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This work investigates the potential of InAs/GaSb superlattice detectors for the short-
wavelength infrared spectral band. A barrier detector structure was grown by molecular
beam epitaxy and devices were fabricated using standard photolithography techniques.
Optical and electrical characterisations were carried out and the current limitations were
identified. The authors found that the short diffusion length of ~1.8 pm is currently limiting
the quantum efficiency (double-pass, no anti-reflection coating) to 43% at 2.8 um and
200 K. The dark current density is limited by the surface leakage current which shows
generation-recombination and diffusion characters below and above 195 K, respectively. By
fitting the size dependence of the dark current, the bulk values have been estimated to be
6.57-10° A/em? at 200 K and 2.31-107° A/cm? at 250 K, which is only a factor of 4 and 2,

respectively, above the Rule07.

1. Introduction

The short-wavelength infrared (SWIR) spectral region
of 1-3 um is of great interest for a variety of applications
such as night vision and long-range identification [ 1], waste
sorting [2], estimation of crop water stress [3], and
monitoring volcano activity [4]. Today, the two main
technologies for SWIR detection that are used for such
applications are InyGa;xAs and HgCdTe detectors. InGaAs
detectors are excellent in terms of uniformity and
manufacturability, however, they suffer from a limited cut-
off wavelength tunability (to 1.7 um for lattice-matched
Ings3Gags7As on InP). Several approaches have been
investigated to extend the cut-off wavelength of the
InGaAs alloy, for instance, by using appropriate buffer
layers when grown on InP substrates [5, 6] or by growing
InGaAsSb alloys lattice-matched to GaSb substrates
[5,7,8]. However, due to mismatch-induced defects,
extended InGaAs detectors show increased dark current
density and poor uniformity [9], and while InGaAsSb
devices have lower dark current than extended InGaAs [5],
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being a quaternary alloy, InGaAsSb may be more
challenging to grow, and it is also known to have a
miscibility gap constraining the range of indium compo-
sition [10]. HgCdTe, on the other hand, is flexible in terms
of a cut-off wavelength but, is rather costly to produce due
to the lack of inexpensive substrate and low yield.

In recent years, type-II superlattice (T2SL) photo-
detectors have demonstrated numerous advantages for
infrared detection in the mid-wavelength infrared (MWIR),
3-5 um spectral band with high performance [11, 12], high
uniformity [13], and easy manufacturability [14]. Thanks
to great flexibility of the cut-off wavelength, T2SL has also
been demonstrated in the SWIR range using Al-based
superlattices (SLs), such as InAs/AlSb/GaSb/InAs SL
[9, 15-17], InAs/AlAs/InAsSb SL [18], InAs/AISb SL
[19-21], as well as ternary-ternary InGaAs/GaAsSb SL
[22,23]. On the other hand, a very limited number of
studies and device performances have been reported for
SWIR InAs/GaSb SL, although it has been proven that this
material system can reach the cut-off wavelength between
2 and 3 um by reducing the InAs layer thickness [24-27].

This paper, therefore, aims to evaluate the potential of
the InAs/GaSb T2SL for SWIR detection and identify the
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current limitations. The detector design is based on the
IRnova’s well-established design for MWIR T2SL
detectors presented in Ref. 28 with only small adjustments
made to the composition of the T2SL layers to change the
cut-off wavelength from ~5.1 pm at 110 K to ~3.5 pm at
150 K as the authors’ first demonstration of T2SL detectors
with a short cut-off wavelength.

2.  Experimental details

The detector structure used in this work is based on a
so-called barrier detector design, similar to what has
already been presented elsewhere [28]. In such device, a
large band gap material (referred to as a barrier layer) is
inserted between the absorber and the contact regions to
block the majority carriers while allowing the unimpeded
transport of the photo-generated minority carriers. As long
as the electric field is confined in the barrier layer, the
generation-recombination (GR) current is suppressed in the
absorber region. The dark current is thus diffusion-limited
whatever the temperature and it is lower than that of the
traditional pin photodiode allowing the device to be
operated at higher temperature.

