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ABSTRACT

A mid-wavelength p—B-i-n infrared photodetector constituting ternary alloys of an InAs9Sb.; absorber and an AlAsg o5Sbo.os electron bar-
rier was demonstrated to operate at room temperature. The results of high-resolution x-ray diffraction (XRD) analysis indicate the high
crystalline quality of the barriode detector structure, grown via molecular beam epitaxy, as supported by the strong XRD peak intensity of
InAsSb and its corresponding defect density as low as ~2.0 x 10° cm™2. The dark current of the barriode detector remained diffusion-limited
in the 280-300 K temperature range, and generation-recombination became dominant at 220-260 K owing to the deep-level traps in the
depletion region of the absorber and near the lattice-mismatched heterointerface of AIAsSb/InAsSb. Two distinct shallow traps in the InAsSb
absorber were identified through Laplace deep-level transient spectroscopy with the activation energies of E;; = 20 meV and E; = 46 meV.
The Ej trap is associated with the hole localization states induced by the alloy disorder of InAsSb, whereas the Ej, trap originated from a
point defect of In vacancies in InAsSb. At 300 K, the barriode detector exhibited a 90% cutoff wavelength of 5.0 ym, a peak current respon-
sivity of 0.02 A/W, and a dark current density of 1.9 x 107> A/cm”® under a bias voltage of —0.3 V, providing a high specific detectivity of
8.2 x 10° em Hz'?/W.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0157112

INTRODUCTION Planck’s blackbody radiation law with respect to temperature. It

also has a much lower solar background radiation than the SWIR
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High-sensitivity mid-wavelength infrared (MWIR) photode-
tectors for near-room-temperature operation have attracted signif-
icant attention to keep up with the rapidly increasing demand for
various applications, including chemical sensing, greenhouse gas
detection, eye-safe range finding, and thermal imaging.'* MWIR
spectral bands (3-5 ym) with low atmospheric attenuation are
much less susceptible to water absorption and atmospheric obscu-
rants, such as dust, smoke, and fog, than short-wavelength infrared
(SWIR, 1-3 ym) and long-wavelength infrared (LWIR, 8-14 ym)
spectral bands.’ In addition, the MWIR spectral band has a supe-
rior thermal contrast to the LWIR band, which is associated with
the partial derivative of the spectral radiant exitance obtained by

band, leading to a high signal-to-noise ratio (SNR) in MWIR
photodetectors.*

II-VI and III-V compound semiconductors, such as HgCdTe,
PbSe, and InSb, have predominantly been used as light absorbers
in MWIR photodetectors.”® HgCdTe detectors have large tunable
bandgaps (E,) of 0.15-1.6 eV, obtained by varying the alloy com-
position. However, they typically require Stirling-cycle cryogenic
or thermoelectric cooling to achieve a fast response and a high
detectivity. PbSe photoconductive detectors (E, = 0.27 eV) with
CaF, nanostructured coatings offer a high detectivity, approaching
42 x 10" cm Hz"?/W at room temperature.”” The noise output
of PbSe detectors is subject to increase as they generate a large
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photocurrent owing to the low exciton binding energy induced by
the large bulk dielectric constant of ~23. However, the widespread
use of HgCdTe and PbSe detectors is restricted because of the tox-
icity of heavy metals, such as Hg, Cd, and Pb, to humans and the
environment.

InAsSb-based photodetectors are being actively explored as
alternatives to conventional MWIR detectors owing to the peculiar
electronic and optical properties of InAsSb alloys. Bulk InAsSb alloys
offer widely tunable absorption edges from the MWIR to LWIR
region up to ~10 ym due to a large direct-gap bowing parameter of
~0.6 eV.? Furthermore, the Auger recombination process in InAsSb
is highly suppressed because of low Auger coefficients of the order
of 1077 cm®/s at 300 K, leading to a lower dark current and a higher
operating temperature.‘) MWIR InAsg.9;Sbg.oo n—B-n detectors with
unipolar barrier materials, such as AlAsg1Sbo.o, Alo.9Gag.1Aso.1Sbo.9,
and IngssAlp.12A80.85bo2, have been developed to achieve a high
SNR and, in turn, a high detectivity at 300 K.”'' As there are
no depletion regions in the InAsSb absorber of an n-B-n detec-
tor structure, the generation-recombination (G-R) current, via the
Shockley-Read-Hall recombination centers, is reduced. Another
structural advantage is that the unipolar barrier with a high conduc-
tion band offset at the absorber-barrier heterojunction eliminates
the surface Fermi level pinning in the conduction band. As a result,
the majority of electron carriers do not accumulate at the surface,
which is desirable for decreasing the surface leakage current in an
n-B-n detector. In addition, the valence band offset at the hetero-
junction is negligible through band alignment engineering, enabling
the unimpeded transport of the photogenerated minority carriers of
holes to the electrical contact.

