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Bulk unrelaxed InAsSb alloys with Sb compositions up to 65% were grown on
compositionally graded GalnSb and AlInSb buffers on GaSb substrates by
molecular beam epitaxy. The minimum energy gap for these materials at
T = 77 K was estimated to be 90 meV. Benchmark material parameters were
measured for barrier photodetector heterostructures with 1-um-thick
InAsygSbg 4 absorbers. A minority hole lifetime of 185 ns and a diffusion
length of 9 ym at T' = 77 K were determined from the transient response of
barrier heterostructures. The data imply a hole mobility of 10 cm?/Vs, which
was confirmed with frequency response measurements. A 100-um square mesa
contact nBn heterostructure demonstrated a —3 dB frequency response

bandwidth of 50 MHz.
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INTRODUCTION

The development of InSb and InAs alloys for
infrared photodetectors has a long history.'™
Strong energy gap bowing in bulk InAsSb results in
low energy gaps which are considerably smaller
than those of the binaries. A 0.67 eV energy gap
bowing parameter was predicted based on the data
compiled and reported in 2001.° This would result in
a minimum low-temperature energy gap of 0.15 eV
(4 = 8.3 um) at 63% Sb composition. Smaller energy
gaps with InAsSb-based materials were achieved
with ordered alloys and superlattices.® Recently, the
authors of this paper developed bulk InAsSb alloys
with Sb compositions up to 46%, grown unrelaxed
with low residual strain on compositionally graded
GaInSb and AlInSb buffers on GaSb substrates.”®
InAsSb alloys with 40% Sb showed the photolumi-
nescence (PL) maximum at an energy of 0.12 eV.
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The PL width of a 14 meV full-width at half-maxi-
mum at T = 13 K indicated high structural quality.
A parabolic fit of the entire PL dataset for
unstrained InAsSb at 7' = 13 K was obtained with a
bowing parameter value of 0.87 eV, which is sig-
nificantly larger than expected from Ref. 5. Electron
diffraction patterns of unstrained InAsSb alloys
showed a random (ordering-free) distribution of
group V elements.® Thus, the observed energy gaps
of the alloys are inherent, and were not due to CuPt-
type ordering or residual strain effects. In InAsSb
alloys with 40% Sb at T = 77 K, the background
electron concentrations were as low as 1.5 x
10% em 3.2 It is possible that the low energy gap
data in earlier reports were masked by electron
filling of the conduction band, which would be due to
background doping as these samples were grown
with various degrees of residual strain and relax-
ation.'® Residual strain in itself is also expected to
increase the bandgap. In the present work, strain-
free InAsSb alloys with an extended range of
Sb compositions up to 65% were developed. The
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minimum energy gap of 90 meV at T =77 K was
determined experimentally for InAsSb alloys with
Sb compositions in the range of 55% to 65%. For
InAsSb with a 50% Sb com{)OSition, the absorption
coefficient was 5 x 10> cm ' at 1 = 8 yum.

For long-wave infrared (LWIR) applications, bulk
InAsSb alloys have important materials advantages
relative to Ga-free type 2 strained-layer superlat-
tices (SLS), specifically greater fundamental
absorption and unimpeded hole transport. The for-
mer feature implies greater photodetector (}uantum
efficiency for a given absorber thickness.!'? The
latter is important for efficient collection of minority
holes in photodetectors with n-type absorbers.?
Earlier we reported'*'® minority carrier lifetime
values of 350 ns and 165 ns at T'= 77 K for bulk
InAsSb with 20% and 40% Sb, respectively. Since
very little optimization of InAsSb has been done, it
is likely that further improvements in lifetime
properties can be achieved. Thus, bulk n-type
InAsSb alloys are a promising III-V analogue of
n-type HgCdTe, which is the current state-of-the-
art material for LWIR detectors. InAs and InAs-like
materials exhibit pinning of the Fermi level in the
conduction band at the surface, and therefore show
surface conduction by electrons.” However, the
ability to grow AlInAsSb barriers lattice-matched to
InAsSb with low valence band offset at the interface
makes it logical to implement LWIR detectors
with a InAsSb bulk absorber following the nBn
approach.1618

LWIR barrier detectors based on bulk InAsSb
with 40% Sb were reported previously.'® In this
work, similar heterostructures were developed with
Te-doped absorbers and modified barrier composi-
tion aimed at reducing valence band discontinuity
as described in Ref. 15. A minority hole lifetime of
185 ns and a diffusion length of 9 ym at 7'=77 K
for InAsSb with 40% Sb was determined from
the transient response characteristics of barrier
heterostructures. The minority hole mobility was
calculated to be 10° cm?Vs. At T' = 77 K and a bias
voltage of —0.4 V the devices with absorbers doped
to a nominal level of 10'® ¢cm® showed a dark cur-
rent density of 10~ ° A/em? The quantum efficiency
(QE) and dark current data for uncoated devices
with 1-um-thick undoped absorbers imply a D" =
2 x 10" emHzY*W at i =8 um. Devices with a
mesa contact area of 100 yum x 100 ym showed a
frequency response cutoff of 50 MHz.

