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Abstract: This paper presents a response time/time constant of III-V material-based interband long
wavelength multistage infrared detector optimized for a wavelength of 10.6 um at 200 K. The device
is based on the InAs/InAsSb type-1I superlattice with highly doped p* /n* tunneling junctions among
the stages. The detector exhibits a response time of 9.87 ns under zero voltage condition, while for
0.15 V reverse bias, that time decreases to approximately 350 ps. The presented device shows a
significant increase in response time, especially for low bias, and for a voltage of —0.2 V, the decrease
in the detector’s response time by an order of magnitude was estimated. Higher voltage slightly
affects the time constant, and between —0.3 V and —1V, it varies between 300 and 400 ps. The
significant change in the detector’s response time between —0.1 V and —0.2 V probably results from
electric field drop over entire absorber region. The optimal operating condition can be reached for
—0.15 V, where the time constant reaches approximately 350 ns with peak detectivity at a level of
~3 % 10° Jones.
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1. Introduction

Infrared photon detectors, compared to other types of sensors operating in this wave-
length range, are characterized by very high response speed, but many applications put
extreme requirements in terms of response time on these devices. Among such applications,
we can distinguish the use of detectors for the characterization of laser sources and dual
comb spectroscopy for the analysis of gas composition, where response time in the ps
range is needed. The response time of a photon detector is largely limited by the minority
carriers’ diffusion time within the absorber area, where “flat” energy bands are used to
minimize noise. Applying reverse bias causes the absorber bands to bend, which leads
to the faster removal of carriers from that region under the electric field. In most cases,
the photodiodes operate in either zero voltage or at low bias to minimize the impact of
shot noise and, consequently, maximize the devices’ detectivity (D¥). This is a frequently
used practice, especially in the case of long-wavelength (LWIR) detectors operating at
high temperatures, where the noise resulting from thermal generation-recombination (g-r)
processes is relatively high. Additionally, for LWIR devices, detectivity is further limited
by the short carrier diffusion length (L) and low absorption coefficient («), both reducing
the device’s quantum efficiency (QE). The issue of low QE in LWIR detectors, resulting
from the short minority carrier diffusion length, low absorption coefficient («L < 1), and
further to increase the response speed of such devices could be resolved by interband
cascade infrared photodetector (ICIP) design, where thin absorbers are connected in series
by tunneling regions.

Looking back over the history of cascade devices, Elliott and White were the first to
present the concept of a multistage photodetector based on interband transitions in MCT
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by series discrete absorbers [1]. Next, it was Piotrowski who demonstrated the LWIR MCT
devices built by the detector’s cell horizontally connected by highly doped p*/n* regions
and proposed the concept of vertically stacked thin photovoltaic MCT detectors, where
active layers were also connected through p*/n* tunnel junctions [2,3]. The proposed
solution allows for the selection of the single absorber width to be lower than the diffusion
length, while the total thickness of all the absorbers should be assumed to at least be equal
to the absorption depth (1/x). Due to the high Hg diffusion, this concept was found to be
difficult to implement in the case of MCT detectors. However, it turned out to be feasible in
the case of detectors based on III-V semiconductors due to low interdiffusion coefficients.

There are many papers confirming the possibility of using ICIPs structures based on
the III-V materials family, where Yang et al. developed a pioneering theory and presented
ICIPs operating within SWIR, MWIR, and LWIR ranges based on both T2SLs InAs/GaSb
and InAs/InAsSb [4-17]. As mentioned earlier, the use of a cascade structure makes it
possible to improve the detector’s detectivity by the increase in QE (and when biased
by shot noise suppression by the number of stages, where the optimal number of stages
depends on the absorption coefficient and thickness of the single absorber Ng = 1/2ad)
and to decrease the response time of such devices by a significant reduction in the single
absorber thickness (reduced carrier diffusion time) [18-20].

