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In this work, the authors investigated the influence of proton-irradiation on the dark current
of XBp longwave infrared InAs/GaSb type-II superlattice barrier detectors, showing a cut-
off wavelength from 11 pm to 13 pm at 80 K. The proton irradiations were performed with
63 MeV protons and fluences up to 8:10'! H*/cm? on a type-II superlattice detector kept at
cryogenic (100 K) or room temperature (300 K). The irradiation temperature of the detector

is a key parameter influencing the effects of proton irradiation. The dark current density
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increases due to displacement damage dose effects and this increase is more important when
the detector is proton-irradiated at room temperature rather than at cryogenic temperature.

1. Introduction

Today, for space applications, the use of detectors is
necessary to identify, track, and determine the status of
both cold and hot objects, illuminated or not, very close or
very far away. For many of them, high performance
infrared (IR) detectors are more and more requested to
cover a wide spectral range, from shortwave infrared
(SWIR) — 1 to 3 pm and midwave infrared (MWIR) — 3 to
5 um, to longwave infrared (LWIR) — 8 to 12 um and very
longwave infrared (VLWIR) of A>12 um. The SWIR and
MWIR detectors allow to observe the Earth by studying
high temperature-objects while imaging using LWIR and
VLWIR devices can detect cold objects in a cold environ-
ment, suitable for understanding the universe.

The current material of choice for most high-
performance IR detection and space-based applications is
mercury/cadmium/telluride (MCT) [1]. But this technology
suffers from a relatively low material homogeneity,
especially in the LWIR and VLWIR spectral domains.

During the last ten years, an InAs/GaSb type-II
superlattice (T2SL) photodetector has emerged as a
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complementary IR technology to those already well
established [2, 3], in particular for space applications by
exhibiting an excellent radiometric stability over time [4].
However, the T2SL suffers from a weak Shockley-Read-
Hall (SRH)-limited minority carrier lifetime (typically
30 ns in the LWIR [5]), inducing high dark current values.
However, the introduction of barrier structure detectors in
the late 2000s helps mitigate this drawback [6, 7]. In this
structure, an appropriate wide bandgap barrier, inserted
between the T2SL absorber layer and the contact layer,
blocks majority carriers without impeding the flow of
minority carriers. Compared to a standard photodiode, this
configuration reduces the detector dark current by
confining the electric field inside the barrier, allowing to
suppress the generation-recombination (GR) current and to
achieve a diffusion-limited performance [8, 9]. Moreover,
the barrier can block surface currents (which are considered
as a larger detriment than GR currents in III-V technology
[6]) arising from the heavily n-type mesa surfaces of these
materials.

In the space radiative environment, there are many high
energy particles (especially protons) which induce the
major problem for the use of electronic components
embedded in space systems [10]. The reason determining
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the radiation tolerance of an electronic device remains
under investigation [11]. Protons are found in different
radiation sources like solar winds, cosmic rays, solar
eruptions, radiation belts, with proton energy up to
100 MeV. Protons can knock atoms out of their place in the
lattice due to the non-ionizing energy loss resulting from an
elastic or inelastic scattering of an incoming proton with an
atomic nucleus [12]. The displacement of atoms creates
vacancy-interstitial pairs and other defects, which damages
the carrier lifetime and the dark current in IF detectors due
to the SRH mechanism [13]. The displacement damage
dose can also be manifested by a modification of the doping
level after irradiation, affecting the diffusion dark current
[14]. However, protons also induce a total ionizing dose
which can cause more damages than the displacement of
atoms, but this contribution appears when there is an
interface between the dielectric and the semiconductor,
which is not the case with the authors’ photoresist-
protected samples.

Studies of the radiation effects on the dark current and
quantum efficiency of T2SL barrier detectors have already
been performed at cryogenic temperature [14-21], but to
the authors’ knowledge, the influence of a T2SL barrier
photodetector operating temperature under radiation has
never been investigated. In this study, InAs/GaSb XBp
LWIR T2SL detectors, exhibiting a 50% cut-off wave-
length equal to 11 pm and 13 pm at 80 K, were tested under
60 MeV protons with fluences up to 8-10'! H'/cm?. The
irradiations were performed on a T2SL detector kept at
cryogenic (100 K) and room temperature (RT) (300 K)
during experiments. In this paper, only the behaviour of the
dark current density is studied under proton irradiation.

2.  Description of T2SL detector structures and
measurement setup

The samples are based on a double heterostructure
barrier design with a contact layer made of a heavily n-type
doped InAs/GaSb SL, a barrier made of a wide bandgap
InAs/AlSb SL, and a lightly p-type-doped InAs/GaSb SL
absorber (Fig. 1). The XBp T2SL quantum structure period
is composed of 15 monolayers (MLs) of InAs and 7 MLs
of GaSb (15/7 structure) for samples A, B, and C, and
sample D is made of 17 MLs of InAs and 7 MLs of GaSb
(17/7 structure). Details on the selection of these LWIR
structures have been reported elsewhere [22, 23].