In this study, we fabricated and characterized an InAsyoSbo.1/
AlAs0.05Sbo.gs barriode detector for the MWIR region with a 90%
cutoff wavelength of 5.0 ym. The thermal activation energies were
extracted from temperature-dependent dark current-voltage mea-
surements to elucidate the dominant current transport mechanism
of the barriode detector. In addition, two shallow traps for holes at
20 and 46 meV above the valence band of the InAsSb absorber were
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detected through Laplace deep-level transient spectroscopy (DLTS).
The electrical and optical performances of the barriode detector were
also evaluated using radiometric measurements.

EXPERIMENTAL DETAILS
Material design and growth

An InAsSb photovoltaic photodetector was grown on a Te-
doped n-type (001) GaSb substrate in a solid-source RIBER 32P
molecular beam epitaxy (MBE) system equipped with As and Sb
crackers. The GaSb substrate was thermally cleaned at 500 °C under
Sb, overpressure to entirely remove the surface oxides of Ga,O3 and
Sb,O3 before MBE growth. Afterward, the reflection high-energy
electron diffraction pattern changed from a diffused to a long streaky
pattern, indicating an atomically smooth surface morphology. A
high-quality n*-GaSb buffer was grown at a substrate temperature
of 480 °C and a growth rate of 0.35 monolayer (ML)/s, as shown in
Fig. 1(a). A p-i-n structure of InAsg¢Sbo.1, with a bandgap energy
of E; ~ 0.24 eV, was grown lattice-matched on the buffer layer at
400 °C at a growth rate of 0.4 ML/s. A 50-nm-thick AlAs)05Sbo.s
barrier layer (E; ~ 2.3 eV) was grown between the top contact
layer and absorber layer at 450 °C at a growth rate of 0.5 ML/s.
Hereafter, we refer to the InAsSb detector structure as the p-B-i-n
structure, where B represents the AlAsSb barrier layer. Beryllium
(Be) and gallium telluride (GaTe) dopants were employed for
p-type and n-type doping, respectively, with a doping concentra-
tion of 2 x 10'® cm™. Figure 1(b) shows the energy band structure
of the InAsSb photodetector at 300 K under an applied bias volt-
age of V, = —0.3 V, calculated by the nextnano software.'” The
AlAsSb unipolar barrier effectively suppresses the transport of pho-
togenerated electrons toward the p+—InAso,9Sbo,1 top contact layer
because of the presence of a large conduction band offset of ~2.0 eV
at the heterointerface of the absorber and barrier. Meanwhile, pho-
togenerated holes are transported quickly to the p*—InAso,gsboAl side
across the barrier layer with no potential barrier height for holes.
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FIG. 1. (a) Schematic structure of an MWIR p-B-i-n InAsSb/AlAsSb photodetector. (b) Calculated energy band diagram of the barriode detector under a reverse bias of

-0.3Vat300 K.
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Such an efficient carrier transport and collection within the p-B-i-n
structure is desirable for decreasing the dark current and increas-
ing the photocurrent, resulting in a high signal-to-noise ratio of the
detector.

Device processing

Conventional photolithography, etching, and metallization
techniques were employed to process the as-grown epitaxial wafer
into top-illuminated barriode detectors. The n*-InAsg9Sbo.; bot-
tom contact layer was etched via BCls-based inductively coupled
plasma (ICP) etching to define the mesa area of 410 x 410 ym?.
The sidewall surface damage induced by energetic ion bom-
bardment during ICP etching was removed using a wet etching
solution of H3PO4:H,05:H,O (1:2:20). The surface passivation
was implemented using a 200-nm-thick SiO, layer deposited via
plasma-enhanced chemical vapor deposition. Finally, Ti (50 nm)/Ni
(50 nm)/Au (300 nm) ohmic metals were deposited on both the top
and bottom contact layers via electron beam evaporation, followed
by rapid thermal annealing at 300 °C in an N, atmosphere for 30 s.

