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Demonstration of InAsBi photoresponse beyond 3.5 um

. C. Sandall,® F. Bastiman, B. White, R. Richards, D. Mendes, J. P. R. David, and C. H. Tan
Department of Electronic and Electrical Engineering, The University of Sheffield, Sir Frederick Mappin

Building, Mappin Street, Sheffield S1 3JD, United Kingdom

(Received 31 October 2013; accepted 10 April 2014; published online 30 April 2014)

An Indium Arsenide Bismide photodiode has been grown, fabricated, and characterized to
evaluate its performance in the Mid Wave Infrared region of the spectrum. Spectral response
from the diode has been obtained up to a diode temperature of 225 K. At this temperature, the
diode has a cut off wavelength of 3.95 um, compared to 3.41 um in a reference Indium Arsenide
diode, indicating that Bismuth has been incorporated to reduce the band gap of Indium Arsenide
by 75 meV. Similar band gap reduction was deduced from the cut off wavelength comparison at
77 K. From the dark current data, shunt resistance values of 8 and 39 Q at temperatures of 77 and
290K, respectively, were obtained in our photodiode. © 20714 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported

License. [http://dx.doi.org/10.1063/1.4873403]

The Mid Wave Infrared (MWIR) spectral region
between 3.0 and 5.0 um is of great interest for a number of
applications including military imaging,' gas and biological
sensing.” Currently, the best performing photodiodes operat-
ing over this spectral region are realized using Cadmium
Mercury Telluride (CMT), Indium Antimony (InSb), and
Lead Selenide (PbSe), while type-1I superlattices (such as
In,Ga;_,Sb/InAs and InAs/InAs;_,Sb,) are rapidly improv-
ing. PbSe is not available in large format arrays while
InSb and CMT require aggressive cooling to achieve high
performance. The bandgap of CMT can be tuned via its
composition™ to allow it to access the MWIR region.
However, CMT is an expensive and difficult semiconductor
to grow and fabricate, limiting both the price and quantity of
devices that are available. Type-II superlattices have also
been demonstrated as photodiodes operating in the 3-5 um
range,”® but good performance was only obtained at low
temperatures due to the complexity of the growth and issues
with fabricating type-II superlattices with low surface
currents.

Over recent years, Indium Arsenide (InAs) has attracted
renewed interest as it has been demonstrated to operate as an
excellent avalanche photodiode with single carrier (electron)
multiplication and low excess noise.”® Furthermore, the
growth and fabrication has been developed to provide highly
uniform wafers with low dark currents.””'! Unfortunately,
InAs has a cutoff wavelength of 3.5 um and is not suitable
for various MWIR applications. One possibility to reduce
the bandgap and, hence, extend the detection wavelength is
to utilize the alloy Indium Arsenide Antimonide (InAsSb),
which has the potential to reach wavelengths of ~10 um due
to its bowing parameter.'> To grow thick bulk layers with a
sufficiently high Sb concentration would require sophisti-
cated buffer layers to be grown to alleviate the large lattice
mismatch. Commercially available InAsSb diodes can detect
up to a wavelength of 5.8 um. An alternative approach would
be to make use InAs and Indium Bismide (InBi) to grow
dilute-Bismuth containing InAs. Indium Arsendie Bismide
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(InAsBi) layers have previously been grown, and the photo-
luminescence results suggested that a bandgap reduction of
55meV per 1% of Bi can be obtained.'*”'> However,
Molecular Beam Epitaxy (MBE) growth of such layers has
proven to be difficult due to the large miscibility gap of InAs
and InBi,"* requiring low growth temperatures (<400°C)
and near stoichiometric flux ratios.'* Even when great care is
taken to maintain constant sample temperatures and constant
fluxes throughout growth, the InAsBi layers grown have
shown evidence of non-uniformity and phase separation.'® In
this work, we report the growth and fabrication that have
produced a promising InAsBi MWIR photodiode operating
at Peltier cooler compatible temperatures.

