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(a) An array of single-element LWIR InAs/AlAs1-x Sbx/InAsi-x Sbx T2SL photodetectors on Si after the standard processing. (b) Wire-bonded pixels in a
68-pin leadless ceramic chip carrier. (c) An optical photo of transferred LWIR T2SL photodetectors on Si. (d) A SEM image of a wirebonded
transferred device (150 pm) ready for measurement. (Zhang et al., Article #4000207).
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Abstract— Monolithic integration of antimonide (Sb)-based
compound semiconductors on Si is in high demand to enrich
silicon photonics by extending the detection range to longer
infrared wavelengths. In this paper, we have demonstrated the
damage-free transfer of large-area (1x1 cm?) narrow-bandgap
Sb-based type-II superlattice (T2SL)-based thin-film materials
onto a Si substrate using a combination of wafer-bonding and
chemical epilayer release techniques. An array of Sb-based
T2SL-based long-wavelength infrared (LWIR) photodetectors
with diameters from 100 to 400 um has been successfully
fabricated using standard '"'top—down'' processing technique. The
transferred LWIR photodetectors exhibit a cut-off wavelength of
~8.6 um at 77 K. The dark current density of the transferred
photodetectors under 200 mV applied bias at 77 K is as low as
5.7x10~4 A/cm? and the Rx A reaches 66.3 - cm?, exhibiting no
electrical degradation compared with reference samples on GaSb
native substrate. The quantum efficiency and peak responsivity
at 6.75 pum (@77 K, 200 mV) are 46.2% and 2.44 A/W,
respectively. The specific detectivity (D*) at 6.75 um reaches as
high as 1.6x10! ¢cm - Hz1/2/W under 200 mV bias at 77 K. Our
method opens a reliable pathway to realize high performance
and practical Sb-based optoelectronic devices on a Si platform.

Index Terms— Type-II superlattice infrared photodetectors,
epitaxial lift-off, photonics integration.

I. INTRODUCTION

ONG-WAVELENGTH infrared (LWIR) photodetectors

are particularly suitable for terrestrial-based infrared
imaging since emission for room temperature objects tends
to peak in the 8 to 12 um atmospheric window according to
Planck’s blackbody law. Over the course of the last decade,
LWIR imaging has seen tremendous improvement thanks to
advances in detector technologies. InAs/GaSb/AISb Type-II
superlattices (T2SLs) have emerged as a highly suitable
candidate for LWIR detection due to the ease with which
the bandgap can be tuned while retaining closely lattice-
matched conditions [1]. They are now directly competing with
the state-of-the-art technologies such as mercury cadmium
telluride (HgCdTe) compounds [2], [3]. By spatially separating
electrons and holes into different quantum wells, the type-II
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band alignment enables full control of the electronic band
structure and allows for great flexibility in the design of hetero-
structure devices [4]-[14]. In addition, because T2SLs are
a III-V semiconductor material system, the mass production
of T2SL-based imagers has the potential to leverage exist-
ing commercial III-V foundries to further drive down costs.
Another T2SL advantage is its spatial uniformity, already
proven in the LWIR band, which is a critical element for
the yield of larger high-resolution imagers. Most recently,
InAs/AlAs;_xSbx/InAs;_xSbyx T2SLs have been introduced,
and they have been shown to have significantly longer minor-
ity carrier lifetimes than more conventional InAs/GaSb/AlSb
T2SLs; they are actively being pursued as an alternative
to InAs/GaSb/AlISb T2SL-based infrared photodetectors and
imagers [15]-[22]. Even though they share the same type—II
band alignment, these two types of T2SLs exhibit differences
in superlattice design. GaSb, AlSb, and InAs all belong to
the 6.1A family, which allows large scale of freedom in the
variation of layer thicknesses as well as allowing a variety
of novel hetero—structures such as the W-structure [23] or
M-structure [24] for pMp [25] or nBn [26] device architec-
tures. On the contrary, AlAs;_xSby, InAsj_xSby, and InAs
can have very different lattice constants; thus, the constituent
layer thicknesses and the antimony molar composition (x)
in the AlAs;_xSbx and InAsj_xSbx layers need to be taken
into account in order to control the strain. This is, especially,
true when going to the LWIR and VLWIR regimes where
a large antimony molar fraction in the InAs;_xSbyx layers is
required [27]. Facing these constraints, the device designers
face more challenges in the InAs/AlAs;_xSbyx/InAsj_xSby
T2SLs material system.