Material and device characterization

The structure of the as-grown wafer was investigated via high-
resolution PANalytical x-ray diffractometry (XRD) equipped with a
four-bounce Ge(220) monochromator for x-ray radiation (CuKal,
A = 1.5406 A) and a three-bounce Ge(220) crystal analyzer. The dark
current density-voltage characteristics of the InAsSb/AlAsSb bar-
riode detector in a liquid-helium cryostat were evaluated at various
temperatures of 20-300 K using a Keithley 4200-SCS semiconduc-
tor parameter analyzer. Deep-level transient spectroscopy (DLTS)
was used to examine deep-level traps in the barriode detector using
a 1 MHz Boonton 7200 capacitance meter with a response time of
~120 ps. Room-temperature spectral response measurements were
performed on a barriode detector using a Nicolet 6700 Fourier
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transform infrared (FTIR) spectrometer and a Keithley 428 cur-
rent amplifier. The current responsivity and specific detectivity were
determined at room temperature by illuminating the barriode detec-
tor with a 900 K blackbody source modulated by an optical chopper
at 400 Hz. The photocurrent and current noise density were mea-
sured using an SR850 lock-in amplifier and an SR770 fast Fourier
transform network analyzer, respectively.

RESULTS AND DISCUSSION

The double-crystal XRD w-26 rocking curves (RCs) for single
layers of 500-nm-thick InAs.9Sbo.1 and 100-nm-thick AlAs5Sbo.os
are presented in Fig. 2(a). The InAso9Sbo.1 and AlAsgosSbo.os lay-
ers were in-plane compressively strained to the GaSb substrate with
in-plane lattice mismatches of 0.05% and 0.26%, respectively. Clear
Pendellosung fringes on either side of the AlAsgosSbo.os peak are
visible, indicating that the AlAsSb/GaSb heterointerface is fairly
smooth and the alloy composition is uniform across the layer. The
critical thickness (h:) of AlAsgosSboos on GaSb for misfit dislo-
cation formation was calculated using the mechanical equilibrium
approach of Matthews and Blakeslee given by'*

I b (l—vcosz(x)(l he ) W

= i
2nf (1+v)cos A Ty

where b (= 4.3 A) is the magnitude of the Burgers vector of the mis-
fit dislocations, f (= 2.5 x 107%) is the mismatch strain, v (= 0.33)
is the Poisson ratio of AlAsSb, « (= 60°) is the angle between the
dislocation line and its Burgers vector, and A (= 60°) is the angle
between the slip direction and the direction normal to the intersec-
tion line of the slip plane and the interface. The critical thickness
was determined as h. = 288 nm, indicating that AlAsgo5Sbo.gs was
pseudomorphically grown on a GaSb substrate. Figure 2(b) shows
the measured and simulated w-260 RCs for the InAsSb/AlAsSb bar-
riode detector, as illustrated in Fig. 1(a). The XRD intensity of the

- TC wRC
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FIG. 2. (a) Measured XRD w-26 rocking curves of single-layered InAs gSby 1 and AlAsg gsSby g5 from the symmetrical (004) Bragg reflections. (b) Measured and simulated
XRD w-26 rocking curves of the as-grown barriode detector structure. The inset shows the w rocking curve of the InAsg 9Sbg 1 absorber measured in a triple-crystal mode.
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FIG. 3. (a) Dark current density-voltage characteristics of the barriode detector measured at various temperatures ranging from 20 to 300 K. (b) Arrhenius plot of the measured

dark current densities in the temperature range of 140-300 K at —0.3 V.

3000-nm-thick InAsg9Sbg.1 multilayer device structure is compara-
ble to that of the GaSb substrate because of the increased crystalline
volume with thickness. The XRD peak for the 50-nm-thick AlAsSb
was not measured in the w-26 RC because its weak intensity was
superimposed on the background of x-ray diffuse scattering of crys-
tal imperfections in InAsSb. The inset of Fig. 2(b) displays the w RC
for InAsSb, which was established in a triple-crystal configuration
to estimate the dislocation density in the volume of the layer. The
full width at half maximum (FWHM) was determined as 270 arcsec
for the coherent peak of the InAsSb w RC. The dislocation density
in InAsSb is linearly proportional to the square of the FWHM of

DLTS Signal (pF)

150
T(K)

(@)

the w RC."* From the w-scan, the dislocation density in InAsSb was
determined as ~2.0 x 10% cm™.