GROWTH AND OPTICAL
CHARACTERIZATION OF INASSB ALLOYS

The heterostructures were grown by solid-source
molecular beam epitaxy (MBE) on GaSb substrates
utilizing valved crackers for As and Sb. GaInSb and
AlInSb buffers were grown by linearly increasing
the In composition. The rate of increase of the lattice
constant was in the range of 0.5%/um to 0.8%/um.
The graded buffer had a total thickness of up to
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Fig. 1. (a) Normalized PL spectra of bulk InAsSb measured at
T =77 K; numbers indicate Sb compositions. (b) Dependence of
energy gap of InAsSb on Sb composition at T = 77 K; energy gap
values (dots and solid line fit) were obtained by subtraction of 2kg T/e
from the energy of PL maxima (dashed line fit). The best fit was
obtained with a bowing parameter of 0.87 eV.

3.5 um. The buffer was relaxed except for the top-
most section, which remained under a small com-
pressive strain.* The in-plane lattice constant of the
top section of the buffer was determined by x-ray
diffraction (XRD) with reciprocal-space mapping.
The unstrained and unrelaxed InAsSb layers were
grown lattice-matched to the top of the buffer layer.
The Sb incorporation was adjusted by changing the
relative pressures of As and Sb, as measured by a
beam flux monitor. The growth rate was about 1 ym
per hour at a substrate temperature of 415°C.
Electron diffraction patterns showed no evidence of
long-range CuPt-type ordering.®

PL spectra were measured with a Fourier-trans-
form infrared (FTIR) spectrometer equipped with a
HgCdTe detector with a 14 um cutoff wavelength.
The PL was excited by a 1064-nm solid-state laser
with a power of 100 mW. The excitation area was
1.2 x 102 cm?. Figure la shows the normalized PL
spectra of the bulk InAsSb alloys with different Sb
compositions measured at 7' = 77 K. At this tem-
perature the energy gaps of the alloys were deter-
mined by subtraction of 2kgT from the PL maxima
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Fig. 2. Absorption spectrum of InAsy sSbgs at T= 77 K.

to account for the effects of peak broadening with
temperature.?° The dashed line in Fig. 1b shows the
fit of the PL maxima. The best parabolic fit for the
energy gap dependence on Sb composition (solid line
in Fig. 1b) was obtained for a bowing parameter of
0.87 eV.>*

The absorption spectrum for InAsSb with a 50%
Sb composition (Fig. 2) was obtained from the
transparency spectra of the heterostructure and
from the same wafer with the epilayer polished off.
At a photon energy of 0.155eV (/=8 um) the
absorption coefficient for InAsg 5Sbg 5 was found to
be 5 x 10% cm ™.

DESCRIPTION OF THE PHOTODETECTOR
HETEROSTRUCTURES AND THE
EXPERIMENTAL SETUP

Figure 3a and b show the layer sequence and
schematic band diagram of the barrier photodetec-
tor with an InAsg gSby 4 absorber, respectively. The
heterostructure consisted of the following sequence
of layers: a 3-um-thick GaInSb buffer with the In
composition linearly graded from 0% to 44%, a 200-
nm-thick GalnSb virtual substrate with 34% In
composition (unstrained layer), a 1-um-thick
InAsg gSbg 4 absorber, a 20-nm-thick Al glng 4Asg 1
Sbg.g barrier, and a 20-nm InAsggSbg 4 top contact
layer. The buffer, the virtual substrate, and the to
contact layers were Te-doped to a level of 10'® cm—>.
The AllnAsSb barrier was undoped. Two types of
absorber layers were used. The first device struc-
ture was grown with an undoped absorber. The
background electron concentration for similarly
grown undoped InAsSb with 40% Sb was 1.5 x
10 em 3.2 A second device structure was grown
with the absorber doped with tellurium to a nominal
level of 10'® ecm 3. The device area was defined by
square-shaped mesa contacts defined by reactive-
ion etching stopped at the barrier layer. The
heterostructure with the undoped absorber was
processed into devices of two types designed for
illumination from the episide and the backside.
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Fig. 3. Schematic band diagrams of the barrier detector
heterostructure: (a) conduction and valence band energies;
(b) energy band profile under the operating bias, the direction of the
minority hole transport being shown with an arrow.