Recently, significant efforts have been made to
integrate III-V ~ photonic or electronic devices on Si
substrates [28]—[32]. There is no doubt that hybrid integration
of Sb-based T2SL-based photodetectors on a mature Si
photonic platform can extend the applications and utility of
the Sb-based material system [33], [34]. Specifically, it will
allow for the heterogeneous integrated LWIR detectors on
Si. However, it is very difficult to obtain high-performance
devices by direct epitaxial growth of Sb-based materials on
Si substrates because of the large mismatches in both the
lattice constants and thermal expansion coefficients [35], [36].
Therefore, it is desirable to have a simple but reliable method
that can lift-off and transfer the Sb-based epi-layers while
maintaining the superior performance of the devices.

In the present work, we report the hybrid
integration of high-quality large-area LWIR Ga-free
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Fig. 1. Schematic diagrams of (a) the device design and (b) the epi-structure
for the LWIR InAs/AlAs)_xSbx/InAs|_xSbx T2SL photodetectors.

InAs/AlAs|_xSbx/InAs|_xSbx T2SL thin films and photode-
tectors onto Si substrates using an epitaxial lift-off method
assisted by wafer-bonding techniques. We first introduce the
experimental procedures which include the device design and
epitaxial growth structure used for the transfer as well as
the thin-film transfer process and photodetector fabrication
process. Then we will present the detailed characterization
of both optical and electrical performance of transferred
thin-film photodetectors on Si. Finally, we will discuss the
optical response spectrum and the observed oscillations by
using simulations and theoretical calculations.

II. EXPERIMENTAL PROCEDURE
A. Device Design and Materials Growth

Typical device designs for infrared photodetectors utilize a
single electron barrier layer of constant bandgap, whose band
structure is specifically chosen to produce a near-zero valence-
band offset in order to obtain high-efficiency collection of
photo-generated minority carriers. In such a device, the deple-
tion region extends to the narrow-bandgap absorption region
which is an important source of generation-recombination dark
current. The photodetectors for this study have a Cp,DBn
architecture (shown in Fig. 1(a)). It consists of an n-doped
LWIR T2SL-based absorption region (n) and a large-bandgap
p-doped GaSb top contact (Cp). Adjacent to the top contact is a
thin double electron barrier (DB) which has zero valence band
discontinuity with respect to the n-type absorption region. This
compound electron barrier is designed to only allow transport
of minority carriers (holes) from the absorption region to the
top contact; it blocks hole transport in the other direction
with a step barrier. To ensure flat-band conditions in the
absorber, a compound barrier was used in this experiment
such that the electric field in the absorber can be tailored by
adjusting the doping in the barrier layer located adjacent to the
absorber. This results in a device with reduced dark current
and increased sensitivity [37]. The compound barrier consists
of a large-bandgap barrier (> 1.2 eV) adjacent to the GaSb p-
contact and a second smaller electron barrier layer (~300meV)
between the first barrier layer and the absorber layer.

The LWIR superlattice absorption region design consists

of 26/7 mono-layers (MLs) of InAs/InAsgs52Sbg.4s,
respectively, per period with a ~8 um nominal
cut-off  wavelength at 77K. The  small-bandgap