Figure 3(a) depicts the dark current density-voltage character-
istics of the p—B-i-n InAsSb/AlAsSb barriode detector as a function
of temperature from 20 to 300 K. The dark current density of the
detector was as low as 1.9 x 107> A/cm? at 300 K and V;, = 0.3 V.
This current density is approximately two orders of magnitude lower
than that of an InAsSb/AlAsg.1Sboy n-B-n detector operating at the
same temperature and bias voltage.'” Our current density is four to
five orders of magnitude lower than those of InSb p—n junction based
detectors at 300 K.'®"” In addition, our detector shows a 0.04 times
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FIG. 4. (a) DLTS spectrum obtained on the barriode detector under a reverse bias of —2.0 V. (b) Arrhenius plot of the emission rate and temperature for the two shallow traps,
Ej and Eyp, detected at —2.0 V by Laplace DLTS. The trap energy levels are extracted from the linear slope of the Arrhenius plot.
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lower current density at 300 K when compared to a HgCdTe detec-
tor.'® An Arrhenius plot of the logarithmic dark current density (J,;)
vs inverse temperature, as shown in Fig. 3(b), was realized to exam-
ine the dominant current mechanism in the barriode detector using
the following relation:'”

Ja(T) =yTPe ()

where yT” is the empirical fitting parameter, E, is the thermal
activation energy, and kg is Boltzmann’s constant. The activation
energy for the temperature range of 280 K < T < 300 K, which is
proportional to the slope of the Arrhenius plot, was calculated as
Eq ~ 280 meV. This is close to the bandgap energy (E; = 250 meV)
of the InAsSb absorber, as shown in Fig. 1(b), indicating that the
dark current of the barriode detector is diffusion-limited in the tem-
perature regime at V}, = —0.3 V. A clear transition in the slope of
the Arrhenius plot can be observed in the temperature range of
220 K < T < 260 K. The activation energy for the lower tempera-
ture range was determined as Eg; » 150 meV, which is close to half
the bandgap of the absorber. Moreover, in the temperature range of
220-260 K, the dark current of the barriode detector was dominated
by the G-R of carriers in the InAsSb absorber. The G-R current was
produced because of crystalline defects located near the mid-gap in
the depletion region of the absorber, acting as Shockley-Read-Hall
recombination centers. An additional source for the G-R current is
the reduction in the G-R lifetime (7gr) near the lattice-mismatched
heterointerface of AlAsSb/InAsSb (J; o< 1gp).2 Moreover, a small
activation energy of E,3 » 24 meV was obtained in the temperature
range of 140 K < T < 220 K, of which the origin is detailed below.
Figure 4(a) shows the conventional DLTS spectrum from the
barriode detector over the temperature range of 10-300 K at the
reverse voltage of V, = —2.0 V. The filling pulse height, pulse dura-
tion, and emission rate window were kept constant at V, = 0 V,
tp = 1 ms, and e, = 200 s L respectively, for all DLTS measurements.
The DLTS spectrum exhibits two broad peaks at ~205 and ~250 K,
labeled E;; and Ey,, respectively, where the higher-temperature peak
has a higher amplitude than the lower-temperature peak. The peak
amplitude was proportional to the trap concentration in the InAsSb
absorber.”! In addition, Laplace DLTS was applied to resolve con-
ventional DLTS signals of traps with closely spaced energy levels.
Figure 4(b) shows the Arrhenius plot obtained from high-resolution
Laplace DLTS at V, = —2.0 V. Two shallow traps in the tempera-
ture range of 150 K < T < 300 K are apparent at E;; = 20 meV and
Ep = 46 meV with trap densities of 2.8 x 10'® and 3.5 x 10" cm™>,
respectively. The capture cross sections determined from the
y-intercept of the Arrhenius plot are 6.6 x 107> and 8.3 x 1072 cm?
for E;i and Ep, respectively. The first shallow trap for E;; possibly
originated from the hole localization states formed in the InAsSb
absorber. E;; was close to the activation energy (E,; ~ 24 meV)
obtained from the Arrhenius plot in Fig. 3(b), as well as the acti-
vation energy of 16 meV for hopping transport of holes in the
localization states of InAs/InAs;_xSby type-II superlattices (T2SL).*
Such localization states are ascribed to the alloy disorder in InAsSb,
which is mainly caused by the different surface adatom mobilities of
the group-V species. The second shallow trap for E;, acted as a hole
trap at ~46 meV above the valence band. The E;, trap is attributed
to a cation vacancy (V1) present in the absorber.”” An In atom dis-
placed to an interstitial site, generating a nearby negatively charged
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FIG. 5. Measured spectral response of the MWIR p—B—i—n InAsSb/AlAsSb bar-
riode detector under a reverse bias of —0.3 V at 300 K, showing a 90% cutoff
wavelength of 5.0 um.