This article presents the response time of the ICIP system supported by a GaAs im-
mersion lens for selected voltages, operating at a temperature that can be achieved using a
thermoelectric cooler, thanks to which the detector is much smaller than the one cooled with
liquid nitrogen. In addition, the devices’ electrical and optical performance is presented.
Finally, the time constant (response time) for T2SLs InAs/InAsSb, InAs/GaSb, and MCT
detectors was compared. The analyzed devices were based on “Ga-free” InAs/InAsSb
T2SLs with highly doped p*/n* tunneling junctions connecting adjacent stages.

2. Materials and Methods

The devices (based on T2SLs “Ga-free” heterostructure) analyzed in this paper were
grown by the RIBER Compact 21-DZ solid source MBE system on a 2” semi-insulating
1.1 mm thick GaAs (001) substrate with Si donor and Be acceptor dopants. It was de-
signed/optimized to reach the highest possible detectivity for a wavelength of 10.6 um at a
temperature of 200 K. Figure 1 shows the architecture used for the analyzed device. It was
built out of three 1 um thick absorbers.

SL InAs / InAsSb absorber  1pm

SL InAs / InAsSb N region 0.1pm
p’/n’ tunneling

SL InAs / InAsSb abseorber 1pm

SL InAs / InAsSb N region 0.1um

p’/n’ tunneling

SL InAs / InAsSb absorber 1pm

SL InAs / InAsSb N region 0.1pum

GaAs Smoothing layer 0.25pm

Figure 1. The LWIR InAs/InAsSb T2SL multi-junction three stages; cascade detector with p*/n*
connecting regions optimized for a wavelength of 10.6 pm at 200 K.
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As seen in the figure above, a 250 nm GaAs smoothing layer was deposited on a GaAs
substrate. Then, a GaSb buffer layer >1 um thick was deposited to accommodate the strains
between substrate and T2SLs. All subsequent layers, except the <0.2 um thick barrier, were
made of T2SLs. A more detailed analysis of the T2SLs InAs/InAsSb layers is as follows:

1 pm thick InAs/InAsSb N* contact layer;

0.1 um thick InAs/InAsSb N layer serving as the electron contact and hole barrier;

1 pm thick InAs/InAsSb T2SLs absorber (10.5 nm period T2SLs: InAs 7.99 nm/InAsSb
2.51 nm, xg, = 0.39);

Heavily doped p*/n* tunnel junctions with the same design as the absorbers;

0.12 pm thick InAs/InAsSb p* contact layer.

The wet chemical etching and standard photolithography techniques were imple-
mented to delineate a mesa structure with an area of 0.01 mm?2. The Ti/Pt adhesion
layer and Au contact layers were deposited as the ohmic contact by a sputtering method.
The device was not passivated, which is why for higher voltages, the leakage current
was observed.

The epitaxial heterostructure was tested by the HRXRD measurement taken in the
20-w direction. The results of this measurement are shown in Figure 2. The peak for
the angle of 66.05 represents GaAs substrate, and the peak for 60.9° represents the bulk
barrier that was not taken into account in the simulation. Satellites visible for the angles
between 55 and 60.5° and 55° and 64.7° correspond to the absorber T2SLs and N* T2SLs,
respectively. The FWHM of the Oth order satellite was estimated at the level of ~200 arcsec.
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Figure 2. The HRXRD spectrum (blue) with T2SLs simulation (red) for three-stage 1 um thick single
absorber device.

The presented ICIP structure was based on the three 1 um thick absorbers. To maximize
the device’s performance, the GaAs immersion lens was mechanically polished, followed
by a flip-chip of the detector’s structure onto the sapphire pad. To enable stable operation at
a temperature of 200 K, the device was mounted on a four-stage thermoelectric (TE) cooler
and then closed in an inert gas atmosphere (Kr/Xe) using TO8 package. An antireflective
(AR) ZnSe window was selected.

The detectors’ response time measurement was performed by the set-up specially
prepared for this purpose, which is shown in Figure 3.
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Figure 3. Block diagram of the response time measurement set-up.