The T2SL detector structure studied in this work was
grown on a Te-doped GaSb wafers by molecular beam
epitaxy and consists of a contact layer and a barrier layer
which are both composed of InAs/AlSb/GaSb/AlSb SL
followed by a 3.9 um thick absorber layer made of a p-type
InAs/GaSb SL with a period thickness of 5.6 nm (Fig. 1).
The predicted cut-off wavelength calculated using eight
band k-p simulations is 3.5 um at 150 K [29]. In the case
of'a p-type absorber, i.e., electrons are the minority carriers,
it is crucial that the conduction band offset between the
barrier layer and the absorber layer is close to zero so as not
to impede the transport to the contact of the photo-
generated electrons. According to the authors’ simulations,
the conduction band offset is around 7 meV for the chosen
T2SL periods. Finally, an appropriate contact layer was
grown on top of the structure.

n-type
contact layer

p-type

-type absorber
phyp contact layer

GaSb

INAs/GaSb/AISb SL

"

InAs/GaSb T2SL

11

39um

Fig. 1. Energy band diagram of the detector structure.

Before the device fabrication, transmission measure-
ments using a Fourier transform infrared spectrometer were
done directly on the epi-material on a dedicated sample.
One side has been completely etched away to evaluate
transmission through the substrate. Devices were then
fabricated on the rest of the wafer using standard III/V
processing techniques. Fully reticulated diodes were
obtained by dry etching down to the bottom contact and
were passivated by depositing a dielectric material. Optical

characterisations were carried out on a small detector array
hybridized to a fan-out chip (silicon chip with a surface
metallic pattern mimicking that of a read out integrated
circuit). The quantum efficiency (QE) was measured using
a dispersive spectrometer with a calibrated photon flux
entering through the back side of the structure, and a lock
in amplifier was used to suppress the noise and background
signal. Note that, the GaSb substrate was removed but no
anti-reflection coating was deposited. The dark current
measurements were performed with an electrometer on
single devices with sizes ranging from 10 pm to 73 pm. In
this case, individual devices were directly wire bonded to
metal pads.

3. Optical characterisations

The measured absorption coefficient corrected for the
substrate transmission is plotted in Fig. 2. At 2.8 um, the
absorption coefficient is around 4280 cm™! and 5310 cm™'
at 80 K and 300K, respectively. The 100% cut-off
wavelength increases from 3.4 pm to 4 um when the
temperature increases from 80 K to 300 K.

Fig. 2. Absorption coefficient at 80 K and 300 K.

In Fig. 3, the QE spectrum measured at a bias of —0.6 V
for temperatures ranging from 90 K to 200 K is reported,
along with the corresponding QE at a wavelength of 2.8 pm
measured as a function of the applied bias. Whilst the
choice of plotting the QE at this specific wavelength
(2.8 um) is arbitrary for the figure, the choice of plotting
the QE spectra at —0.6 V is not. Indeed, at this bias point,
the device is already turned on for all temperatures in the
range of 90 K — 200 K. The authors consider that a detector
device is turned on when its QE reaches 90% of the QE
saturation plateau. At 90 K, the QE is ~31% at —0.6 V,
while the QE plateau of the detector is ~35%. For higher
temperatures, the QE saturation plateau is already reached
at —0.6 V. In addition, the spectrometer being limited to
2.6 uym, the QE at shorter wavelength could not be
measured. The 50% cut-off wavelength extracted from the
second derivative of the QE spectrum is plotted in the inset
of Fig. 3(a). The cut-off wavelength (energy band gap Ej)
is increasing (decreasing) from ~3.37 um (£,~0.368 eV) at
90K to ~3.64 um (£,~0.341 eV) at 200 K. The tempe-
rature dependence of the energy band gap can be well
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Fig. 3. QE spectra measured at —0.6 V at different temperatures (a).
QE at a wavelength of 2.8 um measured as a function of
the applied bias at different temperatures (b).

described using the empirical linear-quadratic relation
proposed by Varshni [30] with the following parameters:
EJ(0K)=0.378¢V, a=3.7-10*eV/K and B=200K.
From Fig. 3(b), it can be seen that the device is fully turned
on, i.e., reaches 90% of the saturation, for a bias of —0.5 V
at 90 K. This indicates the presence of a barrier in the
conduction band at the interface between the absorber and
barrier layers, preventing the transport of the photo-
generated electrons. The barrier height was estimated to be
around 40 meV using similar method employed in Ref. 31.
With increasing temperature, the turn on bias required to
overcome the electron-blocking barrier decreases to —0.2 V
at 200 K. The QE is also temperature-dependent up to
120 K, indeed at —0.6 V and 2.8 um, it increases from
~32% at 90K to ~43% at 120 K. This behaviour is
attributed to a short diffusion length (inferior to the
absorber thickness) of the minority carriers which varies
with temperature up to 120 K.