In vacancy, giving rise to a Frenkel defect (a vacancy-interstitial
pair). The minority carriers of holes trapped in the Ep trap can
escape into the valence band edge with Ei; — Ev = 46 meV and then
reach the p*-InAsSb top contact layer at room temperature under
an applied reverse bias because the average thermal energy of 3kgT/2
(~40 meV) is comparable to the trapping potential energy.

As shown in Fig. 5, the spectral response of the barriode detec-
tor was measured at T = 300 K and V;, = —0.3 V. The peak of the
spectral response is located at 2.8 ym, and the 90% cutoff wave-
length is 5.0 ym. The line shape of the spectral response and the
peak wavelength are associated with the interband joint density
of states between the conduction and valence bands and the car-
rier occupation of the bands. As an important figure of merit for
detector performance, the specific peak detectivity (D*) was mea-
sured at T' = 300 K using a calibrated radiometry system and can be
expressed as™*

4kBT)*i )

D* — Rp(zq]d + RdAd
where R, is the peak responsivity of the detector, g is the electron
charge, R, is the dynamic resistance determined from the dark cur-
rent density curve, and A, is the diode junction area. The peak
responsivity was calculated from the measured photocurrent (I,,)
and the spectral photon excitation [My(A, T)] from the blackbody
using the relation of R, oc I;,/[My(A, T)R(A)d), where R(A) is
the normalized spectral response.”” The detector responsivity was
evaluated to be R, = 0.02 A/W at V}, = —0.3 V, resulting in a spe-
cific detectivity of D* = 8.2 x 10° cm Hz"2/W. The detectivity of
the p-B-i-n detector is comparable to that reported in the litera-
ture for an n-B-n detector based on an InAs/GaSb T2SL absorber
(D* ~ 1 x 10° cm Hz'*/W) and an interband cascade detec-
tor with discrete InAs/GaSb T2SL absorbers (D* = 6.0 x 10® cm
Hz"2/W).”*”" Through further optimization of the crystal quality,
the D* value of our detector can be improved by more than one
order of magnitude by reducing the noise current resulting from the
shot noise (2gJ ;) and Johnson noise (4kpT/R4A;)components.
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CONCLUSION

In conclusion, we investigated the material properties and
device performance of the MWIR p-B-i-n InAspoSbo. barriode
detector with an AlAsg.05Sbo.os electron barrier grown via MBE. The
careful design and material growth resulted in a high crystallinity of
the InAsSb/AIAsSb heterostructure, as indicated by the strong peak
intensity of the w-26 InAsSb RC comparable to that of the substrate
peak and by the narrow FWHM of 270 arcsec for the w RC, cor-
responding to a defect density of ~2.0 x 10° cm™2. The Arrhenius
plot from the temperature-dependent dark current density-voltage
characteristics confirmed that the diffusion current of the barriode
detector was dominant at 280-300 K. Meanwhile, the G-R current
increased as the temperature was lowered to 220-260 K owing to the
crystal imperfections in the absorber and near the absorber-barrier
heterointerface. The Laplace DLTS experiment clearly revealed the
presence of two shallow traps for minority carriers of holes located
at Ev + 20 and Ev + 46 meV within the InAsSb absorber. The
two traps are attributable to the hole localization states caused by
the alloy disorder and the In vacancy-related point defects, respec-
tively. The barriode detector with a 90% cutoff wavelength of 5.0 ym
exhibited a dark current density of 1.9 x 107> A/cm? and a peak
current responsivity of 0.02 A/W at —0.3 V, resulting in a high spe-
cific detectivity of 8.2 x 10° cm Hz"2/W at room temperature. The
noncryogenic barriode detector demonstrates great potential for use
as a detector element in MWIR focal plane array imagers, with the
advantages of low cost, compact size, light weight, and low power
consumption.
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