Voltage versus time was measured by a pulsed laser with steep slopes and an operating
wavelength of 4.986 um. The slope falling time ranged between 120 and 180 ps (between
90% and 10% of the peak value). To shorten the path between the structure and the
amplifier, the higher-speed differential amplifier integrated with the test fixture was used.
Additionally, a detector power supply and cooler controllers were also applied to stabilize
the polarization and temperature. Data were registered by an oscilloscope programmed to
read the time between the assumed values of 90% and 10% of the maximum signal. The
detector was mounted at a distance of 10 cm from the radiation source.

3. Results
3.1. Detector Parameters

The current-voltage characteristics (Figure 4a) and current sensitivity were performed
for selected voltages (Figure 4c) within the range between 0 and —1 V. Due to the influence
of the voltage on the response time (even for low values), the measurement points were
concentrated within the region up to —0.2 V. In Figure 4a, one can observe the lack of
saturation of the I-V curve and the significant increase in the current for V > —0.3 V. The
current-voltage linear dependence for V > —0.4 V confirms the surface contribution. Based
on the current-voltage characteristic, a dynamic resistance was recalculated, and this is
shown in Figure 4b. Spectral response was measured by an FTIR spectrometer and a
calibrated 800 K blackbody source.

Based on Figure 4c, it can be concluded that the maximum current responsivity,
regardless of voltage, ranges between 0.6 and 0.7 A/W, and for a wavelength of 10.6 pum,
this value is approximately 0.2 A/W. Based on the two above measurements, the device
detectivity for selected voltages was determined according to the following expression:

D*=R; A2 /(4kgT/Ry + 2eD)V/?, 1

where R; is the current sensitivity of the detector, A is the active surface area, kg is the
Boltzmann constant, T is the temperature, e is the electric charge, R4 is the dynamic
resistance, and I stands for the current of the given voltage.

Detectivity for unbiased condition reaches ~1.2 x 10! Jones and decreases versus
voltage to ~2.4 x 10° Jones at 1 V reverse bias. Interestingly, as Figure 5 shows, the D*
tends to saturate versus voltage. The responsivity and detectivity for selected voltages are
summarized in Table 1.
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Figure 4. Current—voltage characteristics of the analyzed device (a), dynamic resistance as a function
of voltage (b), and spectral characteristics of the detector for selected voltages (c); T = 200 K.
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Figure 5. Detectivity for selected voltages.
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Table 1. Summary of the current responsivity and detectivity for ICIP detector at 200 K for se-
lected voltages.

Current Current

Voltage [V] Responsivity Responsivity Plz:I(eF]t:)‘r?et:}s’] mlzetle:t[l;z r?elzs]
Peak [A/W] 10.6 um [A/W] O
0.00 0.66 0.20 1.2 x 1010 3.7 x 10°
—0.05 0.68 0.18 1.2 x 1010 3.2 x 10°
—0.10 0.66 0.21 1.4 x 1010 3.9 x 10°
—0.15 0.66 0.21 8.8 x 10° 3.2 x 10°
—0.20 0.67 0.23 8.8 x 10° 2.8 x 10°
—0.30 0.64 0.22 6.5 x 10? 3.1 x 10°
—0.40 0.61 0.20 4.8 x 10° 2.3 x 10°
—0.50 0.60 0.19 3.8 x 10° 1.6 x 10°
—0.60 0.59 0.19 3.2 x 10° 1.2 x 10°
—0.70 0.61 0.19 29 x 10° 1.0 x 10°
—0.80 0.64 0.21 2.7 x 10° 9.1 x 108
—0.90 0.65 0.20 2.5 x 10° 8.9 x 108
—1.00 0.67 0.22 24 x 10° 7.8 x 108

3.2. ICIP Response Time

The ICIP response time was reported for MWIR devices showing great potential for this
solution, enabling the combination of fast detector response time with high detectivity [18-20].
It was reported that response time depends on the proper band alignment among the detector
stages [20].

Time response measurements were performed for voltages up to —1 V at a temper-
ature of 200 K. In order to better illustrate changes in the response time, the maximum
signal versus time was normalized to unity. Additionally, the detector response time was
converted into time constants and compared according to the formula below:

t =227, ()

where t¢ is the signal decay time between 90% and 10% of the signal maximum, and 7 is the
time constant.