electron barrier design consists of 4/3/4/3/4/9 MLs of
InAs/AlAs/InAs/AlAs/InAs/InAsg 5pSbo g, respectively, per
period with a nominal cut-off wavelength of ~4 ux m.
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We call this structure a saw-tooth superlattice. An
AlAs(y 50Sbo.4g/GaSb superlattice is used as the large-
bandgap electron barrier. The addition of this second barrier
pushes part of the depletion region into the larger bandgap
region, decreasing the generation-recombination (G-R)
current. The larger bandgap barrier also helps suppress
surface band-bending and associated surface leakage [37].
Ternary AlAsps2Sboag was used in the superlattice design
because it is lattice—matched to the GaSb substrate and
has antimony (Sb) atoms in common with GaSb; this
provides a great deal of flexibility in the superlattice
design and eliminates the need for any special interface
design or strain balancing. Because of the common-—anion
rule of band lineups, the valence-band offset between
AlAsp50Sbp4s and GaSb is small, which is the desired
situation to allow smooth hole transport. The electron
quantum well in an AlAsgys50Sbo43/GaSb superlattice is
deep (~1.19 eV), however, which allows for large bandgaps
in the range of ~0.8 to ~1.6 eV. Furthermore, using an
AlAsg 50Sbo 4g/GaSb superlattice as the electron barrier
layer results in a smoother surface morphology compared
to the case in which the barrier layer consists of a simple
ternary AlAsSb layer. Finally, the growth conditions for
AlAs(y50Sbo.4g/GaSb superlattices are exactly the same
as for the InAs/ InAsgs52Sbpag absorption region, which
allows for straightforward integration of these components.
We call this structure an H-structure superlattice. The electron
barrier H-structure superlattice design consists of 5/2 MLs of
AlAs(.10Sbo.90/GaSb, respectively, with a bandgap energy of
~1.2 eV at 77 K.

The device was grown on a Te-doped n-type (10'7cm™?)
GaSb wafer using a solid source molecular beam epi-
taxy (SSMBE) reactor equipped with group III SUMO® cells
and group—V valved cracker cells. The growth started
with a 100 nm GaSb buffer layer to smooth out the
surface, then, a 1.5 um n-doped InAsp91Sbg oo buffer
layer (10'%cm™3) was grown, which was followed by the
0.5 um n-contact (10'8¢m™3), the 2 um-thick n-type absorp-
tion region (10'3¢cm™3), the 0.8 x#m compound electron bar-
rier, and the 0.5 um p-contact (see Fig. 1(b)). Silicon (Si)
and Beryllium (Be) were used as the n- and p-type dopants,
respectively.

B. Thin-Film Transfer Procedure

Fig. 2 shows schematic diagrams of the process flow
for transferring the LWIR InAs/AlAs;_xSbx/InAsj_xSby
T2SL photodetectors onto a Si substrate. First, the samples
were degreased with ultrasonic cleaning in organic solvents.
A layer of Ti/Au (40nm/120nm) was then deposited on the
both the Si and InAs/AlAs|_xSbyx/InAs;_xSbyx T2SL wafers
by electron-beam evaporation. The Ti/Au layer on the T2SL
serves both as a bottom contact and as a metallic reflector
for the incident light. Both Ti/Au layers were then covered
with a 1.5 gm-thick indium film which was then thermally
evaporated on this Ti/Au layer to be used as a bonding layer.
After that, the InAs/AlAs|_xSbyx/InAs;_xSby T2SL and Si
wafers were diced into 1x1 cm? and 2 x 2 cm? pieces,
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Fig. 2. Schematic diagram of the process flow for transferring the LWIR
InAs/AlAs)_xSbx/InAs|_xSbx T2SL photodetectors to a Si substrate (a—c)
and then fabricating detectors via standard processing (d).

respectively. A wafer-bonding process was then carried out
for 20 min at room temperature with a force of 160 kg
applied; this allows the wafers to be bonded firmly. After
wafer bonding, wax was applied around the periphery of
the InAs/AlAs|_xSby/InAs|_xSbx T2SL wafer to protect the
indium and edges of the wafer while leaving the back of the
GaSb substrate exposed. The protected hybrid-wafer was then
emerged into a CrO3/HF etching solution to remove the GaSb
substrate. This etchant offers excellent etch selectivity between
GaSb substrate and InAs;_xSby buffer layer, which effectively
terminates the wet-etching process at the substrate/buffer
layer interface. After the GaSb substrate was totally removed,
the wafer was taken out and rinsed in deionized (DI) water
and the wax was removed with hot trichloroethylene (TCE)
(80 °C). The wafer was then cleaned in an ultrasonic bath
with acetone and then blown dry with nitrogen. After this
GaSb substrate removal process, the transferred thin-film was
assessed using high resolution X-ray diffraction (HR-XRD)
and atomic force microscopy (AFM).

