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ABSTRACT

In this work, we report the growth and fabrication optimization of a long wavelength InAs/GaSb type-II superlattice (T2SL) nBn detector
grown by metal-organic chemical vapor deposition. A GaAs like interfacial scheme was employed to grow the T2SLs matched to InAs sub-
strates. A larger bandgap InAs/GaSb T2SL was used as an electron barrier, removing the need for AlSb based materials within this detector.
At 77 K and —0.1 V, the photodetector showed a dark current density of 2.2 x 107> A cm™* and a 100% cutoff wavelength of 13 um. The
external quantum efficiency was found to be 54.4% at 9 um. The peak detectivity was found to be 4.43 x 10'° cm Hz"*/W at 9 um, which is
very comparable with similar deep etched detectors grown by molecular beam epitaxy.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(https://creativecommons.org/licenses/by/4.0/).

INTRODUCTION

Long wavelength infrared (LWIR) photodetectors have a wide
range of applications, including biomedical sensing,' thermal imag-
ing, 3D sensing,” and many different defense applications.” Human
blackbody emission peaks at 9.55 um," so detectors that peak in the
range of 9-10 um are very desirable for all applications that involve
detecting people. The InAs/GaSb type-II superlattice (T2SL)’ is a
strong candidate for LWIR detectors due to its flexible bandgap
engineering,” high material uniformity,® and low Auger recombi-
nation rates” when compared to the current state-of-the-art mercury
cadmium telluride (MCT) technology.'” Recent progress in the
InAs/GaSb T2SL has also shown it to have a much larger band-
width than MCT, making it the superior material for high-speed IR
applications.'' To date, molecular beam epitaxy (MBE) has been the
prevailing technique for growing InAs/GaSb T2SLs.'* However, the
commercial exploitation potential of metal-organic chemical vapor
deposition (MOCVD) is highly attractive if material and device
performance can be improved to close the gap with MBE results.

APL Photon. 10, 016102 (2025); doi: 10.1063/5.0231448
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There are two main material challenges in transferring the current
MBE growth to MOCVD: a suitable interfacial layer is needed to
strain balance the T2SLs'’ and the AISb based ternaries and qua-
ternaries that are used as barriers within the device structures.

Conventionally, MBE grown InAs/GaSb T2SLs are lattice matched
to GaSb substrates via the use of InSb interfacial layers for strain
balancing. InSb is very difficult to grow via MOCVD due to its low
melting point (527 °C)'° being very close to conventional MOCVD
growth temperatures. Instead of using InSb to lattice match to GaSb
substrates, it is possible to use GaAs as an interfacial layer and
lattice match the T2SL to InAs substrates. The second material
challenge is the AISb based barriers that are required to suppress
the generation-recombination dark current present in more basic
PN and PIN detector structures, which is crucial at longer wave-
lengths.'” There are significant carbon and oxygen contamination
problems with growing AlSb-containing alloys due to the reactivity
of Al' along with material segregation problems within the ternaries
and quaternaries.'” However, it is possible to create electron barri-
ers from wider bandgap InAs/GaSb T2SLs, as long as the GaSb layer
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thickness is kept constant between the barrier and absorber T2SL,
meaning that the valence band offset is near 0 eV.”’ InAs/GaSb
T2SLs are known to be prone to surface related dark currents, espe-
cially at longer wavelengths,”! and surface passivation still remains
an important challenge in this field. A good way to resolve this sur-
face problem is to employ a shallow etched mesa design, where each
pixel is defined by the lateral carrier diffusion length, not a deep mesa
etch. Unfortunately, in InAs/GaSb T2SLs with GaAs like interfaces,
this lateral diffusion length can be very large, up to 251 pm.** This
leads to problems when creating high pixel density focal plane arrays
(FPAs), as the minimum distance between pixels must be 2x the lat-
eral diffusion length to prevent crosstalk.”” Therefore, for a LWIR
InAs/GaSb T2SL FPA grown via MOCVD, there exists a trade-off
between lower dark currents and higher pixel density via shallow or
deep mesa etched devices.

