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This study observed the performance of an InAs/GaSb type-II superlattice photodiode with a p-i-n
structure for mid-wavelength infrared detection. The 10 ML InAs/10 ML GaSb type-II superlattice pho-
todiode was grown using molecular beam epitaxy. The cutoff wavelength of the manufactured photo-
diode with Si;N, passivation on the mesa sidewall was determined to be approximately 5.4 and 5.5 um
at 30 K and 77 K, respectively. At a bias of =50 mV, the dark-current density for the Si;N,-passivated
diode was measured to be 7.9 x 10 and 1.1 x 10* A/em” at 77 K and 100 K, respectively. The differ-
ential resistance-area product R4 at a bias of —0.15 V was 1481 and 1056 Q cm’ at 77 K and 100 K,
respectively. The measured detectivity from a blackbody source at 800 K was calculated to be 1.1 x 10"

cm Hz"*/W at zero bias and 77 K.
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L. INTRODUCTION

Infrared photodetectors can be used in a variety of appli-
cations, from thermal imaging sensors used in the detection
of infectious diseases such as COVID-19 to thermal target-
tracking sensors used in the military. As an uncooled infra-
red detector, a microbolometer based on vanadium oxide
(VO,) has been used to detect the long-wavelength infrared
(LWIR) spectrum near the 10-um region [1]. However, a
microbolometer has low speed and resolution in tempera-
ture measurement. To overcome these inferior properties,
cryogenically or thermoelectrically cooled detectors have
been used in high-speed and high-precision measurements
in mid- and long-wavelength infrared detection. For exam-
ple, although cooled InSb detectors are commonly used in
the mid-wavelength infrared (MWIR) spectral region, this
material has a fixed band gap [1]; therefore, changes to the
cutoff wavelength in the detector are impossible. By utiliz-
ing another material used in LWIR detection, a mercury
cadmium telluride (MCT) detector equipped with an ex-

pansive cooling unit has been used, owing to its wideband
detection of around 9-12 um. However, the growth of the
MCT material in uniform composition at the wafer scale is
difficult.

The InAs/GaSb type-II superlattice (T2SL) has been
considered as a promising alternative material to replace
InSb or MCT materials for infrared detection in thermal
imaging. The band gap of an InAs/GaSb T2SL can be ad-
justed between 3 and 30 pum, according to the thickness of
InAs and GaSb. In addition, the carrier lifetime of an InAs/
Ga(As)Sb T2SL is expected to be longer than that of MCT
for the same cutoff wavelength, owing to the suppression of
Auger recombination [2]. In addition, research on the high-
quality growth technology of T2SL material has recently
achieved rapid progress. Therefore, InAs/GaSb T2SL mate-
rial is considered to be a strong candidate to replace expen-
sive InSb or MCT materials for infrared detection in the
future [3].

Around 15 years ago, 8 monolayer (ML) InAs/8 ML
GaSb T2SL devices for mid-wavelength detection were
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developed by several research groups. Rodriguez et al.
reported that the nBn structure based on a 8 ML InAs/8
ML GaSb T2SL represented a specific detectivity D* of
approximately 10° cm Hz"*/W at 4.5 um and 300 K [4]. In
2009, Ting et al. introduced a complementary barrier infra-
red detector, showing a D* of 1.1 x 10" ¢cm Hz"*/W with a
50% cutoff wavelength of 9.9 um [5]. In 2012, Salihoglu et
al. suggested an N-structure T2SL exhibiting a D* of 2.6 x
10" at 125 K and a cutoff wavelength of 4.3 pm [6]. Last
year, Wu et al. demonstrated a high-performance InAs/-
InAsSb T2SL mid-wavelength infrared photodetector with
a double-barrier structure, which resulted in a D* of 6.9 x
10" cm Hz"*/W at 150 K with a cutoff wavelength of 3.9
pum [7]. These diverse architectures of the T2SL structure
have provided scientists with a high-performance IR detec-
tor operable even at high temperatures.

