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High-Speed Mid-Wave Infrared InAs/InAsSb
Superlattice Uni-Traveling Carrier
Photodetectors With Different
Absorber Doping

Jian Huang™, Zhecheng Dai

Abstract— In this article, we studied two high-speed mid-
wave infrared InAs/InAsSb type-Il superlattice (T2SL) uni-
traveling carrier (UTC) photodetectors (PDs) with different
graded p-doping profiles in the absorber. It is found that
the UTC device with higher absorber p-doping (hereafter
referred to as Device A) has a larger 3-dB bandwidth than
that of the device with lower absorber p-doping (here-
after referred to as Device B). However, Device A shows
a higher dark current and lower responsivity performance
than Device B. The peak responsivity of Devices A and B is
about 0.9 and 1.2 A/W, respectively, under —1 V at room tem-
perature. The performance comparisons of both devices are
explored in detail. These results could contribute a further
step toward developing high-speed InAs/InAsSb T2SL PDs.

Index Terms—High-speed photodetectors (PDs),
InAs/InAsSb type-ll superlattices (T2SL), mid-wavelength
infrared (MWIR) photodetectors, uni-traveling carrier (UTC)
photodetectors.

|. INTRODUCTION

REE-SPACE optical communication (FSOC) in the mid-
wavelength infrared (MWIR) transmission window has
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recently become an option of interest due to its stable per-
formance through atmospheric channel perturbation such as
dust, fog, and turbulence [1], [2], [3]. A high-speed MWIR
photodetector (PD) to facilitate the benefits of the MWIR
FSOC becomes important. Moreover, the recently developed
dual-frequency comb spectroscopy, which can precisely define
the molecular hyperfine structure, also requires high-speed
mid-wave infrared PDs. [4], [5], [6], [7]. However, the current
research on the MWIR PDs mainly focused on improving
the signal-to-noise ratio performance; the speed performance
of the device was rarely studied. There are a few archi-
tectures based on intersubband transition, such as quantum
well infrared PD (QWIP) [8] and quantum cascade detectors
(QCDs) [9], showing high 3-dB bandwidth performance in
both MWIR and long-wavelength infrared band. However,
these devices are narrow-band and often suffer from high dark
current or low responsivity.

Antimonide-based type-II superlattices (T2SLs) based on
the interband transition have emerged as a promising candidate
for infrared PDs application with a broadband optical response.
For the high-speed operation in the MWIR range, our group
first reported MWIR uni-traveling carrier (UTC) PDs based
on InAs/GaSb T2SL [10]. The UTC structure takes advantage
of the fast electron transport and the neglectable dielectric
relaxation time of the hole, thus could achieve an excellent
device bandwidth performance, and has been widely used in
the near-infrared band [11], [12], [13], [14], [15], [16], [17].
The device exhibits a decent 3-dB bandwidth of 6.58 GHz.
However, the responsivity is still low due to the thin absorber
used to achieve high-speed operation.

Compared to InAs/GaSb T2SL, Ga-free InAs/InAsSb T2SL
enjoys the advantage of the long minority carrier time and
tractable material growth, which has emerged recently as a ver-
satile infrared material reported by many research groups [18],
[19], [20], [21], [22], [23]. In order to improve the responsivity
of high-speed MWIR UTC PDs, we initially designed a
UTC PD based on InAs/InAsSb superlattice (SL) (referred
to as Device A) [24]. The device shows a responsivity of
0.6 A/W at 45 um under —1 V and a 3-dB bandwidth of
12.8 GHz under —4 V at room temperature. Although the
bandwidth value of the device leads the reported Sb-based PDs
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Fig. 1.  Epitaxial structure of the designed device: (a) sample A
and (b) sample B. Energy band diagram and absolute net doping of the
designed device: (c) sample A and (d) sample B.

