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InAsg 79Sbg»1-based nBn photodetectors were fabricated on a GaAs substrate, using the interfacial
misfit array growth mode. Reductions in the dark current density of more than two orders of
magnitude at 300 K and more than six orders of magnitude at 200 K were found, in comparison
with an InAsgg;Sbg 13 p-i-n diode. At —0.5V applied bias, the dark currents were found to be
diffusion limited above 150 K. Background limited infrared photodetection and RpA values in
excess of 10° Qcm? were observed at 150K. Spectral response measurements revealed a cut-off
wavelength of 5.3 um at 200K. © 2013 Author(s). All article content, except where otherwise

noted, is licensed under a Creative
[http://dx.doi.org/10.1063/1.4844615]

Detectors for the mid-wavelength infrared (MWIR)
spectral range (3—5 pum) are of increasing technological inter-
est for applications including defense,' gas sensing,” and
thermal imaging. Currently, p-n junction photodiodes made
from InSb or HgCdTe are predominant. These devices typi-
cally require cooling to cryogenic temperatures to avoid ex-
cessive dark currents. The nBn, or n-barrier-n, photodetector
is a unique design which strongly suppresses the dark cur-
rents and noise resulting from Shockley-Read-Hall (SRH)
generation and surface states.” Consisting of narrow-gap n-
type absorption and contact layers separated by a wide gap
barrier layer, the nBn bandstructure prevents the flow of ma-
jority electrons, through a large conduction band offset, but
allows the flow of minority holes, through a near-zero va-
lence band offset. A small applied operating voltage falls
almost completely across the barrier, separating the photo-
generated carriers. The lack of significant electric field in the
narrow-gap material prevents SRH generation and band-to-
band tunneling from taking place. In addition, the barrier
layer is most often not etched in processing so that the shunt
resistance for majority carriers associated with the surface
states is very high. Consequently, nBn photodetectors operat-
ing in the MWIR are known to have lower dark currents and
noise than comparable p-i-n photodiodes, allowing for
reduced cooling requirements for background limited infra-
red photo-detection (BLIP) operation.” The nBn design has
been modified by several authors™ to use an InAs/GaSb
strained-layer-superlattice (SLS) absorption region, with the
flow of majority carriers blocked by a barrier of ternary
AlGaSb. Reported cut-off wavelengths for these devices
range from 4.3 to 5.2 um, with specific detectivity, or D*,
values of around 1 x 10° Jones at 300K and around 1
x10'"" Jones at 77 K. Focal plane arrays (FPAs) have also
been demonstrated, with dark currents equivalent to compa-
rable p-i-n devices with a passivation scheme.® For mid-
and long-wavelength detection, further alternatives, which
are commercially available or under development, include

0003-6951/2013/103(25)/253502/4

Commons

103, 253502-1

Attribution 3.0  Unported License.

quantum well infrared photodetectors (QWIPs) and quantum
cascade detectors (QCDs). These also benefit from sup-
pressed surface leakage currents and can be processed into
photonic crystals, yielding significant performance benefits.
QCDs with D* values of around 1 x 10'" Jones at 108 K
have been reported, for devices with a 3.96 um cut-off wave-
length.” In this work, an Interfacial Misfit (IMF) array was
used to grow nBn detectors with bulk InAsg79Sbg,; absorp-
tion layers on a GaAs substrate. Advantages of this approach
include lower cost, when compared with native substrates
such as GaSb and InAs, as well as optical transparency at
infrared wavelengths—a significant advantage in flip-chip
mounting for FPAs, where incident radiation is directed
through the substrate. The IMF growth mode allows material
of good crystalline quality to be deposited, “buffer-free,”
onto lattice-mismatched substrates.® Herein, the strain is
relieved within several monolayers of the interface by a peri-
odic, self-ordered network consisting purely of 90° edge dis-
locations. These propagate laterally, rather than into the
overlying epilayer, and defect densities as low as 5
x10° cm~2 have been reported for bulk GaSb on GaAs.’
Derivative devices have already been demonstrated, includ-
ing lasers,'® light emitting diodes (LEDs),'" and photodio-
des,12 and have shown similar levels of performance to their
lattice-matched equivalents. In addition, SLS-based nBn
detectors have already been demonstrated using the IMF
growth mode.'? The suppression of the SRH generation pro-
file by the nBn design is particularly suited to devices based
on mismatched growth since traps at any remaining thread-
ing dislocations will contribute little to the dark currents.
Indeed, in this work, the InAsg79Sbg,; absorption layer was
grown with a mismatched composition on a GaSb buffer
layer, allowing for extended wavelength detection, yet diffu-
sion limited dark currents were still demonstrated. The nBn
barrier layer composition was also modified to include a
small Ga mole fraction. This suppresses oxidation of the
exposed surface, which is a significant challenge in

