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Abstract —Two infrared photodetectors based on submonolayer
quantum dots, having a different InAs coverage of 35% and 50%
of a monolayer, were grown, processed and tested. The detector
with the larger coverage yielded a specific detectivity of
1.13x10 cm HzY2 Wt at 12K, which is among the highest values
reported in the literature for that kind of device.
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l. INTRODUCTION

Over the past few decades, self-assembled quantum dots
(QDs) have shown to be of great interest for the manufacture
of infrared photodetectors [1, 2]. When compared to the same
devices based on quantum wells, the advantages of quantum-
dot infrared photodetectors (QDIPs) originate from their
sensitivity to normal-incidence radiation, three-dimensional
confinement of carriers, and reduced dark current and noise
[3]. Usually, QDs are fabricated using the Stranski-
Krastanov growth mode [4], which consists of depositing a
thin layer of material on top of a substrate having a smaller
lattice parameter. Above a critical thickness, the strained
epitaxial layer will partially relax and form a homogeneous
distribution of small islands all over the surface. In the
specific case of the InAs/GaAs system, small InAs islands
form beyond a critical thickness of 1.7 monolayers (MLs) and
behave as quantum dots due to the smaller gap of their
material when compared to GaAs. Such Stranski-Krastanov
quantum dots (SK-QDs) form spontaneously, have a density
in the low to medium 10*° cm range, have a base and height
around 20 nm and 7 nm, respectively, are surrounded by a thin
InGaAs layer (called the wetting layer), and have a size that is
difficult to control (a direct consequence of the self-assembly
process).

An alternative method to obtain QDs in a much more
controllable way, with a smaller size and without a wetting
layer, is the submonolayer technique [5]. InAs/GaAs
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submonolayer quantum dots (SML-QDs) can be obtained by
depositing a fraction of a monolayer (ML) of InAs
material—-generally between 0.35 ML and 0.50 ML [6-8]-in
order to nucleate a high density of small two-dimensional (2D)
islands on the GaAs substrate, and then covering these islands
with a specific number of GaAs monolayers. By repeating this
sequence as many times as necessary, the strain
field—originating from the lattice mismatch between both
materials—will contribute to align the small 2D islands of
consecutive InAs submonolayers to form stacks that will
behave as individual QDs [9].

As the growth of SML-QDs is more complex than that of
conventional SK-QDs and involves more experimental
parameters, its optimization is more difficult and is still under
debate in the literature. For instance, almost all papers report
growth conditions similar to the ones of conventional SK-
QDs, together with a low substrate temperature and a high As
flux that provides a c(4x4) reconstruction of the GaAs(001)
surface prior to deposition [10-12]. However, it seems that a
much lower As flux and a (2x4) surface reconstruction might
be the only way to truly form 2D InAs islands on the
GaAs(001) surface [13,14]. In addition, only a few reports
exist concerning the optimization of their main growth
parameters, such as the 111-V flux ratio [9,15], growth rates
[9], number of deposition cycles [7], InAs coverage [16], and
the use of different materials or compositions [17].

In the present work, we used two different monolayer
fractions of InAs material in the cyclic deposition in order to
check their influence on the performance of SML-QDs-based
infrared photodetectors (SML-QDIPs) grown in the presence
of a (2x4) surface reconstruction.

Il.  EXPERIMENTAL DETAILS

The two SML-QDIPs (samples A and B) were grown on a
semi-insulating GaAs(001) substrate by molecular beam
epitaxy (MBE) using a valved As cracker in order to allow
large changes of As; flux within a few seconds.
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Fig. 1: Structure of the two SML-QDIPs with different InAs fractions. The
black rectangle shows a single SML-QD formed by repeating six times the
growth cycle.

