
much lower As flux and growth rates. However, as a high As flux could
be kept in sample B, In incorporation was also back to its normal value,
which increased further the In content of the nanostructures. These
features altogether are responsible for the superior properties of sample
B observed in the figures of merit presented above that will now be
analyzed in more detail.

XSTM images clearly show that the In-rich clusters that act as
QDs—we will keep calling them SMLQDs for the sake of simplicity—are
only a few nm wide and high [15,28]. As their nominal In content is

Table 2

Values of the In segregation coefficient R in SMLQDs grown in different condi-
tions. The values with uncertainties were experimentally measured by XSTM
[28] and RHEED [27]. The bold values without uncertainties were calculated
from the experimental data using Eq. 2 and are used in the discussion. The other
cells were kept empty for the sake of clarity but can also be calculated from Eq. 2.
The R values of samples A and B were obtained from the sample grown at 515 °C
using Eq. 2 and their respective temperature (the other growth parameters were
the same).

Growth conditions of SMLQDs Segregation coefficient R

Reconstruction  As Growth Ref/ 490°C 515°C 525°C
flux rate sample
c(4x4) High Low [28] 0.72
(2
(2x4) Low Low [28] 0.83 0.90
@
c(4x4) High  High [27] 0.73 0.77 0.79
@D
(2x4) Low Low [27] 0.81
(2
c(4x4) High High Sample 0.73
A
2x4) High High Sample 0.79




A. Alzeidan et al.

originally low (only 33 % in the case of samples A and B investigated
here), their material has quite a large band gap, and the nanostructures
have only a single confined state which corresponds to their ground state
[38]. Fig. 2 shows that their absorption spectrum is narrow—AA/A is
equal to 0.09 and 0.14 for samples A and B, respectively—suggesting
that the transition occurs between two confined states (bound-to-bound
transition), i.e., from the ground state of the SMLQDs to the first (and
only) excited state of the AlGaAs/GaAs quantum well, where they can
escape from to the continuum through the AlGaAs barriers by
field-effect tunneling (Fig. 1b). Although samples A and B have exactly
the same structure and the same (nominal) In fraction in their SMLQDs,
the absorption of sample B grown at 525 °C is redshifted. Its In segre-
gation coefficient (R=0.79) is higher than that of sample A (R=0.73)
obtained with the same growth conditions but at 490 °C and, conse-
quently, with a c(4x4) reconstruction. Hence, the In content of the
SMLQDs is lower in sample B than in sample A, leading to a material
with a larger gap and a shift of their ground state toward higher en-
ergies. This results in a lower transition energy to the excited state of the
AlGaAs/GaAs quantum well and in a redshift of the absorption spectrum
of sample B, as seen in Fig. 2. The stronger segregation of sample B also
means that more In atoms are randomly removed from the original 2D
InAs islands. The lower their In content, the stronger the effect that any
small variation of composition or size will have on the energy of the
SMLQD ground state, leading thus to a broader absorption peak in
sample B.

The superior performance of device B obtained with a (2x4) surface
reconstruction seems to be mainly due to its 10-fold higher responsivity,
as seen in Fig. 3. It may result from a higher population of the ground
state of the SMLQDs or a more effective extraction of the photoexcited
carriers from the excited state of the AlGaAs/GaAs quantum well. The
last possibility can be easily ruled out as those quantum wells were
grown in the same conditions in both devices, and their excited levels
should be identical. This is not the case for the first possibility that was
raised, as, although the doping of the SMLQDs themselves was identical
in both devices, the SMLQDs were grown at very different temperatures
(490 °C and 525 °C in devices A and B, respectively). It is well known
that InAs and GaAs are best grown at 500-515 °C and 570-580 °C,
respectively. Growing both materials at 490 °C, as in sample A, in-
troduces more structural defects that worsen the optical and transport
properties of the epitaxial layers. Defects can generate deep levels that
can trap carriers from the original dopant atoms or open non-radiative
recombination channels, reducing the net amount of carriers available
for populating the ground state of the SMLQDs and participating in the
photoexcitation process. Growing the SMLQDs at 525 °C, as in sample B,
reduces the density of defects and contributes to improving device
performance. The Si doping used in the present study was originally
experimentally calibrated for SMLQDs grown at 490 °C in the conditions
of sample A and was kept the same in sample B [35] to avoid changing
more than one parameter at a time. As sample B was grown at a higher
temperature, there are fewer defects and more carriers are probably
available to take part in the absorption process, yielding its increased
performance. Additionally, as the segregation coefficient is higher in
sample B, more 2D InAs islands might be fully dissolved, which would
reduce the final density of SMLQDs and contribute to increasing the
availability of carriers as well. However, one can see in Fig. 4 that the
dark current of sample B is also much higher than in the other device,
which could result from an excess of carriers that might raise the Fermi
level of the SMLQDs and provide a lower activation energy. Conse-
quently, an optimization (most probably a reduction) of the doping for
the new growth conditions of sample B could lower the dark cur-
rent—and consequently the noise in the device that is taken into account
in the calculation of the detectivity—and provide a device with even
better performance.