In this research, we attempted to broaden the cutoff
wavelength of the InAs/GaSb T2SL structure by increasing
the thicknesses of both InAs and GaSb from 8§ ML to 10
ML, thereby narrowing the band gap of the T2SL. Exten-
sion of the cutoff wavelength above 5 um can allow for ap-
plications in temperature monitoring from —50 to 250 °C [8].
However, a semiconductor detector with a narrow band gap
suffers from increasing noise and dark-current density. To
overcome these disadvantages, we attempted device pas-
sivation on the mesa sidewall to reduce the leakage current
and increase the signal-to-noise ratio.

Several research groups have conducted passivation
studies of the InAs/GaSb T2SL photodetector by using di-
electric films such as Al,O, or SiO,, and have demonstrated
reduction of dark-current density by one or two orders of
magnitude. Salihoglu et al. [9] used AL O, as a passivation
material on a mid-wavelength InAs/GaSb T2SL. The results
showed a dark-current density reduced by approximately
one order of magnitude compared to that of an unpassiv-
ated photodiode, owing to advantageous Gibbs free energy
and self-healing during the atomic layer deposition process
of AL,O; [9]. As another example, Herrera et al. [10] pas-
sivated the sidewall of InAs/GaSb T2SL photodiodes with
Si0O, films. They analyzed various effects of the passivation
layers and observed the formation of As clusters between
the T2SL and SiO, layer. The dark-current density of a
photodiode passivated with a SiO, layer decreased by more
than one order of magnitude, compared to that of an unpas-
sivated T2SL photodiode.

Recently, the dynamic resistance-area product of an
InAs/GaSb T2SL device passivated with Si;N, at zero bias
was shown to be higher than that of a device passivated
with SiO, at temperatures ranging to 100 K, owing to the
relatively low thermal stress between GaSb and Si;N, [11].
This means that Si;N, film may be a better passivation ma-
terial than SiO, film, under certain temperature regions and
growth conditions of the Si;N, film. Therefore, we used
Si;N, as the passivation layer in this study, and evaluated
the electrical and optical characteristics of a 10 ML InAs/10
ML GaSb T2SL photodiode with a p-i-n structure.
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II. EXPERIMENTS AND DISCUSSION

After loading the GaSb substrate into the molecular
beam epitaxy (MBE) system, the wafer substrate was
heated to remove the naturally generated gallium oxide
thin film. A sacrificial layer of GaSb was grown on the top
surface of the substrate, and an In (As, Sb) lattice matched
to the GaSb substrate was grown at approximately 200 nm.
For the T2SL growth of the p-i-n structure, 80 cycles of
10 ML InAs (n =2 x 10" em™)/10 ML GaSb were grown
as a common bottom-contact layer. 300 cycles of 10 ML
InAs/10 ML GaSb (Be, p = 1 x 10" ¢cm™) were grown to
serve as the infrared-absorbing layer. Finally, GaSb (p = 2 x
10" cm™) was grown at approximately 200 nm as a top-
contact semiconductor.

The grown wafer was subjected to structural analysis us-
ing an x-ray diffractometer (XRD) to determine the growth
structure, and then we fabricated the InAs/GaSb T2SL
photodiode using a conventional semiconductor process. In
the beginning, a positive photoresist was applied using spin
coating. After exposure and development, the positive pho-
toresist of the mesa-definition structure was left on top of
the grown wafer. Thereafter, etching was performed on the
bottom contact layer with an inductively-coupled-plasma
etching system using BCI; gas. Then Si;N, was deposited
using plasma-enhanced chemical vapor deposition; at this
time, the temperature inside the chamber was maintained
at 300 °C, and the final deposition thickness of the Si;N,
film was fixed at 200 nm. Next the Si;N, film was removed
through dry etching, excluding the mesa sidewall. Finally,
Ti-Au was simultaneously deposited onto the p-type GaSb
and n-type T2SL layers using an electron-beam evapora-
tor as an Ohmic metal contact material. The manufactured
InAs/GaSb T2SL was mounted onto a lead-free chip carrier
using melted indium by heating it to 160 °C on a hotplate.
Wire bonding with Au was performed to evaluate the elec-
trical and optical properties of the device. Figure 1 presents
the structural schematic diagram of the photodetector struc-
ture.