After oxide removal and degassing of the epi-ready substrates
at 615 °C for 5 minutes, two 1 pm-thick Si-doped GaAs
layers (n=1x10'® cm3) were grown at 570 °C and acted as
bottom and top contacts. Between them, the active region of
the devices was formed by 10 layers of SML-QDs, each of
them inserted inside an 8.5 nm-wide GaAs quantum well
having 45 nm-thick Alo1GageAs barriers (Fig. 1). Each SML-
QD layer was built from the sequential deposition of InAs
(deposited at 0.014 monolayer per second (ML/s)) followed
by GaAs (deposited at 0.1 ML/s), and this sequence was
repeated 6 times. In sample A, 0.5 ML of InAs was deposited
and followed by 2.5 MLs of GaAs, while, in sample B, 0.35
ML of InAs was followed by 2.65 MLs of GaAs. Each thin
GaAs layer was Si-doped at 2x10'® cm™ in order to provide
free carriers to the SML-QDs. The active region was grown at
490 °C, and the As; flux had to be considerably reduced (to
0.25 ML/s) to recover a (2x4) surface reconstruction [18]
instead of the c(4x4) reconstruction usually obtained at such
temperature. The rest of the sample was grown at 570 °C and
with a much higher As; flux, equivalent to 1.75 ML/s. In-situ
reflection high-energy electron diffraction (RHEED) was
used to calibrate the growth rates of all the materials and to
accurately determine the transition between the c(4x4) and
(2x4) surface reconstructions as a function of the As flux and
sample temperature.

Both samples were processed into 400x400 um?
photodetectors using standard optical lithography, wet
etching, and electron-beam metallization (Ni, Ge, and Au).
Rapid thermal annealing at 520 °C for 30 s was used to obtain
good Ohmic contacts. Each device was wire-bonded to a chip
carrier and then fixed on the cold finger of an optical cryostat
operating between 12 and 300 K. Photocurrent, spectral
response, dark current, and noise measurements were finally
carried out to analyze their performance.

I1l.  RESULTS AND DISCUSSION

The spectral response of the devices was obtained at 12 K
using normal-incidence Fourier transform infrared (FTIR)
spectroscopy and is reported in Fig. 2. It shows that the
absorption of sample B is broader and redshifted (A= 12.2 pm,
AMX = 0.17) compared to sample A (A= 11.54 um, AMA =
0.13). In general, a low InAs coverage leads to narrower 2D
islands, whose density increases with increasing amount of
material. However, beyond a certain amount of material,
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Fig. 2: Normalized spectral response as a function of wavelength at 12 K for
a bias of -1.2V.
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Fig. 3: Black-body responsivity as a function of bias at 12K.

the density decreases as the small islands start to merge,
yielding wider 2D islands. As sample A already has 50% of
its surface covered by InAs material, we can expect it to have
a lower density of larger 2D islands than sample B. The
broader peak of sample B is therefore related to the narrower
size of the SML-QDs, whose size fluctuations have a larger
influence on the value of the ground-state energy, when
compared to wider SML-QDs (quantum effects are stronger
for smaller structures). The redshift can be attributed to the
lower transition energy between the higher ground state of the
narrower SML-QDs of sample B and the excited state of the
QW that is close to the top of the Alo1Gao.sAs barrier.

The responsivity of both devices was calculated using the
photocurrent measured in front of a calibrated blackbody set
at 800 °C, and then dividing this value by the useful spectral
power of the blackbody radiation reaching the devices. Fig. 3
shows that, for a given bias, the responsivity of sample A is
typically four times higher than that of sample B. It means
that sample A provides 4 times more output signal than sample
B, under the same experimental conditions, despite the fact
that it has a lower density of SML-QDs than sample B.

Then, the devices were covered with a copper shield in
order to perform current-voltage (1-V) curves in the dark as
well as noise measurements. As this shield was in thermal
contact with the sample holder, it also acted as a cold shield.
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Fig. 4a shows that the dark current of sample A is generally
higher than that of sample B by one order of magnitude. This
is also unexpected, as sample B has narrower SML-QDs and
should therefore have a higher ground state than in sample A,
as already pointed out in Fig. 2. Consequently, one might
expect carriers to escape more easily from SML-QDs of
sample B, leading to a higher dark current. To confirm this, I-
V curves in the dark (dark current) were measured as a
function of temperature, and an Arrhenius plot of the dark
current at a fixed bias voltage (Fig. 4b) was used to calculate
the activation energy, which can be obtained from the slope of
the linear section of the data above 50 K. One can see that the
activation energy of sample A (61.4 meV) is actually slightly
smaller than the one of sample B (73.2 meV), what explains
the lower dark current of sample B. To understand this
phenomenon, one must remember that, in this kind of
measurement, the activation energy is the difference between
the Fermi level of the system and the top of the Alo1Gao.sAs
barrier of the QW (continuum), and not between the ground
state of the SML-QDs and the top of the barrier, as is often
assumed [19]. Since the only difference between both
samples was the InAs coverage—the doping was not altered—
and sample B is supposed to have more SML-QDs than
sample A, these SML-QDs are not ideally doped (2 electrons
in the ground state), and their Fermi energy is naturally lower
than in sample A where all the SML-QDs are supposedly fully
doped (the doping was originally adjusted for the density of
SML-QDs of sample A). In addition, it is well known that the
InAs/GaAs system is strained, and each QD introduces a
certain density of structural defects that are potentially able to
trap carriers. As a consequence, sample B must have a lower
density of free carriers originating from the dopant atoms,
which also contributes to lower the Fermi energy of that
sample.
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Fig. 4: (a) I-V curves in the dark (dark current) as a function of bias voltage