Both the episide- and backside-illuminated devices
had mesa dimensions of 300 yum x 300 ym. The epi-
side-illuminated devices had a window in the top
metal with dimensions of 250 ym x 250 ym. The
backside-illuminated devices had a 500 um x
500 um window in the backside metal. For frequency
response measurements, the heterostructure with
the undoped absorber was processed for illumination
from the episide with the mesa contact of 100 ym x
100 ym and a 50 yum x 50 yum window in the top
metal. The heterostructure with the doped absorber
was processed only for episide illumination with a
mesa contact size of 300 ym x 300 yum and a
250 yum x 250 ym window in the top metal. Front-
side electrical contact was made by wire bonding to a
contact pad which wasisolated from the epilayer with
silicon nitride. The devices were soldered to a copper
carrier.

The quantum efficiency (QE), dark current, and
frequency response characteristics were obtained
from the episide-illuminated devices. The diffusion
length and the minority carrier lifetime were
determined from the transient response character-
istics. The diffusion length was determined with the
backside-illuminated devices. The minority hole
lifetime was obtained using both the episide- and
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backside-illuminated devices. All devices were
uncoated.

The absolute values of the QE were obtained with
an 800°C black-body source. The QE spectra were
measured with a FTIR and HgCdTe photodetector
with a cutoff wavelength of 14 ym. The transient
responses were measured by illumination with a
A =3.2 um diode laser at the trailing edge of the
laser pulse. The laser was direct-current (DC)
biased slightly below the threshold. The laser diode
current was modulated with rectangular pulses
with a 9 ns rise/fall time. The pulse duty cycle was
varied in a range from 1% to 10%. The laser power
density was attenuated to a level of 0.1 mW/cm?.
The frequency response was measured with the
A= 8.6 um sine-wave modulated quantum cascade
laser. The detectors were loaded with a preamplifier
input resistance of 50 Q. The preamplifier band-
width was 80 MHz.

EXPERIMENTAL RESULTS
AND DISCUSSION

The nBn device operated with a negative DC bias
necessary for suppression of the barrier for minority
hole transport to the top contact. Figure 4a shows
the dependences of the QE on bias for the devices
with undoped and doped absorber regions. For all
devices a rapid increase of the QE with bias was
observed in the range from —0.25 V to —0.4 V. The
measurements of QE spectra were conducted for the
top-side-illuminated devices at a bias voltage of
—0.4 V with a spectral resolution of 4 cm ! (Fig. 4b).
The heavily doped top contact was essentially
transparent for the long-wavelength emission. The
QE increased monotonically from the long wave-
length side up to a photon energy of 0.3 eV
(A =~ 4 um). The distortions in the region between
A=5.5 ym and 7.5 yum resulted from averaging the
peaks of atmospheric absorption. The red-shift of the
QE edge from A =10 yum at T'= 77 Kto A = 11 ym at
T = 150 K is explained by the decrease of the energy
gap of InAsSb with temperature and consistent with
the Varshni parameters we have determined ear-
lier.2% The absorber doping resulted in a blue-shift of
the QE edge from A =10 ym to 8.3 ym at T'=77 K
due to band filling. Considering reflection losses from
the surface of the uncoated devices, and using the
absorption coefficient estimate of 1.5 x 10* cm™!
(Fig. 2), and a 50% QE in the range A =4 um to
5 um, we find that most of the excess holes generated
at T=77K to 150 K in the 1-um-thick absorber
reached the contact. Therefore, we conclude that the
minority hole lifetime in InAsggSby4 was signifi-
cantly greater than the hole transport time across
the device in the temperature range up to 150 K and
with n-doping of the absorber up to the level of
10" em 3. A 22% QE at A =8 ym for 1-um-thick
InAsg¢Sbg 4 implies an absorption coefficient of
3 x 10° cm ™, consistent with available experimental
data. There is no surface leakage current contribution
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Fig. 4. (a) Dependences of integrated QE on bias voltage for nBn
photodetectors with undoped and doped InAsg ¢Sbg 4 absorbers at
T=77K; (b) QE spectra for nBn photodetectors with undoped
absorber at T = 77 Kand 150 K (solid and dotted lines, respectively)
and for one with doped absorber at T = 77 K (dashed line). Spectra
were measured at bias voltage of —0.4 V.