The sample was grown in an Omicron molecular beam
epitaxy-scanning tunneling microscope (MBE-STM). For
the Bismuth containing layers, the In, As4, and Bi fluxes
were 5.0, 8.0, and 3.0 + 0.1 atoms/nm?/s, respectively. The
sample was grown on an n+ InAs substrate and comprised a
1000 nm n-doped InAs layer (1 x 10" cm ™ of Si) grown at
500°C, followed by a 1000 nm intrinsic region which was
formed by ten periods of 90nm InAsgogBip o, wells sepa-
rated by 10 nm InAs barriers to remove Bi from the
super-saturated surface and near-surface layers grown at
~350°C. The sample was then capped with a 1000 nm p+
InAs layer (1 x 10'® cm ™ of Be) grown at 500 °C. The InAs
barriers were included in the sample structure to prevent the
accumulation of Bi on the sample surface during growth.
Svensson et al."’ showed that non-stoichiometric InAsBi
growth could result in In droplets on the surface, while
Bastiman er al.'® showed that excess Bi flux could cause Bi
droplets to form on GaAsBi surfaces. In our first growth
campaign that aimed to demonstrate an InAsBi device, we
employed a coarse optimization of the As and Bi fluxes that
prevented surface droplet formation by incorporating the
excess surface Bi into the lattice by periodically growing
nominally pure InAs. It has recently been shown that the Bi
surface lifetime on a static GaAs surface is significantly lon-
ger than the monolayer growth time used in this work,'” so
merely halting growth periodically is likely not enough to
prevent the accumulation of Bi on the growth surface. For

© Author(s) 2014
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FIG. 1. (a) XRD spectra for InAs (symbols) and InAsBi (line) samples along with theoretical prediction for InAsBi (dashed line), (b) XRD spectra for the
InAsBi sample along with theoretical predictions showing effects of no intermixing in the barriers (line) and under partial relaxation (dashed lines), (c) sche-

matic of structure layers.

comparison purposes, an InAs pin was also grown with a
1000 nm thick p, i, and n layers all grown at 500 °C and with
the same doping concentrations as the Bi containing sample.

High resolution [004] 0-20 X-ray Diffraction (XRD)
scans were performed on both the samples using a Bruker
D8 Discover with the Cu Ko, line. The resultant curves are
shown in Figure 1(a). A clear secondary peak can be seen in
the InAsBi sample suggesting successful incorporation of Bi.
To estimate the percentage of Bi in the alloy, simulation of
the XRD spectrum was performed using RADS Mercury
software. In our simulations, the lattice constant and strain
are the main unknown parameters. The empirical lattice con-
stant of tetragonal InBi has been determined;l&19 however,
Zinc Blend-InBi (ZB-InBi) has not been synthesized. There
are uncertainties in the theoretically predicted lattice con-
stant of ZB-InBi, with values ranging from 6.5 to 7.02 A
reported in the literature.’>>* The simulated XRD curve
shown in Figure 1(a) was modelled with a lattice constant of
7.02 A and 1.7% of Bi, without the inclusion of the InAs bar-
riers, and assuming the InAsBi layer to be fully strained. The
barriers are not likely to be pure InAs as recent results have
shown that the Bi composition of similar GaAs barriers in
GaAsBi growth only drops to about half that of the GaAsBi
regions.>* This is further supported by the lack of superlat-
tice peaks in the XRD spectrum. Such peaks can clearly be
seen in the simulated curve when the periodic variation in
the Bi content due to the spacer layers is included (Figure
1(b)), in this simulation we have considered the i-region to
consist of ten 90 nm thick InAsBi wells separated by 10 nm
InAs barriers, as initially designed. Assuming a fully strained
system, the percentage Bi of 1.7% to 3.6% was obtained for
the range of lattice constants from 7.02 to 6.5 A as summar-
ized in Table I.

To further analyze the effect of strain, we also per-
formed the XRD simulations for a partially relaxed system,
as shown in Figure 1(b), here we have assumed a 30% relax-
ation in the first InAsBi well and at the p+ cap. For the par-
tially relaxed simulation, we clearly observe a second
positively offset peak, we observe a similar peak for any
degree of relaxation. The lack of this positively offset peak
in the measured XRD suggests that the InAsBi is psuedo-
morphically strained, although we are unable to determine
the relative amount of strain, or totally discount the

possibility of strain relaxation, without a more detailed recip-
rocal space map which is beyond the scope of this paper.

Given the range of potential lattice constants and the
uncertainty in the strain of the InAsBi layer, it is a non-trivial
task to determine the Bi concentration. Table I gives the range
of potential Bi concentrations based upon the possible ZB-
InBi lattice constants, and, assuming a fully strained or fully
relaxed system, although, as mentioned previously, due to the
lack of a tensile InAs peak in the XRD, the fully relaxed val-
ues are merely an upper limit at each lattice constant.