C. Device Fabrication and Testing

The transferred T2SL material was then processed into
single-element InAs/AlAs|_xSbyx/InAs;_xSbx T2SL unpassi-
vated circular and square-shaped photodetectors with sizes
ranging from 100 x 100 gm? to 400 x 400 xm? using stan-
dard processing techniques, including a two-step (dry followed
by wet etching) mesa definition process and deposition of
metallic top/bottom electrodes (Ti/Au) [19], [20] The two-step
mesa definition process consists of dry-etching via inductively-
coupled plasma (ICP) in an Oxford Plasma Lab System
100, followed by a 90 second citric acid-based wet-etch to
remove the ion-induced damage and surface traps on the
pixel sidewalls. Silicon pieces containing processed detector
pixels were placed in 68-pin leadless ceramic chip carriers
(LCCC), and individual photodetectors were wire bonded for
testing. Chip carriers were then loaded into a cryostat for both
optical and electrical characterizations at 77 K. The optical
characterization of these LWIR photodetectors was performed
under front-side illumination with no anti-reflection coating.
A Bruker IFS 66v/S Fourier transform infrared spectrome-
ter (FTIR) was used to measure the spectral response and a
calibrated blackbody source at 1000 °C was used to calibrate
the responsivity and quantum efficiency.
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Fig. 3. (a) A 1x1 cm? InAs/AlAs)_xSbx/InAs|_x Sbx T2SL-based thin-film
transferred onto a Si substrate (The scale bar is 1 cm and a US dime is also
shown for size comparison). (b) Atomic force microscopy of a 5 x 5 umz
surface area of the transferred material with an RMS roughness value
of 447 A. (c) High-resolution X-ray diffraction of the materials before/after
the transfer (inset: detail view showing just the zero-order peaks of the T2SLs,
compound barriers and GaSb substrate/contact layer).

III. RESULTS AND DISCUSSIONS

A large-area (1xlcm2) InAs/AlAs; _xSbyx/InAsj_xSby
T2SL-based thin-film transferred to a Si substrate is shown
Fig. 3(a), with a US dime shown for size comparison. The
Si surrounding the transferred Sb-based thin-film has been
removed via dicing. The mirror-like surface of the trans-
ferred thin-film is continuous and crack-free, which shows the
excellent quality of the wafer-bonding and chemical substrate
removal. Atomic force microscopy shows a good surface mor-
phology with a root mean squared (RMS) roughness of 4.47 A
over a 5 x 5 um? area (see Fig. 3(b)). High-resolution
X-ray diffraction (HR-XRD) scans show that the films are
almost identical before and after transfer (see Fig. 3(c)).
The position of all the peaks for the transferred thin-film
are completely consistent with the peaks from the as-grown
thin-film, suggesting that no relaxation has occurred after the
transfer process. The inset of Fig. 3(c) overlays both scans
in a narrow range and shows the expected decrease in the
zero-order GaSb peak intensity due to the GaSb substrate
having been completely removed during the substrate removal
process. The remaining GaSb peak after transfer is due to
the GaSb p-contact layer. The lattice mismatch to the GaSb
substrate of absorption region, small-bandgap electron barrier,
and larger bandgap barrier is —1500, —480, and 490 ppm,
respectively, as is expected.

Fig. 4(a) shows an optical image of an array of
InAs/AlAs|_xSbyx/InAs;_xSbx T2SL-based pixels on Si after
processing. Even with 1 hour of ultrasonic cleaning, there is
no loss in the number of hybridized pixels with sizes ranging
from 100 x 100 xm? to 400 x 400 xm?, demonstrating that
the transferred pixels are bonded very well to the Si substrate.
This is significant for the integration of IR imaging devices
onto a Si platform, which will require an enormous number
of micro-pixels for high resolution. Moreover, the sidewalls of
the transferred pixels are totally fresh and clean after the mesa
definition and cleaning process, suggesting that good electrical
properties can be obtained. Fig. 4(c) shows a closeup view of
the mesa-isolated LWIR InAs/AlAs{_xSbx/InAs; _xSbyx T2SL
photodetectors on Si substrate. A SEM image of a 150um
wire-bonded pixel on the chip carrier is presented in Fig. 4(d).
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Fig. 4. (a) An array of single-element LWIR InAs/AlAs|_, Sby/InAs|_, Sby
T2SL photodetectors on Si after the standard processing. (b) Wire-bonded
pixels in a 68-pin leadless ceramic chip carrier. (¢) An optical photo of
transferred LWIR T2SL photodetectors on Si. (d) A SEM image of a wire-
bonded transferred device (150 xm) ready for measurement.
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Fig. 5. (a) Dark current density and (b) differential resistancexarea (RxA)