Fig. 1. Simulated band diagram of the XBp LWIR T2SL barrier
structure at 80 K, zero bias and nominal doping
conditions. The dashed line represents the Fermi level.

The LWIR T2SL barrier structures have been grown by
molecular beam epitaxy (MBE) on n-type (Te-doped)
GaSb substrates. Before starting the fabrication process,
photoluminescence (PL) measurements were routinely
carried out to verify the effective band gap energy of the
T2SL absorber layer. Figure 2 shows the PL spectra of all
the samples, measured at 80 K. In agreement with the
chosen T2SL periods, the samples A, B, C exhibit PL peaks
around 11 pm and D shows a PL peak at longer wave-
length, close to 13 um at 80 K.

Fig. 2. PL spectra of all samples at 80 K.

After MBE growth, circular mesa photodiodes are
fabricated using standard photolithography with a mask set
containing blind diodes (C) and photodiodes (P) with
several diameters, from 60 um up to 310 pm. Blind diode
is front-side covered by metal; thus, it does not receive any
light and may simply be considered as a diode. T2SL
photodetectors were then fabricated following a five-step
UV photolithography process: Ti/Au top contact deposition
by electron beam evaporation; shallow chemical etching of
circular mesas with an acid-based solution [23]; protection
and electrical insulation of the single pixel device with
photoresist polymerized; Ti/Au and AuSn layers deposition,
respectively on the contact pads and back-side contact.

The samples were then bonded to a 68-pin lead-free
chip carrier (LCC) and mounted into a Janis cryostat to
perform non-calibrated spectral photo response (PR)
measurements. Figure 3 shows the sample B illuminated
from the front side with the spectral PR at different biases
and at 80 K. From these curves, the operating bias (V5p) can
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Fig. 3. Sample B: PR measurements at different biases at
T=80K.
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be extracted when the PR value saturates. —150 mV will be
defined as the V,, value. At this bias, a 50% cut-off wave-
length close to 11 um can be extracted, which agrees with
the corresponding PL peak (Fig. 2).

Table 1 summarizes the LWIR T2SL detector samples
tested with different absorbing layer (AL) thicknesses
(1500 nm to 5500 nm) and a different cut-off wavelength
(from 11 pm to 13 pm). All these samples are protected by
a polymerized photoresist layer and tested under 63 MeV
proton irradiation carried out at UCLouvain’s Light Ion
Facility (UCL-LIF) in Belgium. The proton fluences (@ph)
were 2, 4, and 8-10'! H"/cm? and, in order to evaluate the
influence of detector temperature during irradiation, two
sets of experimental set-ups were planned. For the first set,
the detectors were placed in a dedicated cryostat and kept
unbiased at 100 K during irradiation. Dark current density-
voltage (J-¥) measurements were performed after each step
of fluence and at 100 K. For the second one, the detectors
on LCCs were placed in air at RT (300 K) directly in front
of the proton beam with a total proton fluence of
8-10' H"/em?. Next, J-V curves were recorded at 100 K,
two days after proton irradiation in a probe station.

Table 1.
Summary of the XBp T2SL structures tested
under proton radiation.

InAs/GaSb AL thickness (number Cut-off wavelength
T2SL sample of InAs/GaSb periods) @80 K
A 1500 nm (227 periods) Ac=11 pm
B 3200 nm (485 periods) Ac=11 um
C 5500 nm (833 periods) Ac=11.5 um
D 3500 nm (486 periods) Ac=13 um

3.  Dark current characteristics of samples kept at
100 K during proton irradiation

Figure 4 shows the dark current densities at 100 K of
the LWIR T2SL barrier detector (sample B) kept at 100 K
during proton irradiation. The green, blue, and red solid
lines represent the J-¥ measurement performed for fluences
ranging from 2-10'' H/cm? to 8:10"! H'/cm? [Fig. 4(a)].
The black line is the pre-irradiation measurement per-
formed in the cryostat. Figure 4(b) shows the dark current
values extracted at the operating bias Vo, =—150 mV and at
the higher bias V'=—-500 mV from J-JV characteristics.

Degradation of the dark current was observed with a
change in the shape of the J-V curves. The diffusion plateau
disappears within the first step of fluence (2-:10'"" H"/cm?)
with an increase of the dark current due to the degradation
of the lifetime value [14]. However, the detector dark
current remains diffusion-limited after irradiation down to
100 K [23].