to the dark current, observed as the dark current was
scaled with the mesa area. The dependences of the
dark current density on voltage for the devices
with undoped and doped absorbers are shown in
Fig. 5a and b, respectively. A rapid increase of cur-
rent in the range of —0.15V to —025V was
attributed to suppression of the barrier for minority
holes due to the difference in doping levels between
the absorber and the contact regions. As mentioned,
the QE data suggested that most minority holes were
collected by the contact at the bias voltage of -0.4 V.
At this bias, the devices with undoped and doped
absorbers showed dark current densities of 1073
A/em? and 1075 A/em?, respectively. Figure 5¢ shows
the temperature dependences of the dark current for
both devices at the bias voltages of —0.4V and
—0.5 V. The prefactor 7% accounts for the tempera-
ture dependence of the density of states. One can see
that, for the devices with undoped absorbers, the
dark current increases with change in the bias volt-
age from —0.4V to —0.5V. Such behavior can be
explained by depletion of a part of the absorber
adjacent to the barrier, which leads to domination of
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Fig. 5. Current—voltage characteristics of nBn devices with undoped
(a) and doped (b) InAsy ¢Sbg 4 absorbers at different temperatures.
(c) Temperature dependences of dark current densities taken at bias
voltages of —0.4V and —0.5 V for undoped and doped devices,
respectively.

the generation—recombination (G-R) and perhaps
tunneling components at 7' = 77 K. The depletion of
the absorber resulted from the high bias necessary for
suppression of the barrier for hole transport due to
the valence band offset at the interface of the absor-
ber and the barrier, as well as accumulation of elec-
trons as shown in Ref. 9. For the devices with the
doped absorber, the width of the depleted region was
significantly reduced, which resulted in independence
of the dark current from the bias in the temperature
range above T = 110 K. The activation energy of
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Fig. 6. Specific detectivity spectra of barrier detectors with 1-um-
thick InAsggSbg 4 absorbers at T =77 K. Solid and dashed lines
correspond to devices with doped and undoped absorbers, respec-
tively. Dotted line shows the 300-K background limit for a 2=z
acceptance angle.

153 meV determined from the slope in the tempera-
ture range 7' = 110 K to 200 K is comparable to the
energy gap. The difference can be explained by pop-
ulation of states in the conduction band with doping
and the band nonparabolicity. Quantitative account-
ing for the latter lies beyond the scope of this work.

It should be noted that, in the devices cooled to
T = 77 K, the photocurrent was significantly great-
er than the dark current. This is due to exposure to
both room-temperature background illumination
and the attenuated laser emission. Under the
experimental conditions the photocurrent was
independent of bias and therefore exhibited the
diffusion behavior. Thus, the minority hole trans-
port in both transient and frequency response
measurements was dominated by diffusion.

For assessment of the material properties related
to infrared detection, the specific detectivity spectra
(Fig. 6) were calculated for both devices at T'= 77 K
with the following equation®!

D' = (e//hcQE) /\/(ZeJ+4kBT/RA). (1)

The dark current and the differential resistance were
taken at a bias of —0.4 V. The nonoptimized devices
with 1-um-thick absorbers showed performance
exceeding the 300 K background limit in a 2=z
acceptance angle and demonstratedaD” = 2 x 10!
emHzY? W at A =8 um in spite of the significant
blue-shift of the absorption edge with doping.

The minority hole lifetime in InAsggSbg4 was
determined from the transient response of the nBn
devices to a pulsed excitation following the approach
in Ref. 15. Excess carriers were excited through the
window in the back metal contact. The excess holes
in the absorbers were collected within a distance to
the mesa contact limited by the diffusion length
(Fig. 7a). From the QE data in Fig. 4b it was con-
cluded that the minority carrier lifetime was greater
than the hole transport time across the absorber.
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Fig. 7. (a) Schematic cross-section and top view of nBn
heterostructure for determination of diffusion length and minority
carrier lifetime of absorber. (b) Transient responses of nBn detectors
with undoped absorbers for two excitation power densities. Transient
responses were measured under a bias voltage of —0.4 V. The duty
cycle was 10%. Two curves correspond to different excitation
intensities. The fast component of the response with the amplitude
denoted by F is followed by the slow component used for determi-
nation of the minority carrier lifetime.

This implies that the diffusion length of the minor-
ity carriers was greater than the absorber thick-
ness. Under this condition the transient response of
the device to a pulsed excitation showed two com-
ponents with very different kinetics which allowed
us to separate them: a fast component (F), due to the
vertical hole transport across the absorber, and a
slow component (S), due to the lateral diffusion of
holes in the peripheral area of the mesa contact
(Fig. 7b). This interpretation of the origin of both
components of the response was confirmed in
Ref. 15, where for heterostructures of various
dimensions it was shown that the fast and slow
components of the response vary in proportion to the
area and the perimeter of the mesa contact. In the
present work the minority hole diffusion length L,
was determined using the ratio of the intensities of
the fast and slow components of the response only for
the heterostructure with mesa width Dy = 300 um.