Figure 2 shows a spectral-response measurement sys-
tem comprising a Fourier-transform infrared spectroscope
(FTIR), cryostat, current amplifier, detector interface unit,
and computer with the commercial software Omnic for
spectrum acquisition. The fabricated device was mounted
onto a cold finger in the helium closed-cycle cryostat. The
temperature of the InAs/GaSb T2SL device was adjusted
by a heater in the cryostat via an external electric power
source, in agreement with the setup temperature. The spec-
tral response from 2.5 to 6 um was measured using the
FTIR and analyzed using Omnic.

Figure 3 shows the spectra observed at device tem-
peratures of 30 K and 77 K. The cutoff wavelength of the
device was observed to be 5.4 um and 5.5 pm at 30 K
and 77 K, respectively. As the temperature of the photodi-
ode increased, a shift in cutoff wavelength of 0.1 pm was
observed, owing to the band-gap shrinkage of the T2SL
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FIG. 1. Schematic diagram of the 10 ML InAs/10 ML GaSb
type-1I superlattice photodetector with p-i-n structure.
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FIG. 2. Spectral-response measurement system, comprising a
Fourier transform infrared spectroscope (FTIR), cryostat, and
current amplifier for spectrum acquisition.

device. The intensity of the spectrum decreased by ap-
proximately 10% at 3 pm, compared to the maximum peak
intensity at 30 K; on the other hand, the intensity of the
spectrum decreased by approximately 30% at 3 pm, com-
pared to the maximum peak intensity at 77 K. It is believed
that the wave-function overlap of InAs/GaSb T2SL at 77
K decreased compared to that at 30 K, owing to the strain
valence difference depending on the temperature. In addi-
tion, the absorption peak of the spectral response in the 4.3
pum band was observed in both cases at 30 K and 77 K, ow-
ing to the infrared light absorption by CO, gas, which was
in the atmosphere between the detector and glow-bar light
source in the FTIR. There was no change in the difference
in spectral intensity as a function of the applied bias.

The dark current of the InAs/GaSb T2SL photodiode
was measured over a temperature range of 50 to 300 K
using a semiconductor parameter analyzer, which was con-
nected to the cryostat shown in Fig. 2. The photodiode was
covered by a special cylindrical cover in the helium closed-
cycle cryostat, so that the infrared rays emitted from the
room-temperature background radiation in the laboratory
were blocked during the dark-current measurement. Figure
4 shows the results for the current density of the InAs/GaSb

Ha Sul Kim 131

Spectral response (Arb. Units)

i il i 1 i 1 " 1 " 1 i 1 "
25 3.0 35 4.0 45 5.0 55 6.0
Wavelength (um)

FIG. 3. Observed spectrum of the InAs/GaSb T2SL
photodiode using the spectral-response measurement system,
at 30 K and 77 K.
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FIG. 4. Current density of the InAs/GaSb T2SL device with
Si;N, passivation, for applied bias ranging from —2.0 to 1.0 V.

T2SL device with Si;N, passivation, for applied bias rang-
ing from —2.0 to 1.0 V. The measured dark-current density
under a bias of =50 mV was 7.9 x 10 " and 1.1 x 10* A/cm’
at 77 K and 100 K, respectively.

Figure 5 presents dark-current densities as a function of
temperature at a bias of =50 mV. For temperatures greater
than 120 K, the dark-current density of the diode shows
diffusion-limited behavior. In contrast, for temperatures less
than 120 K the dark-current density of the diode exhibits
saturated behavior, which is related to generation-recom-
bination and other dark-current sources, such as trap assis-
tance, surface tunneling, or shortage of device passivation.
We are currently conducting device simulations of this elec-
trical behavior, and the results will be reported in the future.
Figure 6 presents the differential resistance-area product
R4A as a function of temperature for the T2SL photodiode
at a bias of —0.15 V. The calculated R,4 was about 1481 Q
cm’ at 77 K and about 1056 Q cm” at 100 K. Martyniuk et
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FIG. 5. Dark-current density as a function of temperature, at a
bias of =50 mV.
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FIG. 6. Differential resistance-area product R 4 as a function
of the temperature of the T2SL photodiode, at a bias of —0.15 V.

al. [12] reported modeling of a mid-wavelength infrared
10 ML InAs/10 ML GaSb type-II superlattice detector with
nBn structure, exhibiting a R,4 of 1000 Q cm’ at zero bias
and 77 K. Therefore, the fabricated detector presented an
improvement of approximately 48% in magnitude of RA,
compared to the result of Marttniuk et al. [12].