Fig. 7 shows the photoluminescence (PL) spectra of samples C and D
that contain each only a single layer of SMLQDs similar to those present
in devices A and B, respectively. The wavelength ranges of Figs. 2 and 7
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Fig. 7. PL spectra of samples C and D which contain a single layer of SMLQDs
grown in the same conditions as those of devices A and B, respectively. Sample
E is used for comparison and contains a single layer of SMLQDs grown in the
presence of a (2x4) surface reconstruction at low temperature (LT) and low As
flux, as in ref [28]. Sample D was the only one grown at higher temperature
(HT). All the measurements were performed at 77 K.

are very different, as the emission spectra of Fig. 7 involve transitions
across the band gap of the nanostructures, while the absorption spectra
of Fig. 2 are related to transitions inside the conduction band. Because
the average In content of SMLQDs is much lower (nominally 33 % In for
these specific SMLQDs instead of 100 % In for SKQDs), they emit at
shorter wavelengths than SKQDs whose PL spectra usually peak around
1000 nm. One can also see in Fig. 7 that both emissions are quite nar-
row—16.4 meV and 17.4 meV for samples C and D, respectively—and
much narrower than that of conventional InAs SKQDs which commonly
have a full width at half maximum (FWHM) around 60-80 meV [39].
Although this is often intuitively attributed to a higher homogeneity of
the size distribution of SMLQDs when compared to SKQDs, this is
obviously not the case, as already observed in XSTM images of SMLQDs
which reveal a huge variety of sizes and shapes [15,16,28]. Using
magneto-optical measurements, Harrison et al. showed that this narrow
emission was actually resulting from the small size of SMLQDs—which
appear as InyGajxAs clusters embedded in a wider InyGaj.yAs layer
(with x>y)—leading to the confinement of holes in individual SMLQDs,
while the wave function of electrons was only weakly localized and was
able to overlap simultaneously several nanostructures and the Iny.
Gaj.yAs matrix around them [16]. As a consequence, the PL spectrum of
InAs/GaAs SMLQDs is more similar to that of an InGaAs/GaAs QW—due
to the leakage of the electrons wave function into the thick InyGaj.yAs
layer around them—than to the PL spectrum of an ensemble of con-
ventional InAs/GaAs SKQDs. However, a layer of SMLQDs must defi-
nitely not be considered as a QW. For instance, the extremely high
detectivity observed in Fig. 6 is incompatible with a QW, as electronic
intraband transitions are forbidden in 2D systems (QWs) when radiation
impinges under normal incidence on their surface, as is the case here.
The high performance of the devices investigated in this work is unde-
niably related to the presence of 3D confinement in the In-rich clusters
and cannot be attributed to any interface roughness or alloy fluctuations
that are typically observed in QWs. It was actually shown that the larger
the difference in Indium content between the In-rich clusters and the
surrounding InGaAs matrix, the stronger the confinement of both elec-
trons and holes in the SMLQDs [16,34].

The difference in Indium content between the In-rich clusters and the
InGaAs layer around them is actually at the origin of the higher PL in-
tensity of sample D, which is no coincidence and was also reported for
SMLQDs grown in the presence of the (2x4) surface reconstruction
obtained at lower temperature and much lower As pressure [34,38].