(2)

The diffusion length for the undoped InAsggSbg4
was equal to 9 um, consistent with the data reported
earlier.'® The slow component of the response was
used to determine the minority carrier lifetime 7, by
fitting the response to the following equation®®:

Normalized Signal (dB)

T=77K

-15 Ll P | ]
10° 10° 10 10°
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Fig. 8. Frequency response of 100-um-mesa barrier detector mea-
sured with 4 = 8.6 um quantum cascade laser. The dotted line is a fit
with a single pole response.

t Dw-D
Scxexp(—g>Erf % /%, 3)
14

where “Erf” is the error function. The two parame-
ters, i.e., the minority carrier lifetime 7, and diffu-
sion length L,,, were determined from the response.
For the undoped InAsggSbg4 a minority hole life-
time of 170 ns and a diffusion length of 9 um were
obtained, consistent with and confirming the appli-
cability of Eq. 2. A relatively long diffusion length
suggested that most of the peripheral carrier col-
lection area was not depleted, hence the minority
holes from the peripheral area reached the contact
by diffusion. Estimates showed that the role of the
electric field in the lateral hole transport was neg-
ligible. A minority hole mobility of 10> cm?Vs was
calculated using the Einstein relation.

The minority hole lifetime for the devices
with InAsggSbg4 absorbers doped to the level of
10'® ¢m 2 was similarly determined using top-side-
illuminated devices. The best fit for the slow
component of the response was obtained with
parameters similar to those for the devices with
undoped absorbers: a 185 ns minority hole lifetime
and a 9 um diffusion length at 7'= 77 K. One can
conclude that the minority hole lifetime in In-
AspeSbg4 at T = 77 K in the range of n-doping up to
the level of 101 cm 2 is limited by Shockley—Read—
Hall recombination, and the contribution of Auger
recombination at this temperature can be neglected.

Using the mobility data, the diffusion time of
minority holes across the absorber was estimated to
be less than 2 ns. Figure 8 shows the frequency
response and the fitting for devices with undoped
absorbers and mesa contact widths of 100 um,
obtained at /1 = 8.6 um.

The devices with the mesa contact width of
Dy = 100 um were illuminated from the episide
through a window in the top metal with dimensions
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of 50 yum x 50 um. Since the windows were smaller
than the dimensions of the mesa contacts, the
response time was defined by the vertical hole
transport time and the device time constants. A
cutoff frequency of 50 MHz at a level of —3 dB was
obtained. It was concluded that the cutoff frequency
was limited by the time constant formed by a 63 pF
capacitance of the device and input network and a
50 Q preamplifier input resistance.

CONCLUSIONS

Bulk InAsSb alloys free of group V ordering
grown on metamorphic buffers have inherent
bandgaps that span the LWIR range at low tem-
peratures. Such alloys have greater fundamental
absorption and unimpeded hole transport relative to
Ga-free type 2 SLS structures, allowing greater
photodetector QE for a given absorber thickness
and the efficient collection of minority holes in the
n-type absorber region.

In this study, bulk InAsSb was assessed with
barrier heterostructures consisting of a 1-um-thick
InAsy gSbg 4 absorber with two doping levels. The
QE, dark current, and diffusion length data for the
nonoptimized devices at T'= 77 K imply a specific
detectivity of 2 x 10! emHzY?%W at =8 um.
Material parameters were obtained from the tran-
sient response of the barrier heterostructures to a
pulsed excitation. For InAsggSbgy at 7= 77 K it
was found that the minority hole lifetime is limited
by Shockley—Read—Hall recombination at 185 ns for
n-tSype doping up to 10*® cm 3. The hole mobility of
10° cm?/Vs was obtained from the lifetime and
diffusion length data. The high mobility of minority
holes was confirmed with frequency response
measurements: a 50 MHz bandwidth was demon-
strated for 100 ym x 100 yum mesa contact barrier
heterostructures. The long diffusion length makes it
possible to develop barrier heterostructures with
much greater absorber thicknesses. At present, the
dark currents of our bulk InAsSb/AlInSb nBn diodes
at 77 K are not diffusion limited. In order to allow
us to reach that level, the valance band offset
associated with the heterointerfaces must be elimi-
nated. Work to achieve this is ongoing and will be
presented in future publications.
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