To estimate the electron diffusion length, the authors
fitted the experimental QE of Fig. 3 using the well-known
Hovel’s expressions [32]. This method is often used to
estimate the diffusion length in T2SL detectors [33-35].
The total QE can be estimated by calculating the
contributions of different parts of the device, namely the
neutral region and the depletion region. The model is one-
dimensional, and the intensity of the photons varies as
exp(—ax) with a — the absorption coefficient and x — the

position in the device. Note that the perfect reflection of the
light at the top metal contact is assumed to account for the
double-pass configuration. The main input parameters of
the simulation are the energy band gap and the absorption
coefficient which were both measured. The fitting
parameters are the electron diffusion length Ly which is
associated with the vertical transport and the absorber
doping concentration Ngop which governs the depletion
width in the absorber as W = \/2e(V,,, — V)/(qNgop) With
& — the material permittivity, q — the electron charge, V,,, —
the reverse bias at which the electron-blocking barrier in
the conduction band is overcome, and V — the applied bias.
Since there is no anti-reflection coating, the authors
accounted for ~30% reflection of the incident light at the
air/semiconductor interface in the modelling. The fitting
results of the QE spectra and its bias dependence are shown
in Fig. 4 at a temperature of 120 K. Very good agreement
between the measured and calculated QE was obtained for
an absorber doping concentration of Ngq,,~1-10' cm—* and
an electron diffusion length of 1.8 pm.

Fig. 4. Measured (dots) and calculated QE (solid red line) at a
bias of —0.6 V (a), and a wavelength of 2.8 um at a
temperature of 120 K (b).

Similar calculations were performed at different
temperatures by keeping the same value of the absorber
doping concentration and by adjusting the diffusion length.
The extracted diffusion length Ly of the minority electrons
as a function of temperature is reported in Fig. 5. It
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increases from 1.4 um at 90 K to 1.95 um at 130 K and,
from this temperature, it decreases slowly to reach 1.7 um
at 200 K. The diffusion length obtained is quite short
considering that the Auger coefficient in InAs/GaSb SL is
low in the range of 5-1072%-1-10"2" cm®s [36, 37], so the
Auger recombination should not degrade the lifetime at the
absorber doping concentration of the device studied in this
work. To better understand the behaviour of the diffusion
length, it has been fitted using an expression in the form of
AT*with 4 and a — the constants, and 7 — the temperature.
It is found that the diffusion length is proportional to 7?7
at low temperature and to 7 %262 at high temperature. These
trends closely follow the trend of the mobility p when
limited by ionized impurity usually dominant at low
temperature (i o< T3/2 so Lgq o< T5/*) and phonon (lattice)
scattering usually dominant at high temperature (u o T=3/2
s0 Lq o< T~/%). This result demonstrates that the diffusion
length is mainly governed by the mobility which is, in part,
degraded by an increased number of ionized impurity
centre caused by a high doping concentration of the
absorber. Therefore, by lowering the absorber doping level,
the electron diffusion length can be improved which will
increase the QE.
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Fig. 5. Estimated diffusion length of the minority
electrons as a function of temperature (symbols).
Low temperature (dotted line) and high tempera-
ture (dashed line) trends.

Another or complementary solution to collect all
carriers generated would be to reduce the absorber
thickness. To determine the optimal thickness for a short
diffusion length of 1.8 pm, additional calculations of the
QE were carried out at a temperature of 120 K and at a
reverse bias of —0.6 V for different absorber thicknesses.
The QE value at a wavelength of 2.8 um is plotted in Fig. 6
as a function of the absorber thickness. The maximum QE
of around 50% is reached for an absorber thickness of
1.5 pm, very close to the value of the diffusion length. For
a thicker absorber, the QE is decreasing when increasing
the absorber thickness due to poor collection, i.e., all photo-
generated carriers created recombine before they can be
collected. For a thinner absorber, the QE decreases with
decreasing absorber thickness due to poor absorption, i.e.,
the number of photo-generated carriers created and
absorbed is limited due to the small absorber volume.

Fig. 6. Influence of the absorber thickness on the QE value at
—0.6 V and 2.8 pum.

4. Dark current measurement

The dark current density measured on a 13 um device
at different temperatures from 150 K to 250 K is plotted in
Fig. 7, together with the corresponding variation of the dark
current density at —0.6 V. Note that below 150 K, the noise-
floor of the electrometer limits the measurement. The dark
current density at —0.6 V is 1.1-10* and 6.7-1073 A/cm? at
200 K and 250 K, respectively. The GR and diffusion
trends are also plotted in Fig. 7(b). Below ~195 K, the dark
current is limited by the GR current with an activation
energy of half the band gap, while for temperatures above
195 K, the dark current is diffusion-limited with an
activation energy of the full band gap.