product vs. applied bias voltage of a typical transferred photodetector on Si
and a reference sample on native GaSb substrate at 77 K.

Fig. 5(a)-5(b) shows the current-voltage characteristic and
differential resistance xarea (RxA) product of the transferred
LWIR T2SL photodetectors on Si and reference sample on
native GaSb substrate at 77K. Unlike other transfer meth-
ods resulting in conspicuous degradation in the electrical
performances, [38], [39] by using the proposed epitaxial
liftoff (ELO) method in this work, the dark-current char-
acteristics of the transferred LWIR T2SL photodetectors on
Si are almost identical to that of reference samples on
native substrate, demonstrating that the electrical properties
do not degrade after the InAs/AlAs;_xSbx/InAs;_xSbx T2SL
photodetectors are transferred. Specifically, the dark current
density of the transferred LWIR T2SL photodetectors at a
forward bias of 200mV is as low as 5.7 x 10™* A/cm? and
the corresponding R x A product reaches 66.3 Q-cm?. The
low dark current density is attributed to the good cleaning of
the sidewalls during the processing. Because of the flipped
structure, the reference devices are driven in the opposite
polarity to the transferred devices, but the bias has been
reversed in the graphs to make a better comparison.

Fig. 6 shows the quantum efficiency for the transferred
photodetectors and reference sample on the native GaSb
substrate. The cut-off wavelength is around 8.6 pm, which
is consistent with the material design. The peak quantum
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Fig. 6. (a) Saturated quantum efficiency spectra of the transferred device
and reference sample at 200mV applied bias voltage in front-side illumina-
tion configuration without any anti-reflection coating. Inset shows quantum
efficiency of the devices at 6.75 um in front-side illumination configuration
as a function of applied bias voltage.
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Fig. 7. Specific detectivity (D*) spectrum of the transferred devices on Si
and of a reference sample on native GaSb substrate at 200 mV applied bias
voltage, at 77K. Top-right inset shows the detectivity versus bias at 6.75um.
The specific detectivity is calculated based on the equation in the bottom-left
inset, where R; is the device responsivity, J is the dark current density, Rx A
is the differential resistancexarea product, ky, is the Boltzmann constant, and
T is the operating temperature.

efficiency and responsivity (@200mV) emerging at a wave-
length of 6.75m are about 46.2% and 2.44 A/W, respectively,
which are 2.3 times higher than that of the reference sample.
As the bias increases from 200 to 250mV, a maximum
quantum efficiency of ~49% is obtained.

After performing both optical and electrical characteri-
zation, the specific detectivity (D*) was calculated for the
transferred LWIR photodetectors at 77K. Fig. 7 shows the cal-
culated detectivity for the transferred LWIR T2SL photodetec-
tors on Si and for a reference sample on native GaSb substrate.
The peak detectivity at 6.75um is 1.6x10'! cm-Hz!/2/W at a
forward bias of 200 mV, which is 2.4 times higher than that
of the reference sample. The maximum detectivity reaches as
high as 3.2x10" ¢m-Hz!/2/W at a forward bias of 150mV,
as shown in the top-right inset of Fig. 7.