In this paper, we report the MOCVD growth of an InAs/GaSb
T2SL nBn deep etched detector with a 100% cutoff at 13 um and
a peak detectivity of 4.43 x 10" cm Hz"*/W at 9 um. The devices
exhibit an excellent quantum efficiency of 54.5% at 9 um.

EXPERIMENTS

The MOCVD growth was performed in an Aixtron Close
Coupled Showerhead (CCS) reactor. The precursors used were
trimethylindium (TMlIn), tertiarybutylarsine (TBAs), triethylgal-
lium (TEGa), and triethylantimony (TESb), with hydrogen used as
the carrier gas and disilane (Si,Hpg) as the n-type dopant. The device
structure was grown on a 2 in. unintentionally doped (u.i.d) InAs
(001) substrate, with the reactor pressure kept at 100 mbar and the
growth temperature at 510 °C. Prior to the growth, the substrate
was held at 550 °C for 3 min under TBAs flow for oxide removal.
A 100 nm InAs buffer layer was first grown at a V/III ratio of 10.
Within the T2SLs, the GaSb V/III ratio was 1.5, and the InAs V/III
ratio was 6.4.

In order to lattice match the T2SL to the InAs substrates,
a “GaAs like” interfacial scheme was used.”* Growth interruption
steps were implemented between each T2SL layer to allow the for-
mation of the GaAs like interfaces via As for Sb exchange, as shown
in Fig. 1.7°

The nBn device contains two different InAs/GaSb T2SLs with
different InAs thicknesses. The LWIR T2SL consists of 21 mono-
layers of InAs and eight monolayers of GaSb (21/8 ML) and has a

1 period of 21 ML/8 ML superlattice growth
T=510°C (surface) |

“GaAs like” interface
1 ]

bandgap of ~0.1 eV (A » 12 um). The mid-wave infrared (MWIR)
T2SL consists of eight monolayers of InAs and eight monolayers of
GaSb (8/8 ML) and has a bandgap of ~0.28 eV (A » 4.5 um). Since
the GaSb thickness is the same in both the T2SLs, their valence band
offset (VBO) is near 0 eV.?° This 0 eV VBO means that the difference
in bandgap is entirely within the conduction band, which creates an
electron barrier of 0.18 eV. This barrier height is notably lower than
those reported in comparable Al-containing nBn structures.”” How-
ever, it should still be large enough to suppress thermionic emission
since at 77 K, 3 kT is only 0.02 eV.

As shown in Fig. 2, the device structure consists of a 205 nm
n-type (n ~ 10" cm_3) 21/8 ML T2SL bottom contact, a 2050 nm
u.i.d 21/8 ML T2SL absorber layer, a 125 nm u.i.d 8/8 ML T2SL bar-
rier layer, and a 205 nm a-type (n ~ 10'® cm™) 21/8 ML T2SL top
contact.

The device was processed in three different ways in order to
investigate the effect of the fabrication on the device performance. In
all three devices, a deep mesa etch down to the bottom contact layer
was used. Two of the devices were etched using a citric acid based wet
etch, and one of the devices was etched using chlorine based induc-
tively coupled plasma dry etching. One of the wet etched devices was
then passivated via the deposition of the photoresist AZ 3027. Both
the top and bottom contacts consist of 40 nm Ti and 150 nm Au.