In Fig. 4(b), at the operating bias Vo, = —150 mV, the
sample B is damaged only by a factor of 2.1 after the last
step of proton fluence (8:10'' H'/cm?). Such a weak
degradation could be attributed to the barrier design with a
high electric field confined in the barrier layer. The dark
current increase is not linear with the proton fluence @y
and seems to vary in linear-to-square root of @,
corresponding to the dark current dominated by the
diffusion current. At a higher bias (V'=—-500 mV), the dark
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Fig. 4. Sample B J-V characteristics at 100 K and at different
proton fluences of the T2SL photodetector irradiated at
100 K (a). The dark current density values extracted at
V=-150 mV (black points) and V'=-500 mV (red
points) from J-V characteristics performed just after
proton irradiation steps (b).

current increases linearly with the proton fluence which
implies that the GR current is dominant.

Such a behaviour was observed for all devices of
sample B protected with photoresist, both on diodes and
photodiodes.

3.1. Influence of absorption layer thickness

In addition to sample B to which AL is made up of 485
periods, two other T2SL devices from samples A and C
have been irradiated at 100 K under proton fluence up to
8-10'! H'/cm?. J-V measurements were performed at 100 to
observe the influence of AL thickness under radiation.

Figures 5(a) and 5(b) show the dark current density
before and after irradiation, for the sample A (227 periods)
and sample C (833 periods), respectively. As for sample B,
degradation in the dark current was observed for the first
step of fluence (2-10'' H*/cm?) and this degradation does
not exceed factor 3 at the higher fluence.

To evaluate the possible influence of AL thickness
(thus, the number of T2SL periods) on the dark current
degradation, the factor J/Jy (where Jy stands for the dark
current density before radiation) at operating bias was
plotted for each proton fluence [Fig. 5(c)]. No significant
influence of the number of periods is observed in dark
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current degradation, highlighting that the number of
interfaces in T2SL quantum structures is not sensitive to
proton irradiation.

Moreover, the shape of the dark current damage is
clearly different for samples A and B [Fig. 5(c)]. Sample A,
which has the smallest absorber width (L), is most likely
of all the samples to have a diffusion length higher than La.
Consequently, its dark current damage shows a linear
dependence with the proton fluence @, in contrast to
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Fig. 5. J-V characteristics at 100 K and at different proton
fluences of the T2SL detector sample A (a) and
sample C (b), irradiated at 100 K. J/Jo factor extracted
at two different bias V'=-150 mV and V'=-500 mV
from J-V characteristics of samples A (227 periods),
B (485 periods), and C (833 periods) performed just after
proton irradiation steps (c).

sample B with a linear-to-square root dependence on ®py,.
Sample C has a more similar behaviour as sample B, a
slight roll-over, but it also has a slightly longer cut-off
wavelength and at the same operating temperature (100 K),
and it will have a higher rate of increase than sample B.

3.2. Influence of cut-off wavelength

Other T2SL devices from samples B and D have been
irradiated at 100 K under proton fluence up to 8-10'! H'/cm?.
J-V measurements were performed at 100 K to observe the
influence of a cut-off wavelength under radiation.
Figure 6(a) shows the dark current density before and after
irradiation for sample D while the J/Jp ratio is plotted in
Fig. 6(b) to compare samples B and D having the same
number of periods for two LWIR different cut-off wave-
lengths (11 um vs. 13 pm). The dark current degradation
seems to be slightly dependent on the LWIR cut-off
wavelength, in particular after the last step of proton
fluence (8:10'' H'/cm?). However, such degradation
remains comparable to that observed for samples A and C.

According to Morath et al. [24], the damage factor
decreases when (A.T)"! increases. Thus, a sample with a
higher cut-off wavelength has a higher damage factor. This
is coherent with the obtained results displayed in Fig. 6(b).
Sample D is more damaged than sample B.
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Fig. 6. J-V characteristics at 100 K and at different proton
fluences of the T2SL detector sample D irradiated at
T=100K (a). J.Jo factor extracted at operating bias
V'=-=150 mV from J-V characteristics of samples B and
D performed just after proton irradiation steps (b).
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3.3. Influence of room temperature annealing

Additional measurements were performed after six
months on samples A (227 periods) and C (833 periods),
kept at room temperature during this time. Results are
shown in Fig. 7(a) and Fig. 7(b), respectively.

A partial recovery of J-J curve with a small decrease of
the dark current density is observed; however, the diffusion
plateau is not recovered. In Fig. 7(c), the J/Jy ratio is
1
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Fig. 7. J-V characteristics at 100 K after the last proton fluence
(8-10" H/cm?) and measurement after six months, at RT,
for samples A (a) and C (b), J/Jo factor extracted at
operating bias V'=-150 mV from J-V characteristics of
samples A and C performed just after the proton
irradiation steps and after six months at RT (c).

represented at operating bias V'=—150 mV, the recovery
with annealing is around 25% for both samples. Such
behaviour was already observed in III-V nBn infrared
detectors [13, 25].