operating in the mid-wave infrared range, the detectivities of
the devices are still lower than the state of the art. To further
explore the devices’ mechanism and optimize the performance,
we design another InAs/InAsSb UTC device structure with
a lower absorber doping profile for comparison (referred to
as Device B). The performance of both devices has been
investigated and compared comprehensively in this work. The
experimental results show that the cutoff wavelength of both
devices is about 5.5 #m at room temperature. Benefiting from
a smaller electric field distribution in the depleted region and
lower carrier recombination rates, Device B, with a lower
doped absorber, has a low dark current and higher responsivity
performance. The peak responsivity is about 0.9 and 1.2 A/W
under —1 V at room temperature for Devices A and B,
respectively. However, the longer hole transit time in the lower
doped absorber results in a lower 3-dB bandwidth for Device
B compared to that of Device A. As the applied reverse voltage
increases, a bandwidth-enhancement phenomenon emerges for
both devices. This bandwidth-enhancement phenomenon has
also been investigated and discussed in detail in this work.
Furthermore, the limitations on the 3-dB bandwidth of these
devices have been explored by analyzing the equivalent cir-
cuit model and carrier transit-time-limited frequency response
simulation. These results could provide insights for developing
high-speed InAs/InAsSb PDs further.

[I. DEVICE STRUCTURE AND FABRICATION

These two samples were grown on an n-type GaSb substrate
by the molecular beam epitaxy system (MBE). As shown
in Fig. 1(a) and (b), the epitaxial growth started with a
GaSb buffer on an n-type GaSb substrate, followed by an
InAs/AlAsSb SL bottom contact. After that, an unintention-
ally doped InAsSb drift layer was grown, followed by an
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Fig. 2. HRXRD scan of the growth samples. Black line: sample A and
Red line: sample B.

InAs/InAsSb SL absorption layer with different four-step
graded doping. Then, an AlAsSb/AISb SL layer was grown
as the electron barrier, followed by an InAsSb layer as the
top contact. Here, the absorption layer of sample A was
grown with a higher graded p-doping level from 1 x 10'® to
1 x 10' ¢m™3 [24], while the p-doping of sample B was
graded from 1 x 107 to 1 x 10'® cm™3, as shown in Fig. 1.
Energy band diagrams, together with the doping concentration
of two samples, have also been plotted to distinguish the dif-
ferent designs of graded doping, as shown in Fig. 1(c) and (d).
High-resolution X-ray diffraction (HRXRD) measurement was
used to investigate the crystal quality, as shown in Fig. 2.
As can be seen, the satellite peaks of these two samples
coincide well, suggesting that the compositions of these two
samples are close. The SL satellite peaks are sharp, and the
Oth satellite peak of the SL matched to the GaSb substrate.
As shown in Fig. 2, peaks 1 and 3 are the +1th and £2th
satellite peaks of InAs/InAsSb absorption SL, while peak 2 is
the +1th satellite peaks of InAs/InAsSb. According to the
HRXRD curve, the thickness of single period InAs/InAsSb SL
and InAs/AlAsSb SL is calculated [25] to be around 3.91 and
2.95 nm, respectively, which match the designed values. After
material growth, these two samples were processed into circle
mesa-shaped devices for device characterizations. Details of
device fabrication can also be found in [24].

I1l. RESULTS AND DISCUSSION

After device fabrication, we first investigated the electrical
characterization of these two devices. Fig. 3(a) shows the
measured dark current (/-V) curve of these two devices
with a diameter of 20 xm at different temperatures. Fig. 3(b)
shows the dark current density at —0.1 V as a function
of ratio of perimeter to area (P/A), along with the linear
fit for both devices. The intercepts represent the bulk dark
current density, while the slopes indicate the surface leak-
age current density [26]. The dark current of Device A at
room temperature is higher than that of Device B. Since
the surface leakage components of the two devices shown in
Fig. 3(b) are very close, the primary source of the dark current
difference between the two devices comes from the bulk
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Fig. 3. (a) -V characterization of devices as a function of temperature. (c)
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component difference due to the Auger recombination. Com-
pared with Device B, tunneling current occurs more obviously
at lower temperatures and higher reverse bias in Device A.
As the temperature rises from 77 to 300 K, the dark current
density of Device A increases from 0.02 to 3.94 A/cm?
at —1 V, while Device B changes from 6.32 x 1075 to
0.89 A/cm® at —1 V. At lower bias (below —0.5 V), the
I-V curves of these two devices behave similarly, while at
high bias, Device A shows a larger tunneling current than
Device B. This is because Device A has a narrower depletion
region and, thus, a higher electrical field in the depleted
absorber than that of Device B, given the higher absorber
doping in Device A.