© Author(s) 2013
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processing, avoiding potential issues with long term reliabi-
lity. An InAsgg;Sbg 3 p-i-n structure, lattice matched to
GaSb, was also grown on a GaAs substrate using an IMF.
This provided a benchmark against which to compare the
nBn structure, with the minimum possible threading disloca-
tion density under the IMF growth mode.

Growth was performed using a VG-V80H MBE reactor,
with thermal effusion K-cells providing In, Ga, and Al fluxes
and valved cracker cells providing As, and Sb, fluxes. In
situ reflection high energy electron diffraction (RHEED) was
used to calibrate the growth rates, by using a photomultiplier
tube to monitor the intensity oscillations, and to monitor sur-
face reconstruction. Oxide desorption from the GaAs sub-
strate was performed first, at 600°C. The growth
temperature was subsequently reduced to 570°C for the
growth of the GaAs buffer layer. The IMF interface was then
initiated, through a brief pause with no applied As, flux fol-
lowed by the application of Sb, flux. At the same time, the
temperature was reduced to 510°C for the growth of the
GaSb buffer layer, which was used to transform the lattice
constant to 6.1 A. The InAsy790Sbg,; absorption layer was
grown at 450°C and 0.9 MLs ™ '. The quaternary barrier layer
was grown at 490°C and 0.8 MLs~'. The InAsgg7Sbg 13
p-i-n diode was grown under the same conditions as the nBn.
The n-type dopant was GaTe and the p-type dopant Be. The
p-i-n has an unintentionally doped intrinsic region, with a
thickness of 1.1 um. In processing, annular top contacts were
evaporated first, using Ti/Au, and circular mesas were then
defined using C¢HgO:H,0O, (2:1). The lower contacts were
positioned well away from the mesas and were evaporated,
also using Ti/Au, after etching away the barrier layer and
into the contact layer, using HCI:H,0,:H,O (1:1:5) and
CeHgO7:H,O, (2:1). H3PO4:H,0,:H,0 (1:1:10) was used to
etch the p-i-n diode. After fabrication, x-ray diffraction
(XRD) and temperature dependent spectral response and cur-
rent density (J-V) measurements were made. Devices of
diameters 200 yum, 400 um, and 800 um were bonded to a
TO-05 header and tested concurrently in an Oxford
Instruments cryostat, using multiple Keithley 2400
SourceMeters. The header was capped to shield the 300 K
background. 400 um diameter devices were also measured in
a Lakeshore TTPX low-temperature Probe Station, equipped
with an optional radiation shield. Spectral response was
measured using a Nicolet 6700 Fourier Transform Infrared
(FTIR) Spectrometer. X-ray diffraction results were obtained
using a Bede QC200 Diffractometer. Quantum efficiency
(QE) was measured at 300 K using a calibrated 1.55 pum laser
source, incident on the device under test via a cleaved, single
mode optical fiber.

Details of the nBn detector structure are given in Figure
1(a). The compositions were found by XRD, as shown in
Figure 2(a). XRD for the p-i-n structure is shown in Figure
2(b). Fittings were performed using RADS Mercury software.
The barrier layer of the nBn was assumed to be pseudomor-
phic; this is supported by a critical thickness calculation for
strained layer growth of 66 nm, using the method of People
and Bean.'* The details of the bandstructure were then calcu-
lated, using the strain dependent model of Krijn,'” giving the
valence band offset as approximately 28 meV, in a type-II
alignment, illustrated in Figure 1(b). Spectral response
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FIG. 1. (a) Layer thicknesses and compositions for the nBn structure, found
from RHEED calibration and RADS Mercury XRD simulation, assuming a
strained barrier layer. (b) The results of the bandstructure calculation. The
nBn design allows the flow of minority holes whilst preventing the flow of
majority electrons at the barrier, which separates the photogenerated
carriers.