A. Alzeidan et al.

Indeed, in this last case, XSTM images suggested that, although the
average In content in the SMLQDs layers was lower than that detected
with the c(4x4) reconstruction, the difference in content between the
In-rich clusters and the surrounding InGaAs matrix was larger [28].
Therefore, electrons and holes are more effectively confined, the overlap
of their wave functions is stronger, and, consequently, the PL emission is
expected to be more intense [34]. This is confirmed in Fig. 7 where
sample E—which has exactly the same structure as sample C but was
grown in the presence of a (2x4) surface reconstruction stabilized at low
temperature and As flux, as in [28]—exhibits a PL emission much
stronger than that of sample C. The same reasoning applies to samples C
and D: although segregation is stronger in sample D (0.79 vs. 0.73), the
fact that real 2D InAs islands are only nucleated on the (2x4)-recon-
structed GaAs(001) surface favors the formation of In-rich clusters with,
comparatively, more In than in the InGaAs layer around them, leading to
the higher PL intensity. Since sample D, that was grown at 525 °C with a
(2x4) reconstruction, and sample E, that was also grown with a (2x4)
reconstruction but at 490 °C, have a similar PL intensity—which is
several times higher than that of sample C—it means that the enhanced
intensity of sample D is probably not due to its improved crystalline
quality (resulting from the higher growth temperature) but rather to the
larger difference in Indium content between the In-rich clusters and the
surrounding InGaAs layer, as was the case in sample E. The blueshift
observed in sample D with respect to sample E suggests that this effect
might even be stronger in sample D. Indeed, since its segregation coef-
ficient is smaller (0.79 vs. 0.83) and the In incorporation is back to its
usual value due to the higher As flux, the band gap of the clusters must
be lower than in sample E, the clusters are most probably larger, and
therefore both effects should lead to a redshift instead of a blueshift. As a
consequence, one possible explanation would be an increase of strain in
the clusters, resulting from an increase in the difference in Indium
content between them and the surrounding InGaAs layer [40].

5. Conclusion

InAs/GaAs SMLQDs are usually grown on a GaAs(001) surface with a
c(4x4) reconstruction, using the same well-established growth condi-
tions as for InAs/GaAs SKQDs. However, it seems that a (2x4) recon-
struction is required to nucleate the 2D InAs islands that must stack
vertically to provide good SMLQDs. During a recent attempt in this di-
rection, the very low As flux required to recover the (2x4) reconstruc-
tion at the low substrate temperatures commonly used to deposit InAs
resulted in reduced incorporation of the In atoms and a lower density of
smaller SMLQDs than with the c(4x4) reconstruction. Here, we instead
used a higher sample temperature to maintain the original (2x4)
reconstruction just above its transition to the c¢(4x4) reconstruction. In
such conditions, the As flux and growth rates could be kept at their
normal values and In incorporation came back to its expected level,
which were the two main drawbacks for growing SMLQDs on the (2x4)
reconstruction using the previous conditions. An infrared photodetector
containing SMLQDs grown with these new parameters (device B)
showed a record specific detectivity of 8.3x10'! em Hz'/2 Wt at 12K
for a wavelength of 10.4 pm, which is several times larger than that of
similar devices grown in conventional conditions with a c¢(4x4) recon-
struction (device A) or even with a (2x4) reconstruction obtained at
lower temperature and As flux. This superior performance seems to
originate from the improved nucleation and conservation of true 2D
InAs islands that can only form on the (2x4) surface. However, In
segregation is very strong in the InAs/GaAs system and scatters most In
atoms (70-80 %) in the surrounding layers, leading to In-rich InyGaj xAs
clusters embedded in a thick InyGajyAs layer (x>y). Although In
segregation is stronger in sample B than in sample A—due to its higher
growth temperature—the initial presence of true 2D InAs islands in
sample B provides In-rich InGaAs clusters that contain more In than their
surroundings, comparatively to sample A, which improves 3D carrier
confinement. The new growth conditions investigated here are much
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easier and faster to reach than those proposed earlier for the same sur-
face reconstruction and provide better results. Additionally, the high
dark current detected in device B seems to be related to doping in excess
of the SMLQDs, suggesting that further optimization could yield devices
with even higher performance.
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