After electrical characterization, the optical performances of
the devices were studied. Fig. 4(a) shows the responsivity of
these devices at different temperatures under zero bias. As the
temperature goes from 77 to 300 K, the cutoff wavelength of
both devices shifts from 4.5 to 5.5 g¢m. The peak responsivity
at 77 K for Devices A and B is about 0.88 and 1.25 A/W and
decreases to 0.25 and 0.6 A/W at 300 K, respectively. The
responsivity reaches a peak at about 200 K because of the
tradeoff between the absorption coefficient and the minority
carrier lifetime [27]. The lower responsivity of Device A

Detectivity (Jones)

107 ]
3.0 3.5

40 45 50
Wavelength (pm)

Fig. 4. (a) Responsivity under zero bias at different temperatures. Dotted
line: Device A. Solid line: Device B. (b) Responsivity under different
biases at 300 K. Dotted line: Device A. Solid line: Device B. (c) Johnson-
noise and shot-noise-limited detectivity under different biases at 300 K.
Dotted line: Device A. Solid line: Device B.

can be attributed to the higher doping in the InAs/InAsSb
absorption layer, which causes a higher Auger recombina-
tion rate and a lower excess carrier lifetime [28]. Fig. 4(b)
shows the responsivity of both devices under different biases
at 300 K. As the bias increases, the responsivity tends to
saturate and the peak responsivity of both devices is around
0.9 and 1.2 A/W at —1 V. Due to the larger dark current
and smaller responsivity, Device A has a lower detectivity
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Fig. 7. (a) Pulse response of Device B under different biases at room

temperature. (b) Normalized frequency response of Device B under
different biases at room temperature.

than Device B. The peak detectivity is around 1 x 10° Jones
for Device B at 0 V and increases to about 2 x 10° Jones
at —1 V, while the peak detectivities of Device A at 0 and
—1 V are about 3 x 10® and 7 x 10® Jones, respectively,
as shown in Fig. 4(c). The detectivities of these two devices
under different temperatures at 0 V are also shown in Fig. 5.
The peak detectivity of both devices is around 6 x 10'' Jones
at 77 K, which begins to decrease gradually as the temperature
increases.

The high-frequency response was characterized by an
optical parametric amplification (OPA) system generating
wavelength-tunable MWIR pulses, as described in [24].
Figs. 6(a) and 7(a) show the pulse response of Devices A
and B with a diameter of 20 gm under different biases at room
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Fig. 8. (a) Pulse response of Device B under higher light intensity

(compared to Fig. 7). (b) Corresponding normalized frequency response.
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Fig. 9. Original frequency response after Fourier transforms of
(a) Device A and (b) Device B.

temperature, respectively. The wavelength of OPA is around
4 um. It is observed that the electrical pulse of Device B has a
much longer decay tail up to about 500 ps, whereas the decay
time of Device A is about 100 ps. The slower decay in Device
B compared to Device A is due to the slower hole transport
in the wider depleted InAs/InAsSb absorber. The frequency
response of the devices can be derived from the Fourier trans-
form of pulse response with the loss of the RF cable, ground-
signal-ground (GSG) probe, and bias-T carefully calibrated.
Figs. 6(b) and 7(b) show the normalized frequency response of
Devices A and B, respectively. As shown in Figs. 6 and 7, the
3-dB bandwidth of Device B is significantly lower than that
of Device A. The 3-dB bandwidth of Device A is 1.81 GHz
at —1 V and increases to 11.2 GHz at —4 V. For Device B,
the 3-dB bandwidth is about 0.75 GHz under —1 V and rises
to 1.74 GHz under —4 V. In addition, we also found that
Device B could saturate more easily than Device A. As shown
in Fig. 8, when the peak photocurrent of Device B is set to be
close to that of Device A (in the case of Fig. 6), the fall time
of the electrical pulse of Device B would be further extended.
Under the bias voltage of —2 and —4 V, the 3-dB bandwidth
of Device B is reduced to only 420 and 740 MHz, which is
a signature of device saturation. This saturation is mainly due
to the slow hole transport process in Device B, which induces
a space charge effect and collapses the electrical field in the
depletion region.