Figure 7 presents a block diagram of the measurement
system used to acquire the signal and noise values pre-
sented in this report. We used a calibrated blackbody source
(800 K), a fast Fourier transform (FFT) network signal ana-
lyzer (SR 770), an optical chopper (400 Hz), a preampli-
fier (Keithley 428) and a liquid-nitrogen-cooled dewar. To
measure the detectivity (D*, in cm Hz"*/W) of the device
using a blackbody source, we calculated the spectral volt-
age responsivity using the following equation [13]:
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FIG. 7. Block diagram of the measurement system used to
acquire the signal and noise values for the InAs/GaSb T2SL
photodiode.
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where v, is the output voltage produced by the detector, /
is Planck’s constant, ¢ is the speed of light, A, is the cutoff
wavelength of the detector, 4, is the blackbody area, 4, is
the optically active detector area, ¢ is the transmittance, F'
is the form-factor conversion, r is the distance from source
to detector, & is Boltzmann’s constant, 7" is the temperature,
and A is the wavelength. A modulated infrared source from
a blackbody was used instead of constant blackbody irradi-
ance. The signal amplitude of the sinusoidal infrared input
was measured by considering the modulation factor of the
mechanical chopper and the opening area of the blackbody
source, to reduce calculation error for the responsivity.

The terms in the denominator of Eq. (1) represent the
photon energy at peak wavelength, geometrical configura-
tions of the blackbody and detector, and photon exitance
integrated over the open detector area. D* was calculated
using the following equation [14]:

* R\/Td
D=5 @

where R is the responsivity, 4, is the detector area, N is
noise, and Af'is the noise-equivalent electrical bandwidth.
The noise spectrum from the photodetector was measured
using an SR770 network analyzer, which was connected
to the detector through a low-noise preamplifier (Keithley
428). Martyniuk et al. [12] published their measured D* of
4 x 10° cm Hz"/W at 240 K and 50 mV bias, for a 10 ML
InAs/10 ML GaSb T2SL detector. Figure 8 presents our
calculated D* under applied bias using Egs. (1) and (2). In
this study, the calculated D* value was 1.1 x 10" cm Hz"*/W
at 77 K under zero bias. D* rapidly decreased, due to the
increased noise current under high positive or negative bias.



Performance of an InAs/GaSb Type-II Superlattice... - Ha Sul Kim 133

1011: T T T T T T T T
5 10" 0&)0 \
E ] / 9 4
£ o
——
G [®}
> i
£ 10°7
o8 Qo
T i
a
8 v T v T v T v T
1906 -0.4 0.2 0.0 0.2
Bias (V)

FIG. 8. Calculated detectivity using a blackbody source, at
applied bias from —0.5 to +0.2 V at 77 K.

III. CONCLUSION

The performance of a 10 ML InAs/10 ML GaSb T2SL
photodiode with a p-i-n structure was measured for MWIR
detector applications. The T2SL structure was grown with
an MBE system, and device fabrication was conducted by
a conventional semiconductor-fabrication procedure. To
reduce the dark current, we applied Si;N, passivation on
the mesa sidewalls using plasma-enhanced chemical vapor
deposition. The measured cutoff wavelengths of the T2SL
photodiode using FTIR were approximately 5.4 um at 30
K and 5.5 um at 77 K. Therefore, the cutoff wavelength for
the 10 ML InAs/10 ML GaSb T2SL was approximately 1
pum longer than that for an 8§ ML InAs/ 8 ML GaSb T2SL,
owing to the shrinking band gap of T2SL at 77 K. The
dark-current density of the Si;N,-passivated diode under a
bias of =50 mV was measured to be 7.9 x 10~ and 1.1 x
10 A/em’ at 77 K and 100 K, respectively. The differential
resistance-area product R4 at a bias of —0.15 V was 1481
and 1056 Q cm” at 77 and 100 K, respectively. The detec-
tivity of the 10 ML InAs/10 ML GaSb T2SL photodiode
using a blackbody source at 800 K was calculated as 1.1 x
10" cm Hz"*/W at zero bias and 77 K. Therefore, the 10
ML InAs/10 ML GaSb T2SL may be a promising photode-
tector material in the MWIR region of approximately 5 pm
in the near future.
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