Both samples were fabricated into circular mesa diodes
(with radii ranging from 50 to 200 um) using standard mask
lithography and were then etched using our preferred chemi-
cal etching procedures for InAs of a 1:1:1 (phosphoric acid:
hydrogen peroxide: de-ionized water) etch, followed by a
finishing etch of 1:8:80 (sulphuric acid: hydrogen peroxide:
de-ionized water).” For the InAsBi sample, an additional fin-
ishing etch comprising a rinse in 2:3 (hydrochloric acid:
Isopropyl alcohol (APA)) followed by a 3 s anneal at 340 °C
was used. This additional step was included to try and obtain
clean As rich surfaces® and suppress surface leakage cur-
rents. Ti/Au top contacts with thicknesses of 20/200 nm
were deposited, and a common back n contact was formed
from an identical layer of Ti/Au. The samples were then
cleaved and mounted onto TO-5 headers, and the samples
were secured into a Helium cooled cryostat for the
measurements.

Current-Voltage (IV) characteristics of the InAsBi
diode were measured by connecting the sample to a
Keithley Source Measure Unit (SMU) with a compliance
current of 10 mA, the resultant traces for a device with a ra-
dius of 100 um are shown in Figure 2.

At room temperature, the InAsBi sample shows very
high reverse leakage current. However, at 250 K and lower

TABLE 1. Range of possible Bi concentrations based on various reported
lattice constants and assuming a fully strained or fully relaxed system.

References InBi lattice constant (A) Fully relaxed Fully strained
1 6.5 7.4 3.6
2 6.64 5.7 2.7
3 6.686 52 2.6
4 7.02 34 1.7
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FIG. 2. (a) Current-Voltage measure-
ments at various temperatures for
InAsBi sample (symbols) and the InAs
reference sample (dashed line) and
(b) Low voltage forward IV character-
istics at 77K, (symbols) and fittings
with different ideality factors (lines).
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temperatures, a diode like characteristic was observed with a
turn on voltage around 20 mV (corresponding to 10 mA). This
turn on voltage is larger than that of the InAs reference sample
(dashed line in Figure 2(a)), contrary to a smaller value
expected from the reduced bandgap of InAsBi. To investigate
this discrepancy, we have determined the ideality factor of the
diode and found it to be close to 2 at very low values of for-
ward bias (<0.005 V), however, at higher biases, the meas-
ured IVs deviate from the predicted curve (even with an
ideality factor greater than 2) and produces a poor agreement
(Figure 2(b)). This suggests that at lower biases, there is a sig-
nificant amount of generation-recombination due to Shockley-
Read-Hall processes, but, at higher voltages, the diode is
limited due to a very high series resistance. At the moment,
we are unable to determine the origin of this series resistance,
but believe it is most likely due to unoptimized doping in the
cladding layers or from a high contact resistance.

As the temperature was reduced from 290 to 250K, a
sharp reduction in the reverse dark current was obtained. A
much more gradual reduction was measured as the tempera-
ture was further reduced from 250 to 77 K. From measure-
ments on different sized mesas (not shown here), the dark
current does not scale with area. Therefore, it is concluded
that at all temperatures, the current still has a large surface
current component. The dark currents for the InAs reference
sample are significantly lower (over two orders of magnitude
lower at 0 V than the InAsBi sample) and are bulk-like at
room temperature. However, the InAs currents are still
higher than the best reported InAs diodes” (by around 2
orders of magnitude at 290 K), indicating that the growth of
both structures could be refined. By developing improved
fabrication and passivation procedures, it should be possible
to significantly reduce the dark currents in the InAsBi diodes,
by suppressing the surface components. A similar issue was
discovered with early InAs photodiodes,” however, with suc-
cessful suppression of surface currents, the bulk dark current
has been shown to be ~100 times smaller.” To evaluate the
electrical performance of the InAsBi diode, we have deter-
mined the shunt resistance by taking the differential of the
IV curve at 0 V, yielding values of 8 and 39 Q at 77 and
295K, respectively. Similar values were obtained (within
10% of these) when the shunt resistance was calculated for
different sized mesa diodes. These values are comparable
with other MWIR detectors, including commercially avail-
able InAsSb (typically 5-20Q at room temperature),
HgCdTe (~0.9Q at 140K with a cut-off wavelength of
4.8 um),?® and type-II superlattices (140 Q at 77 K with a cut
off wavelength of 4.9 um).?’

002 003 004 005
Voltage (V)

Spectral measurements were obtained using a Varian
7000 Fourier Transform Infrared Spectrometer coupled with
a Stanford Research (SR570) current pre-amplifier. The nor-
malized spectral response of the InAsBi sample at 0 V bias,
at various temperatures, is shown in Figure 3(a). Due to the
large increase in dark current above 225K, it was not possi-
ble to measure the spectra accurately above this temperature.
The small shift in the atmospheric absorption features is
thought to be due to measurement errors caused by the high
dark current from the diodes.