It is also observed that there is a peaking effect in the
frequency response curve, especially at the large bias for both
devices. To better understand this bandwidth behavior of both
devices, Fig. 9 shows the original frequency response of the
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Fig. 10. Simulated electric field of (a) Device A and (b) Device B at
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Device A. Solid line: Device B.

pulse response of Devices A and B after Fourier transforms
without normalization. We found that for both of these devices,
the response at the low-frequency range begins to decrease
as the bias increases beyond —3 V, while the response at
the high-frequency range keeps increasing. This bandwidth-
enhancement phenomenon at high bias can be attributed to the
large dark current caused by the tunneling effect. As shown in
Fig. 3, the dark current of these two devices is dominated by
the tunneling current at a high bias. When tunneling occurs,
the excessive space charge due to tunneling enhances the
recombination rate of photocarriers, resulting in a reduction
of dc photocurrent and, thus, a decrease in the low-frequency
part of the frequency response. In addition, the large amounts
of space charge due to tunneling current will also generate
a quasi-electric field [29] in the initially electrically neutral
p-doped absorption region. The photogenerated carriers in
the absorption region will be accelerated under this quasi-
electric field, which induces an increase in response at the
high-frequency range. Since Device A has a larger tunneling
dark current, the bandwidth-enhancement phenomenon is more
evident. To validate the explanation, the electric field of these
two devices was simulated using commercial software Silvaco
TCAD with or without the tunneling model, as shown in
Fig. 10(a) and (b). As expected, at high bias voltages, the
addition of the tunneling model could change the electric
field distribution of the devices significantly. With the tun-
neling model included, the electric field begins to emerge
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Fig. 11. 3-dB bandwidth measured at different light sources’ wavelength
of devices.

TABLE |
FITTING PARAMETERS

Device Bias (V) C; (fF) R;(Ohm) R (Ohm) C, (fF)
Device A -1 50 4038 239 57
Device A -4 44 806 216 57
Device B -1 25 5123 443 44
Device B -4 17 2798 400 44

in the initially neutral p-doped absorption region due to the
accumulation of extra space carriers as reverse bias increases.
Fig. 10(c) shows the simulated band diagram of Devices A
and B at a high bias of —4 V. The energy band slope in
the depleted absorption region of Device A is higher than
that of Device B, which indicates a higher electrical field and
faster tunneling in Device A, resulting in a larger bandwidth.
In addition, there is no significant difference in the electric
field distribution at low bias with or without including the
tunneling model since the tunneling current is not substantial
at low bias.

To further investigate the high-speed performance of the
devices in the MWIR range, we also measured the pulse
response of the devices with different light sources’ wave-
lengths. Since Device B is more prone to saturation, here,
we measured Device B with a diameter of 30 gm. Fig. 11
summarizes the measured 3-dB bandwidth with varying light
sources wavelength. As can be seen, both these two devices
have a larger 3-dB bandwidth at 5 um compared to the
bandwidth at 3 or 4 um, and the 3-dB bandwidth of Devices
at 3 and 4 um is very close. The different 3-dB bandwidth
behaviors under various incident light wavelengths are caused
by the variation of the operating mode of the devices. Here,
InAsSb bulk material was used as the drift layers, which can
absorb the light below 4.5 ym. With 3- or 4- #m incident light,
these devices work like p-i-n PDs instead of UTC PDs, and
the transit time of excess holes in the InAsSb drift layer could
slightly deteriorate the 3-dB bandwidth of devices.

Moreover, the microwave reflection parameters S;; of the
devices were measured to explore the bandwidth limiting
factor. Here, we use an RC equivalent circuit model, as shown
in Fig. 12(a), to fit the measured S;; parameters. The extracted
model parameters are listed in Table I. Fig. 12(b)—(e) shows
the measured and fit S;; parameters of these two devices by a
vector network analyzer (VNA) under —1 and —4 V. As shown
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Fig. 12.  (a) Equivalent circuit model used in Syy parameters fitting.
C; is the junction capacitance, R; is the junction resistance, Rs is the
series resistance, I, is the ac current source, and G, is the capacitance
of the coplanar waveguide (CPW) pads. Measured (blue line) and fitting
(red line) Sy1 parameters from 50 MHz to 20 GHz of Device A at (b) —1
and (c) —4 V and Device B at (d) —1 and (e) —4 V.
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Fig. 13. Calculated RC-limited frequency response with extracted model
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in Fig. 3, with reverse bias increasing to —4 V, the tunneling
current quickly dominates the dark current, which decreases
the PDs’ shunt resistance, so the measured S;; curves shift
to the left in the Smith chart. Fig. 13 plots the calculated
RC-limited frequency response of 20-um devices with the
extracted model parameters and RC-limited 3-dB bandwidths