For these substrate-transferred thin-film Sb-based photode-
tectors, there is a clear oscillation throughout the optical
response spectrum due to Fabry-Perot resonances within the
thin-film device. Fig. 8(a) shows the photoresponse and
simulated transmission spectra from a 3.81um-thick pixel
transferred on Si. The height of 3.81 xm is obtained from
the measurement with an optical profiler, as shown in inset
of Fig. 8(a). The oscillations observed in the photoresponse
spectra are consistent with the Fabry-Perot modes confined
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Fig. 8. (a) Photoresponse and simulated transmission spectra from a 3.81xm-
thick pixel transferred on Si. (b) Experimental photoresponse and calculated
transmission oscillations for incoming light. Inset shows the height of the
transferred pixels from optical profilometry.

within InAs/AlAs|_xSbx/InAs;_xSbx T2SL thin-film photode-
tectors on Si from the two-dimensional finite-difference time-
domain (2D-FDTD) simulation. Here, the 2D-FDTD optical
simulations were carried out for the Sb-based T2SL thin-
film structure, which has a measured thickness of 3.81 um
and a width of 100 um. A plane-wave with a wavelength
range of 2-10 ym was used as the incident light source,
which is placed 15 um from the Sb-based materials. A fre-
quency domain field and power monitor was placed inside
the InAs/AlAs| _xSbx/InAs|_xSbx T2SL thin-film to check the
transmission spectra. An Ti/Au (40nm/150nm) layer sequence
was placed at the bottom of the Sb-based T2SL thin-film. The
simulation domain was set with a width of 100 gm and with
50 um in thickness, with periodic boundary conditions and
perfectly matched layers. The effective refraction index of the
Sb-based T2SL was chosen from fitting experimental data.
No optical absorption was considered in the simulations. The
confinement originates from the reflections that occur between
the Ti bottom contact and the InAsSb/air interface. In general,
the resonant wavelengths for different mode numbers (m=4,
..., 10) can be calculated with the relationship:

ml/2 =n(l) x L,

where n(4) is the dispersive refractive index and L is the
thickness of the T2SL photodetectors transferred onto Si.
Fig. 8(b) shows that the calculated transmission peaks match
well with the experimental results, which further confirms that
the oscillations in the photoresponse spectra are attributed to
Fabry-Perot resonances. It is worth noting that these Fabry-
Perot oscillations will be reduced and a nearly flat response
spectrum from these substrate-transferred on-chip thin-film
photodetectors can be expected if a broadband anti-reflection
coating is applied to the InAsSb/air interface. In addition,
one probable reason that it cannot be observed such enhance-
ment at shorter wavelengths is due to the Ti/Au reflector at
the bottom has a lower reflectivity for the short-wavelength
infrared range. Therefore, the performance of these substrate-
transferred detectors will be further improved with better
optical designs to reduce the loss at the metallic contact
interface with the Sb-based materials and application of an
anti-reflection coating to the top surface.
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IV. CONCLUSION

In summary, an array of high-performance LWIR Ga-
free InAs/AlAs;_xSbx/InAs;_xSbx T2SL photodetectors were
successfully integrated onto Si substrate through wafer bond-
ing of 1x1 cm? thin films, substrate removal, and standard
device processing. These transferred devices displayed a cut-
off wavelength of 8.6 um at 77 K. At the peak response
of 6.75 pum, the transferred photodetector revealed a quantum
efficiency and responsivity of 46.2% and 2.44 A/W at 200mV
bias, respectively, when it was under front-side illumination
and with no anti-reflection coating. The dark current density
of the transferred photodetectors under 200 mV bias at 77K
reached 5.7x 10~* A/cm?, exhibiting no electrical degradation
compared to reference samples on native GaSb substrates.
The devices also demonstrated a saturated dark current shot
noise limited specific detectivity of 1.6x10'! cm-Hz!/2/W at
6.75 pum, under 200mV bias, at 77 K. Being compatible with
traditional semiconductor processing techniques, this reliable
large-area transfer method and high-yield fabrication of high-
performance Sb-based T2SL micro-pixel photodetectors on
Si substrates will allow new applications for this material
system. This technology offers a straightforward, yet simple,
technique for hybrid integration of Sb-based T2SL photode-
tectors with silicon readout integrated circuits (ROIC) for
focal plane array (FPA) imaging applications. In addition,
this work also presents a feasible solution for heterogeneous
integration of high-performance Sb-based electronic devices
like high electron mobility transistors (HEMTs) and metal-
oxide-semiconductor field-effect transistors (MOSFETS) on a
Si microelectronics platform.
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