As the temperature was increased, the cut off wave-
length (defined as 50% intensity of the peak wavelength) of
the InAsBi shifts to longer wavelength, with a longest cut off
wavelength of 3.95 um being observed at 225 K. Figure 3(b)
compares the spectral response of the InAs reference sample
with the InAsBi sample at 225 K. Clearly, InAsBi has a lon-
ger cutoff wavelength compared to the InAs reference diode.
The increase in wavelength for the InAsBi sample corre-
sponds to a 75meV reduction of the bandgap from InAs.
This reduction is also deduced from the two samples at 77K
in Figure 3(c). Assuming that the reduction in bandgap with
Bi incorporation is 55meV/% as proposed in Ref. 13, this
would indicate a Bi composition of ~1.5%. Although this
value lies outside of the range of concentrations simulated in
Table 1, it is close to the value of 1.7% calculated for a fully
strained system with the largest lattice constant (7.02 A),
ignoring the effect of the InAs spacer layers. Furthermore, it
is worth bearing in mind that there are a number of other var-
iables in the XRD modelling which could influence this
result, as well as the fact that we have determined the shift in
bandgap from photocurrent measurements while using data
from an independent PL study to calibrate the wavelength
shift to a Bismuth concentration. This result is the highest
reported incorporation of Bi into an InAs photodiode.

The temperature dependence of the bandgap of InAsBi
has been determined by calculating the dependence of the
cut off wavelength, with the resultant photon energy
versus temperature plots shown in the inset to Figure 3(a)
for both InAs and InAsBi. The temperature dependence of
the InAsBi sample was found to be 0.19 meV/K which is
considerably smaller than that of InAs, 0.31meV/K.
This reduction in temperature sensitivity is greater than
that which has been observed in GaAsBi,zg’29 where a
reduction from 0.56 meV/K for GaAs to 0.4 meV/K was
observed®? when a comparable amount of Bi was added. In
GaAsBi, this reduced temperature dependence has been
attributed to an increase in localized states due to Bi clus-
tering. It is likely that a similar mechanism is responsible
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FIG. 3. (a) Spectral response of InAsBi sample with 0 V bias at various tem-
peratures, the inset shows the temperature dependence of the band gap for
both InAs and InAsBi, and comparisons of the spectral response of InAs and
InAsBi at 225K (b) and 77K (c).

for the reduced temperature sensitivity observed here.
However, given the reduced temperature sensitivity, com-
pared to GaAs, it would appear that there is increased
Bi clustering in InAsBi. Whether this is an intrinsic prop-
erty of Bi inclusion in InAs or due to the relative immatur-
ity of InAsBi growth is unclear and will require future
investigation.

To investigate if the InAs p+ cap influences the spectral
data in Figure 3, the measurements were repeated for the
InAsBi sample with a 3-5um filter which was used to
remove any second order absorption at short wavelengths.
The spectra at 77K for both the InAs and the InAsBi are
shown in Figure 4. The InAs sample only shows a very small
tail of absorption at these longer wavelengths, indicating that
the absorption measured for the InAsBi sample is not influ-
enced by the p+ InAs cap.

Appl. Phys. Lett. 104, 171109 (2014)
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FIG. 4. 77K Spectral response for InAs and InAsBi samples at 0 V bias in
the presence of a 3—5 um filter.

These results illustrate that InAsBi has the potential to
be utilized as a detector in the MWIR spectral region. While
the thickness and composition of the Bi containing layers
have been limited in this work due to strain build up across
the device, this could be improved upon in future by utilizing
InGaAs barriers to compensate the strain and potentially
improve the performance. Further work is also required to
further understand the properties and growth of InBi to allow
the realization of high quality devices containing InAsBi. A
second route to exploit InAsBi detectors would be to grow
InAsBi on GaSb substrate to reduce lattice mismatch so that
thicker InAsBi can be grown for higher detection efficiency
in the MWIR, and possibly longer wavelengths.

In conclusion, we have grown, fabricated, and character-
ized an InAsBi containing photodiode with a Bi composition
of around 1.5%. This leads to a cutoff wavelength of
3.95 um at a temperature of 225K, along with the measure-
ment of encouraging dark currents, given the relative imma-
turity of the material growth and fabrication. We have
measured a reduced temperature dependence of the bandgap
when compared to InAs.
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