RESULTS AND DISCUSSION

It was found that there were many different factors that affected
the lattice match of the T2SL to the InAs. A higher growth temper-
ature and a lower GaSb V/III ratio were both found to increase the
effect of the “GaAs like” interface, moving the T2SL peak further to
the GaAs lattice constant. However, both the growth temperature
and the GaSb V/III ratio had a large effect on the surface morphol-
ogy and were kept constant at 510 °C and 1.5, respectively. Changing
the length of the growth interruption steps also had an effect on
the T2SL lattice constant, with a longer time of As flow resulting in
an increased effective thickness of the “GaAs like” interface. How-
ever, the largest change came from the V/III ratio of the InAs within
the T2SL. The In flow was kept constant, so the V/III ratio can be
understood as the amount of As within the chamber that is able to
exchange with the Sb to create the interface. A higher InAs V/III
ratio would cause the T2SL peak to move further to the GaAs lattice
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constant, as shown in Fig. 3(a). Fortunately, the InAs itself is very tol-
erant to V/III ratio, so the V/III ratio can be used as a tuning knob
for the lattice match without compromising the surface morphol-
ogy. Due to the design of keeping the GaSb layer thickness constant
and changing the InAs layer thickness to change the T2SL bandgap,
once the growth conditions of the interface are optimized for one
wavelength of T2SL, they can be applied to the other wavelengths.
This is because changing the thickness of InAs in a structure lattice
matched to InAs does not affect the overall lattice match. This can
be seen in Fig. 3(b), where the same InAs V/III ratio of 6.4 was used
for T2SLs ranging from 6/8 to 21/8 ML. This assumption appears
to falter slightly at the extremes, with slight double peaking appear-
ing at the 6/8 and 21/8 ML, but this could easily be rectified by
adjusting the V/III ratio by around 0.1. This is in contrast to the
conventional MBE growth of InAs/GaSb T2SLs, lattice matched to
GaSb substrates, where the InSb interfaces will need to be recali-
brated whenever the InAs thickness changes in order to maintain
the lattice match.® The full width at half maximum (FWHM) of the
first order satellite peak is a good indication of superlattice inter-
face sharpness.”® The FWHM of the first order satellite peaks was

(a) (b)

FIG. 2. (a) Schematic diagram of the full InAs/GaSb T2SL
nBn LWIR detector. (b) Transmission electron microscopy
image of the contact, barrier, and absorber T2SL layers
within the detector.

found to range from 50 to 100 arcsec, with no clear trend relating to
the layer thickness. This value is slightly higher than the best value
that has been previously reported, so scanning transmission electron
microscopy (STEM) was used to further investigate the interface.

From the STEM in Fig. 4, it is clear that while the interface may
be considered “GaAs like” as is the convention, it is clearly quite far
from a pure binary GaAs interface. The interface can be more closely
described as a graded InGaAsSb interface or a “mixed interface.””’
The interface width is defined as the distance between 10% and 90%
cation/anion intensity ratios.”” The GaSb on InAs interface is 6 + 1
ML thick, and the InAs on GaSb interface is around 5 + 1 ML thick.
These interfaces are generally thicker than what has been previously
reported,”! which could be due to their mixed nature as opposed to a
pure GaAs interface, which would require less thickness for the same
strain balance.

Figure 5(a) shows the dark current density (J4) for a device of
each mesa type with a diameter of 400 pm at 77 K. Reverse bias was
defined as a negative bias applied to the top contact. The photoresist
passivation layer has had an effect on J4, reducing it from 7.7 x 1072
t02.2 x 1072 A cm™2 at —0.1 V in the wet etched device. The J4 of
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the dry etched device was 4.8 x 1072 A cm™2 at —0.1 V. The J4 of the
wet etched and passivated sample is 2.4 times higher than the rule 07
for cutoff wavelengths of 13 ym at T = 100 K of 2.0 x 107> A cm™2."?
This, therefore, implies that this T2SL detector at 77 K has a dark
current close to the minimum theoretical MCT at 100 K. Rule 07
at 77 K is 4.5 x 10™* A cm™? and, therefore, there is still room for
improvement when it comes to dark current. The total dark current
(J4) can be expressed as a combination of its bulk (J,,;) and surface
(Jsurf) components as

Ja = Jouik + Jsurf- (1)

Jours can be expressed as’

P
]surf =@ X X; (2)

where ¢ is the sidewall current per unit length and £ is the
perimeter-to-area ratio of the detector. By combining Egs. (1) and
(2), the linear relation for J; against % can be found,

P
Ja=¢x a7t Joulk- (3)