4. Dark current characteristics of samples kept at
300 K during proton irradiation

Devices from samples A and C have also been
irradiated at 300 K under a proton fluence equal to
8:10'! H'/cm?, even if it is not its operating temperature.
Next, J-V measurements were performed at 100 K.

Figure 8(a) shows the dark current density before and
after irradiation for sample A. Compared to Fig. 5(a),
sample B is more damaged when the proton irradiation
takes place at RT.

From the J-V curves recorded before and after the
proton fluence of 8-10'!' H/cm?, the dark current values
were extracted at —150 mV and plotted against the
perimeter (P) to area (A) ratio in Fig. 8(b). An overall
degradation by factor 7 can be observed. Regardless of their
size, photodiodes and blind diodes were damaged in a
similar way, evidencing no size-dependence, and indicating
the absence of surface leakage current for these devices
protected by a polymerized photoresist layer.
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Fig.8. In solid line, dark current density-voltage (J-V)

characteristics at 100 K and at different proton fluences
of sample A irradiated at 300 K. In dashed line, J-V
curves after two months of room temperature annealing
(a), dark current density as a function of P/A ratio
extracted at V'=-150 mV (b).
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Additional J-V measurements have been done after two
months to observe any potential room temperature
annealing. A partial recovery of the dark current density
value is observed after 2 months. However, the device has
not recovered its diffusion plateau and remains current-
limited GR despite the improvement in dark current density.

Figure 9 displays the dark current density before and
after irradiation for the sample C having the widest AL
(5500 nm thick). The results show, once again, no
dependence on the T2SL period. Indeed, a similar
behaviour to that of sample A is observed both for the
overall dark current degradation and for the partial recov-
ery of the dark current after a few days of RT annealing.
This incomplete recovery of the dark current, already
observed in Ref. 26, is attributed to displacement damage.

10"
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Fig. 9. In solid line, J-V characteristics at 100 K and at different
proton fluences of sample C irradiated at 300 K. In dashed
line, J-V curves after two months of RT annealing.

5.  Influence of the detector temperature under
proton irradiation

In this section, a comparison of the dark current density
degradation when the detector is kept at 100 K and 300 K
during irradiation is presented (Fig. 10). In both cases,
the samples are proton-irradiated, with a fluence of
810" H"/cm?2.

0.07 4 Sample A 6.6
—@— sample irradiated at 300 K

& 0.06 4|—@— sample irradiated at 100 K
;’ x2.8
< 0051 v=-150mv
>
= ]
S 0.04 o
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e
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0 2 4 6 8
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Fig. 10. J-V measurements values after 8-10'' H"/cm? proton
fluence of the detector irradiated at 300 K (red lines) and
at 100 K (blue lines) at the operating bias '=—150 mV.
The half-coloured symbols represent the corresponding
measurements after 2 months and 6 months at RT.

The damage of the dark current density is more
important when the detector is irradiated at RT (300 K).
At the operating bias V'=-150 mV, the dark current
density value is multiplied by factor 2.8 when the detector
is irradiated at 100 K and by factor 6.4 when it is
irradiated at 300 K. The detectors were then kept at RT.
After 2 months, the sample irradiated at 300 K recovers
70% of the initial dark current density value against 25%
(after six months) when the sample is irradiated at 100 K.
The RT annealing induces a partial recovery of the dark
current. This recovery is higher when the detector
temperature during irradiation is 300 K. However, it
should be noted that the dark current densities do not
recover their initial values [26].

6. Conclusions

XBp InAs/GaSb LWIR T2SL detectors were proton-
irradiated with a proton energy equal to 63 MeV and a
fluence up to 8-10'"" H/cm?.

When the detector is irradiated at 100 K, the dark
current density degrades by factor 2-3, regardless of the
thickness of the absorbing layer, therefore (and subse-
quently the number of T2SL periods), and irrespective of
the cut-off wavelength in the LWIR domain. Measuring
the dark current density after each fluence allowed the
authors to show that the current behaviour was no longer
diffusion-limited even after the first irradiation. Thermal
annealing at RT for 6 months induced a partial recovery
of the electrical performance of the devices, but they did
not recover the diffusion-limited behaviour of the dark
current.

Degradation is at least two times higher when the
detector is irradiated at 300 K, but under RT annealing, the
partial recovery of the dark current is better without
limiting the diffusion of the dark current.

These measurements highlight the importance of the
temperature detector during proton irradiation that
induces different mechanisms of degradation. Thus, to
better understand these degradation mechanisms under
irradiation, the technology computer-aided design
(TCAD) modelling will be the subject of the forthcoming
studies.
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