for the two samples at 12K; (b) Arrhenius plot of the dark current of the two
devices at a bias of -1.2V (where the detectivity is maximum).
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Fig. 5: Noise-current density in the dark as a function of bias voltage for the
two samples at 12K.
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Fig. 6: Specific detectivity of the SML-QDIPs at 12K.

The noise current density (in/NAf) in the dark is reported in
Fig. 5 as a function of the bias voltage. It was obtained
measuring the noise current i, with a spectrum analyzer and
normalizing its value with respect to the frequency range Af
used in the measurements. At low bias, the signal was
constant, as the measurements were limited by the noise floor
of the experimental setup. At high bias, the noise current
density follows the same trends as the dark current curves, as
expected. Indeed, in photoconductive photodetectors, Shot
and Johnson noises are usually very small, and the main
source of noise is due to the generation-recombination (g-r)
noise of the dark current [20].

Fig. 6 shows the specific detectivity D" of the devices that
was calculated using the expression

D* R VA. Af
ln

where R is the responsivity and A is the optical area of the
detectors [21]. Although the responsivity curves are
monotonic, the noise curves have a low-value plateau at low
bias that leads to a maximum detectivity where the noise
suddenly starts to increase. As a consequence, the maximum
specific-detectivity values of 1.13x10* cm HzY?2 W and
5.6x10%° cm HzY2W were achieved in sample A and sample
B, respectively, and then the curves started to decrease
abruptly at higher bias as a result of the much larger noise.
Since both noise curves were very similar at low bias (Fig. 5),
the difference in the maximum detectivity mainly comes from
the higher responsivity of sample A.
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So far, it seems that using an InAs coverage of 0.5 ML
(sample A) is better than 0.35 ML (sample B). Although it is
generally better to change a single parameter at a time to check
its influence on the devices performance, in this specific case
it might lead to erroneous conclusions, since the constant Si
doping used in the present work was originally optimized for
sample A but was probably not ideally suited for sample B,
due to its higher density of SML-QDs. Therefore, a study
varying the doping of the thin GaAs interlayer should also be
performed in sample B in order to confirm that sample A is
definitely superior.

Another point worth mentioning here is that most papers
about SML-QDs report growth conditions similar to those of
SK-QDs, which include a high As flux during InAs
deposition. Photoluminescence (PL) [22] and cross-sectional
scanning tunneling microscopy (X-STM) [9] measurements
clearly showed that, in such conditions, there is a unity
incorporation and strong segregation of the In atoms (they are
all initially incorporated into the crystal and later are allowed
to segregate). However, in the presence of the much lower As
flux needed to stabilize the (2x4) reconstruction (as used
here), In incorporation is no longer unity and In segregation is
slightly enhanced, yielding layers with a lower In content. As
a consequence, the 2D InAs islands are probably smaller and
more easily dissolved, leading to SML-QDs looking like small
In-rich InGaAs clusters embedded in a thick InGaAs layer
having a lower In content [9]. Therefore, a more
comprehensive investigation of the influence of the InAs
coverage in the presence of a (2x4) surface reconstruction
should also involve values of the InAs coverage larger than
0.5 ML that might eventually provide even higher detectivities
than the one reported here for sample A.

IV. CONCLUSION

In conclusion, we investigated two SML-QDIPs grown in
the presence of a (2x4) surface reconstruction and differing
only by the InAs coverage during submonolayer deposition.
Although SML-QDs formed with 0.5 ML of InAs provided
the best results, optimization of the specific detectivity as a
function of the InAs coverage is still inconclusive, as it should
also involve an optimization of the Si doping—to deal with the
different densities of SML-QDs—and should even consider
larger InAs coverages (e.g., 0.6 and 0.7 ML) to compensate
for the lower incorporation and stronger segregation of In
atoms in the presence of a low As flux.
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