Therefore, by plotting J; against £, both the bulk and surface dark
current components can be found. In order to investigate the dark
current, devices of multiple different diameters were fabricated and
compared. Figure 5(b) shows a plot of J4 against the device %. As

expected, the device with the lowest average J,,; was the wet etch

passivated device with [y, = 3.2 x 1072 A cm™? for the 400 um
diameter. The wet etched unpassivated device had a Jg, of
82 x 1072 A cm™2, showing that the AZ 3027 was able to reduce
the surface dark currents by 2.5x. The dry etched sample had a /¢
of 6.6 x 1072 A cm™2, which is slightly lower than that of the wet
etched unpassivated sample, implying that the dry etching process
may result in superior sidewall characteristics when compared to
the wet etching process. As expected, the ], component of the
three different devices is very similar at around 1.2 x 1072 A cm ™2,
which is reasonable, as the only difference between the three devices

APL Photon. 10, 016102 (2025); doi: 10.1063/5.0231448
© Author(s) 2025

should be in the sidewalls. The bulk component of the dark current
for these devices is still relatively high at 1.2 x 107 A cm™. One
explanation for this high J;,; is that a depletion region is forming
between the barrier and absorber region due to the lack of doping
control within those two regions. If a depletion region was to form
between the barrier and absorber, it would provide an area for a
generation-recombination current, which would normally be sup-
pressed in an nBn device. In order to investigate this, an Arrhenius
plot of J; against 1000/T was performed, as shown in Fig. 5(c). The
activation energies of the three devices were all found to be around
half the T2SL bandgap, which is indicative of a device that is GR
limited* and, therefore, provides further evidence that a depletion
region is forming within the device.

The spectral response curve of the detectors was measured
using a Bruker VERTEX 70v FTIR spectrometer and calibrated
using a combination of both Vigo PVMI-2TE MCT and Bruker
DLTGS reference detectors. The measurement was performed in a
single pass configuration with no anti-reflection coating. A 550 K
blackbody source synced to a chopper, and a lock-in amplifier was
then used to calibrate the absolute responsivity values, as shown in
Fig. 6(a). For the wet etched and passivated device, the peak respon-
sivity is at 9 um at a value of 3.95 A/W. The devices show a 50%
cutoff wavelength at around 11.5 pm and a 100% cutoff wavelength
at around 13 pum. The slight variation in shapes and cutoff wave-
lengths between the samples is caused by device-to-device variation
and not by the etching method used. From the spectral response,
the external quantum efficiency (EQE) was calculated, as shown in
Fig. 6(b). At 9 um, the EQE for the wet etched and passivated device
is 54.4%. This result is exceptionally high for this wavelength when
compared to similar devices.”*” It has been shown that while the
introduction of a depletion region increases dark current due to GR
recombination, it also increases EQE.”® A difference of one order
of magnitude within the doping of the absorber region results in a
depletion region that increases EQE from 12.5% to 54% at 6.4 pm.’’
The high EQE in Fig. 6(b) further reinforces the hypothesis that the
lack of doping control within the barrier and absorber region has
led to depletion forming, which has increased both dark current and

10, 016102-4
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FIG. 5. (a) Dark current density (J4) vs voltage for each device type at 77 K. (b) Jy
vs the perimeter/area ratio (P/A). (c) Arrhenius plot of J4 against 1000/T showing

the activation energies (Ea) at —0.1 V. For clarity, the three datasets have been
offset from each other in (c), causing J4 to be in arbitrary units.

After the electrical and optical characterizations of the device,
the detectivity (D*) was calculated using*®

" 4kT \ "2
D =Ry(2 N 4
A( q1d+RdAd) @)

where R) is the responsivity, q is the electronic charge, k is the Boltz-
mann constant, T is the device temperature, and RyA; is the dark
resistance area product. The wet etched and passivated device had
a peak detectivity of 4.43 x 10'° cm Hz"?/W at 9 um, as shown in
Fig. 6(c). This D* is slightly lower than the current state of the art
shallow etched InAs/GaSb T2SL LWIR single pixel performance’”*’
due to the higher dark currents caused by the deep sidewall etch-
ing. However, if the aim is to create a FPA with a high pixel
density via MOCVD, the isolation of shallow etch is not currently