curves for the nBn detector are shown in Figure 3, indicating
a cut-off wavelength of around 4.93 um at 60K, which is
comparable to binary InSb, effectively covering the MWIR
atmospheric transmission window. By plotting the square of
the photoresponse against energy, the absorption layer
bandgap was found to be 0.27 eV, indicating a composition
in close agreement with the XRD fitting. Strain at the
GaSb/InAsSb interface, residual impurities or the
Franz—Keldysh effect could be responsible for the tails seen
in the 5-5.5 um region of the spectral response. In Figure 4,
Arrhenius plots of the dark current density are compared
with results from the InAsgg;Sbg 13 p-i-n. Close agreement
was observed between the nBn current densities for the three
device areas, showing the suppression of surface currents
and confirming the reliability of the data. At —0.1V applied
bias, the dark current densities of the p-i-n are more than two
orders of magnitude greater than the nBn at 300 K and more
than six orders greater at 200K. RyA values for the p-i-n
were measured to be approximately 3 x 1072 Qcm? at
220 K. While these are significantly lower than values for
InAsg goSbg 11 p-i-n diodes grown on native GaSb substrates,
reported to be approximately 1 Qcm? at the same tempera-
ture, ' RyA values for the nBn were found to be in excess of
3 x 10> Qcm? at 220K and in excess of 10° Qcm? at 150 K.
In comparison, typical InSb detectors require cooling to
roughly 90K to achieve RyA values of 10° Qcm?.'” Notably,
these improvements are observed in spite of the mismatched
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FIG. 3. Spectral response curves for the nBn detector, between 60 and
220K, taken using a Nicolet 6700 FTIR. Extrapolation of the squared
responsivity, plotted against energy, was used to determine the bandgap.
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FIG. 2. XRD data and fitted RADS Mercury simulation giving compositions
for (a) the nBn structure, under the assumption that the barrier layer is pseu-
domorphic, and (b) the InAsg g7Sbg 13 p-i-n diode.

substrate and an additional lattice-mismatch in the absorp-
tion layer, showing that the SRH process is strongly sup-
pressed in the nBn whilst, at the same time, achieving an
extended cut-off wavelength. At —0.5V applied bias,
unshielded measurements revealed a BLIP temperature of
approximately 150K. The dashed line shows a fitting to the
form of the diffusion current, J ;4 limited regime, known
from the relationship between the square of the intrinsic car-
rier concentration, n,2 and the bandgap, E,,

—F
Jagy o< nj o< T° exp (k—;> , (1)

where k is the Boltzmann constant and the density of states
contributes the factor of 73. An activation energy of 0.29 eV
was found, which is close to the bandgap of the absorption
layer, corroborating the suppression of the SRH process
above approximately 150 K. Below 150K, the dark currents
are generally limited by the noise floor of the measurement
setup, though a tunneling mechanism could also be contrib-
uting to the data measured for —0.5 V bias. Gradients in this
region were too small to be linked with SRH recombination,
and surface currents are known to be blocked by the barrier.
In contrast, for the InAsg g7Sbg 13 p-i-n diode, the gradient is
consistent with SRH limited dark currents, as shown in the
inset of Figure 4. The QE was measured to be 22% although
it is noted that the large absorption coefficient of the contact
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FIG. 4. Arrhenius plots, with shielded 300K background, at —0.1V (H),
—0.3V (A), and —0.5V (@), and the InAs(g7Sbg 13 p-i-n ((J), at —0.1V.
The unshielded data at —0.5V (O) reveals a BLIP temperature of roughly
150K. The dashed line shows the fitting to the diffusion current limited re-
gime. The inset shows the data for the p-i-n compared with the gradient
expected for SRH limited dark currents.

layer at 1.55 um and lack of an anti-reflective coating limit
this figure to a degree. The diffusion length for holes was
estimated at 300K, using an approach similar to the
area-dependent method of Plis,18 and found to be 2.6 um.

In summary, nBn detectors were grown on a GaAs sub-
strate using an IMF Array. InAsg79Sbg,; absorption layers
allowed for extended wavelength detection while quaternary
Alp.9GagAsg.1Sbg o barrier layers allowed for a suppression
of surface oxidation. Devices were compared with an
InAsgg7Sbg 13 p-i-n diode, also grown on a GaAs substrate
using an IMF Array. At 200 K, reductions in the dark current
density greater than six orders of magnitude were observed.
Significantly, these devices could be used for large area,
low cost focal plane arrays, supporting high operating
temperatures.
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