TABLE Il
KEY MATERIAL PARAMETERS USED IN SIMULATION [30], [31]

Parameters Value
InAs/InAsSb electron mobility 2000 cm?/Vs
InAs/InAsSb hole mobility 1 (10) cm?/Vs
InAs/InAsSb electron saturation velocity 5X10° cm/s
InAs/InAsSb hole saturation velocity 1X10° cm/s
InAsSb electron mobility 10000

InAsSb hole mobility 600

InAsSb electron saturation velocity 8 X 10° cm/s
InAsSb hole saturation velocity 5X10° cr/s
absorption coefficient at Sum 1000cm’!

Response (dB)
Response (dB)

20G  4.0G  60G
Frequency (Hz)

9 ‘ I 9
0.0 20G 40G 6.0G 0.0
Frequency (Hz)

Fig. 14. Simulated carrier transit-time-limited frequency response of
these two devices with different InAs/InAsSb hole mobility. (a) 10 and
(b) 1 cm?/Vs. Solid line: Device A. Dotted line: Device B.

under different biases. The RC-limited 3-dB bandwidths are
about 10.97 and 13.46 GHz at —1 V for Devices A and B,
respectively. When the bias increases to —4 V, the RC-limited
3-dB bandwidth reaches 16.03 and 21.44 GHz for Devices
A and B, respectively. The calculated RC-limited 3-dB band-
width indicates that the bandwidth of Device B is limited by
the carrier transit time, while the bandwidth of Device A is
limited by the carrier transit time at low bias and by RC time
at high bias.

According to the measured frequency response and Sj;
parameter analysis above, we can see that the carrier transit-
time-limited bandwidth of Device A is significantly higher
than that of Device B. To explore the limiting factor of carrier
transport in the devices, we qualitatively simulate the carrier
transit-time-limited frequency response of these two devices.
Here, we do not consider the effect of tunneling current
in the simulation, and the light source was set to 5 um.
Table II shows the critical material parameters used in the
simulation. Fig. 14 shows the simulated carrier transit-time-
limited frequency response of these two devices with different
InAs/InAsSb hole mobilities with Silvaco TCAD. Since the
tunneling effect is not considered, the bandwidth of these
devices does not exhibit a significant enhancement as in
the experimental measurement. We found that as the hole
mobility of InAs/InAsSb is set to a very small value such
as 1 cm?/Vs, the simulated frequency response of Device B
shows a significantly lower value than that of Device A.
In contrast, if the hole mobility of InAs/InAsSb is set to be a
larger value such as 10 cm?/Vs, there would be no significant
difference in the carrier transit-time-limited bandwidth for
these two devices. This indicates that the hole mobility of the
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InAs/InAsSb material system should be fairly small, which is
consistent with the value from the reported literature [30], [31].
Moreover, it also suggests that the transit time of the device
could often be limited by the slow hole drift velocity.

Based on the analysis above, to achieve a large bandwidth
of InAs/InAsSb UTC PDs, we should avoid the holes drifting
at a lower velocity in the InAs/InAsSb SLs. In other words,
it is more inclined to have undepleted InAs/InAsSb SLs to
enjoy the fast dielectric relaxation of holes. However, the
doping concentration of InAs/InAsSb SLs should be carefully
optimized not to deteriorate the carrier lifetime significantly.

IV. CONCLUSION

In conclusion, we have studied the high-speed InAs/InAsSb
T2SL MWIR PDs based on UTC structure in this work.
Two device structures with different absorber doping levels
are comprehensively investigated and compared. The cutoff
wavelength of these two devices is around 5.5 #m at room
temperature. Benefiting from more uniform electric field dis-
tribution and lower carrier recombination rates, the device with
a lower doped absorber has a lower dark current and higher
responsivity performance. However, the low hole mobility of
InAs/InAsSb SL will result in a longer hole carrier transit
time in the lower doped absorber and thus reduces the 3-dB
bandwidth of Device B. From the perspective of improving
the bandwidth and detectivity simultaneously, the InAs/InAsSb
UTC PDs need to be optimized to accelerate the hole carrier
transit time and maintain a long carrier lifetime.
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