APL Photon. 10, 016102 (2025); doi: 10.1063/5.0231448
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FIG. 6. (a) Responsivity vs wavelength for each device type at 77 k, 0.1 V. The
peak responsivity is 3.95 A/W for the wet etched and passivated device at 9 pum.
(b) External quantum efficiency (EQE) vs wavelength for each device type at 77 K,
—0.1 V. The EQE is 54.4% for the wet etched and passivated device at 9 um. (c)
Detectivity vs wavelength for each device type at 77 K, —0.1 V. The peak detectivity
is 4.43 x 10 cm Hz""/W for the wet etched and passivated device at 9 um.

sufficient,”” so dee;) etching is required. The peak detectivity of
4.43 x 10" cm Hz"*/W at 9 um is very comparable to deep etched
detectors grown by MBE at similar cutoff wavelengths.""** This
shows that this MOCVD technique can be used as a reasonable alter-
native to the currently more established MBE growth of InAs/GaSb
T2SLs for LWIR FPA detectors.

Table I shows a comparison of this work to previously reported
LWIR T2SL detectors. Compared to the other works in Table I, this
study exhibits both a high dark current and a high EQE. Most LWIR
detectors, grown by either MBE or MOCVD, are shallow etched
to minimize sidewall leakage. However, the “GaAs-like” interfaces
needed for MOCVD growth lead to a long lateral diffusion length,

10, 016102-5
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TABLE I. Comparison of this work to previously reported LWIR InAs/GaSb T2SL detectors.

Device Etch Growth Cutoff Ja Peak Peak Peak detectivity
design depth method wavelength (um) (Acm™) wavelength (um) EQE (%) (cm Hz'?/W)
This work Deep MOCVD 13 22x1072 9 54.4 4.43x 10"
nBn* Shallow  MOCVD 13.4 26x107° 10.3 41 1.1x 10"
PIN*! Deep MBE 1355 13x107° 9.5 N/A 6.6 x 10"
CBIRD* Shallow MBE 10.5 1x107° 8.2 29 1.1x 10"
XBp* N/A MBE 11.5 4x107 9.6 35 N/A
pBiBn*’ N/A MBE 9.5 1.4x107° 8.7 24 7.7 x 10"
InAs/InAsSb CBIRD*  Shallow MBE 14 6.6x107° 10.4 35 1.1x 10"

which necessitates deep etched devices for FPAs. The high dark cur-
rent in this work remains a problem that needs to be addressed to
improve detectivity. However, the high EQE is promising, and with
careful doping control, it should be possible to reduce the dark cur-
rent, thereby increasing detectivity to be competitive with shallow
etched devices in single pixel performance.

CONCLUSIONS

By controlling the As flow and the growth interruption time, it
was possible to grow an InAs/GaSb T2SL lattice matched to InAs
substrates using “GaAs like” interfacial layers via MOCVD. The
wavelength of the InAs/GaSb T2SL can be tuned by changing the
InAs layer thickness, so with this technique, it was shown that it is
possible to grow InAs/GaSb T2SLs with wavelengths ranging from
4 to 12 pm under the same interface growth conditions. This
removes the need for interfacial recalibration when changing wave-
lengths, simplifying the growth design workflow when compared to
MBE. The T2SLs were then fabricated into deep etched nBn detec-
tors with a 50% cutoff at 11.5 um. Both wet and dry etches were
investigated alongside a third sample, which combined the wet etch
with an AZ 3027 passivation layer. This wet etched and passivated
device had the highest peak detectivity of 4.43 x 10" cm Hz"?/W at
9 um, which is very comparable with similar deep etched detectors
grown by MBE. The dark current density of this device at —0.1 V was
found to be 2.2 x 1072 A cm™2. The peak quantum efficiency of the
detector was 54.4%, which is exceptionally high for this wavelength
when compared to similar devices. The high quantum efficiency of
the detectors seems to be caused by the formation of a depletion
region within the nBn which, while causing an increase in the dark
current, also has a large effect on the EQE.
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