Figure 6a shows the detector’s time response for selected voltages, while Figure 6b
depicts the time constant versus bias. In addition, the response time and time constant are
listed in Table 2.
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Figure 6. Time response dependence on time (a) and time constant versus voltage (b).
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Table 2. Summary of response time and time constant for selected voltages.

Voltage [V] Response Time [ns] Time Constant [ns]
0.00 9.870 4.490
—0.05 7.820 3.560
—0.10 5.300 2.410
—0.15 0.650 0.296
—0.20 0.703 0.320
—0.30 0.404 0.184
—0.40 0.319 0.145
—0.50 0.330 0.151
—0.60 0.344 0.156
—0.70 0.343 0.156
—0.80 0.345 0.157
—0.90 0.350 0.159
—1.00 0.355 0.161

As shown in Figure 6a,b and Table 2, the analyzed ICIP at 200 K and unbiased condition
reaches 9.87 ns response time. The device shows a significant increase in the response time,
especially for low bias, and for a voltage of —0.2 V, we can already see a decrease in the
detector response time by an order of magnitude. Higher voltage slightly affects the time
constant, and between —0.3 V and —1V, it varies between 300 and 400 ps. The noticeable
change in the detector’s response time in the range from —0.1 V to —0.2 V is due to the
electric field penetrating deeper and deeper into the absorbers, which results in an increase
in the collection rate of optically generated current carriers.

3.3. Response Time Comparison for Selected MCT and T2SLs InAs/InAsSb Type Detectors

Table 3 shows a summary of the response time and time constants under zero voltage
condition for PVM (photovoltaic multi-junction detector), PVI (photovoltaic detector), ICIP,
and PC (photoconductive detector) (1 x 1 mm?) with GaAs immersion optimized for a
wavelength of 10.6 um at 200 K. The response time for PVM, PVI, and PCI detectors was
measured for the commercial devices fabricated at VIGO PHOTONICS and is consistent
with the VIGO catalogue [21].

Table 3. Response time comparison for selected MCT and T2SLs InAs/InAsSb type detectors
optimized for wavelength of 10.6 pm at 200 K (PVMI 50% cut-off 11.5 um).

Absorber Material Detector Type Response Time [ns] Time Constant [ns]
PVMI 4.1 1.9
MCT PCI 94 43
PVl 9.0 4.1
PCI 19.0 8.6
T2SLs InAs/InAsSb ICIP 99 45

Based on the results presented in the table above, it can be seen that under zero voltage
conditions, the lowest response time, 4.1 ns, among the analyzed devices was reached by
PVMI MCT. That was related to the 50% cut-off wavelength of 11.5 pm. When comparing
D* for 10.6 um, both PVMI and ICIP reach the same level, while for 7 um, PVMI D" is 50%
lower than ICIP. The time response is approximately two times higher in the case of MCT
PVI and PCI detectors, as well as the T2SLs ICIP detectors reaching 9-10 ns. The response
time of 19 ns was reached by T2SLs PCI detectors.

4. Conclusions

The device in this study was fabricated based on the LWIR InAs/InAsSb T2SLs
with highly doped p*/n* tunneling junctions among stages, optimized for a wavelength
of 10.6 pm at a temperature of 200 K, where a time response of 9.87 ns was reached
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with a voltage of >—0.2 V 300400 ps. The peak current sensitivity stays at the level of
0.6-0.7 A/W, but the peak detectivities show a strong dependence on the voltage, and for
unbiased conditions, it reaches 1.2 x 10'° Jones, while it decreases compared to voltage at
2.4 x 10° Jones for —1 V. The results presented in this paper indicate that the optimal
operating condition can be reached for —0.15 V, where the time constant reaches approx-
imately 0.35 ns with a corresponding peak detectivity of ~3 x 10? Jones. The presented
performance shows potential for LWIR devices exhibiting frequency up to 1 GHz using
standard detector assembly technologies commonly used on the market.
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