To further analyse the dark current, its dependence on
the device size was investigated. The total dark current
density Jio¢ in a photodiode is the sum of the bulk current
Jpuix and the surface component Jour¢ 8 Jior = Joulk +
Jsurf * p / 4> With P and 4 — the perimeter and the area of the

device, respectively. In Fig. 8, the dark current density at
—0.6 V of different devices with different sizes measured at
200 K and 250 K is plotted as a function of the P/4 ratio.
Strong size dependence can be observed indicating that the
devices are limited by a surface leakage current originating
from the mesa sidewalls. In the authors’ case, the surface
leakage current shows a GR character below 195 K and a
diffusion character above this temperature. This behaviour
of the surface leakage has recently been studied in Ref. 38
on similar MWIR InAs/GaSb SL detectors. The variation
with the device size of the dark current can be fitted with
the linear equation using a surface current value of
1.94:10% and 3.47-10%A/cm at 200K and 250K,
respectively. By improving the fabrication, in particular the
passivation, the T2SL detectors presented in this work have
the potential to reach a dark current bulk value estimated to
be 6.57-10° and 2.31-10°A/cm? at 200 K and 250 K,
respectively. In Fig. 9, the authors compare a measured
dark current density of 13 um mesa (from Fig. 7) to the
dark current density of different T2SL detector
technologies demonstrated for SWIR detection. These dark
current densities are also compared to the Rule 07, which
is the HgCdTe benchmark [39]. The dark current of the
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Fig. 7. Dark current density of a 13 um device measured at:
different temperatures (a), —0.6 V (dots) as a function
of the inverse of the temperature along with the GR
(dotted line) and diffusion (dashed line) trends (b).
The solid line represents the sum of the GR and
diffusion.

13 um mesa InAs/GaSb SL detector presented in this paper
is one of the lowest reported so far and it is a factor of ~200
and ~15 higher than the Rule 07 at 200 K and 250 K,
respectively. If the fabrication process is improved and
surface leakage is suppressed, the InAs/GaSb SL detector
would be the only factor of ~4 and ~2 above the Rule 07 at
200 K and 250 K, respectively. These results demonstrate
a strong potential of using T2SL based on InAs/GaSb SL
for SWIR detection.

5. Conclusions

In this paper, the authors report on the optical and
electrical characterisations of InAs/GaSb SL barrier
detectors with a cut-off wavelength of ~3.5 um (~3.64 pm)
at 150 K (200 K). The QE measured in a double-pass
configuration and without anti-reflection coating is around
43% at—0.6 V and 200 K. In addition, by fitting the QE and
its bias dependence at different temperatures, the authors
extracted an electron diffusion length of 1.4 pm at 90 K
which increases to ~1.8um in the 120K-200K
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Fig. 8. Dark current density measured at —0.6 V (symbols)
as a function of the device perimeter over the device
area ratio at 200 K (green) and 250 K (yellow). The
linear dependence of the dark current density is
represented by the solid lines.
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Fig. 9. State-of-the-art in terms of dark current density of
different T2SL detector technologies for SWIR:
InAs/AlISb SL [19-21], InAs/AlSb/GaSb/AlSb SL [9,
15-17], InAs/AlAsSb/InAsSb SL [18], InGaAs/GaAsSb
SL [22, 23], InGaAsSb alloy [5,7, 8] and extended
InGaAs [5, 6, 9], and comparison with the Rule07 [39]
(black line). Comparison with the dark current of the
InAs/GaSb SL detector of this work measured on the
13 pm mesa (red-filled stars).

temperature range. The short diffusion length is attributed
to a degradation of the minority carrier lifetime due to the
high doping level of the absorber layer. The dark current
density measured on a 13 pm mesa at —0.6 V is 1.1:107*
and 6.7-10—3A/cm? at 200 K and 250 K, respectively.
Surface leakage current was identified as a limiting
mechanism of the dark current density. By fitting the size
dependence of the dark current, the bulk values have been


https://doi.org/10.24425/opelre.2023.144555

M. Delmas et al. /Opto-Electronics Review 31 (2023) el44555 6

estimated to be 6.57-10%A/cm?* at 200K and
2.31:107% A/ecm? at 250 K, which is only a factor of 4 and 2
above the Rule 07. The results presented in this paper
demonstrate the potential of InAs/GaSb SL for SWIR
detection.
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