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ABSTRACT: We report the first study on a GaAs/GaAsSb core—shell
(CS)-configured nanowire (NW)-based separate absorption, charge control,
and multiplication region avalanche photodiode (APD) operating in the
near-infrared (NIR) region. Heterostructure NWs consisted of GaAs and
tunable band gap GaAs,_,Sb, serving as the multiplication and absorption
layers, respectively. A doping compensation of absorber material to boost
material absorption, segment-wise annealing to suppress trap-assisted
tunneling, and an intrinsic i-type and n-type combination of the hybrid
axial core to suppress axial electric field are successfully adopted in this work
to realize a room-temperature (RT) avalanche photodetection extending up
to 1.3 ym. In an APD device operating at RT with a unity-gain responsivity
0f0.2—0.25 A/W at ~5 V, the peak gain of 160 @ 1064 nm and 18 V reverse
bias, gain >50 @ 1.3 pm, are demonstrated. Thus, this work provides a
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foundation and prospects for exploiting greater freedom in NW photodiode design using hybrid axial and CS heterostructures.

KEYWORDS: core—shell nanowires, avalanche photodiodes, SAM-APD, GaAsSb, hybrid axial/CS NWs, near-infrared, photodetector,
non-selective growth, ensemble nanowires, self-catalyzed, VLS/VS growth

B INTRODUCTION

The infrared detection and imaging technology has grown
enormously in the past few decades. Applications include optical
interconnects,’ light detection and rangin >3 autonomous
vehicle trackers and atmospheric sensing,” communication
systems, quantum computing,4 medicine,” and astronomy.6
Semiconductor-based avalanche photodiode (APDs) and p—i—
n heterostructures are the commercially dominant technologies
representing the most advancement in this field. III-V
semiconductor APDs, dating nearly half a century in history,
have recently been shown to have improved gain and
sensitivity”® by shrinking the impact ionization region in the
sub-micron heterostructure. Flexibility in design architecture,
material choice, and fabrication process are the key driving
factors in semiconducting materials compared to alternative
superconducting materials in the short-wavelength infrared
(SWIR) range. Quantum heterostructure inclusion’ and
nanophotonic resonances’ provide additional design freedom
in this sector.

InGaAs/InP-based single-photon avalanche diodes are one of
the most promising candidates in SWIR region photodetection
with very low dark currents and high detection efficiency.'”"'
Dark count rates (DCRs) as low as 3 kHz, jitter time as low as 30
ps up to 1.6 ym wavelength, with 45% detection efliciency, have
been demonstrated for single-photon detection.”'” A low dark
current of 10—300 nm with a 3dB bandwidth of 80 GHz has
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been shown with a thin multiplication layer" in this material
system. Germanium (Ge)-based APDs are another promising
candidate for photodetection in the SWIR region. Multiplication
gain as high as 680 at 8 V reverse bias'* has been reported,
enabling 43 Gb/s speed at 1550 nm with a bit-error rate of
10121

A significant performance improvement over the current
planar technologies can be accomplished using lower 1D
dimensional nanowire (NW) structures exploiting their unique
optoelectronic properties. The small footprint and 1D geometry
of the NWs provide further versatility in implementing a wide
variety of different architectures and band gap engineering that
are not conceivable in thin-film photodetectors. III—V APDs in
the ensemble NW configurations exhibit advantages of strain
relaxation,'® waveguide effects,'”'® and compatibility with the
mainstream silicon technology.'® Lower breakdown voltage,
reduction in the DCR, and jitter time” are the other potential
outcomes of reducing to lower dimension geometry structures
allowing for higher photon counting rates with room-temper-
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Figure 1. (a) SEM image of top silver (Ag) contacts onto NWs, (b) SEM image of ensemble NWs grown on the Si < 111 > substrate (10% Sb
incorporation) with a SNW at the inset, (c) NW diameter distribution, and (d) NW length distribution. Approximately 90 measured NW lengths and
70 measured diameters across the samples are plotted to get a normal distribution.

ature (RT) detection. While the capabilities of nanoscale devices
are constantly being pushed, research in III-V semiconductor
NWs can propel these advances to new heights using
combinations of different material systems and architectures.

NW APDs have been demonstrated in several configurations,
namely, single silicon (Si) axial p—i—n NW homojunction,zo_22
single axial InP with InAsP quantum dots (QDs),” crossed p-
Si/n-CdS NWs, core—shell (CS) GaAs junction,l’24 separate
absorption and multiplication (SAM)-based selectively grown
axial InGaAs nanopillars (NPs),” InGaAs/GaAs NW hetero-
junction,” InP/InAsP NW heterojunction,'® and axial tapered
InP arrayed axial p—n junction NWs.*® Farrell et al.”
demonstrated work on vertical InGaAs-GaAs NW arrays using
the SAM-APD configuration in the near-infrared (NIR) region,
revealing the high capability of NW-APD in achieving a low
DCR and timing jitter with significantly high photon count rates.
A substantial gain value exceeding 104 is reported by Bulgarini et
al.” in InP semiconductor NW embedded with InAsP QDs,
enabling the detection of a single photon in the NIR region. A
work on GaAs CS nanoneedle APDs by Chuang et al.”*
showcases high avalanche multiplication at RT at a significantly
lower breakdown voltage. Parakh et al.”” recently demonstrated
an axially configured ensemble of NW APDs, with a low
breakdown voltage and significant gain exceeding 200 at RT on
an arsenide-antimonide system. It is evident that most of the
prior work is dedicated to arsenide material systems, with no
reports on antimonide material systems in the CS NW
configuration despite its promising application wavelength
range in the NIR region.

This paper explores a self-catalyzed, epitaxially grown GaAs/
GaAsSb CS-based NW separate absorption, charge control, and
multiplication region (SACM) APD for near-infrared (NIR)
photodetection. GaAs and GaAsSb material systems in an NW
configuration having a single group III element have the
advantage of a broader growth window due to the high vapor
pressure group V species impinging on the droplet predom-
inantly responsible for the growth, in comparison to the multiple
group III material systems with widely different diffusion
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lengths.”**” Furthermore, self-catalyzed GaAsSb NWs have the
advantage of phase purity exhibiting only zinc-blende (ZB)
crystal structure essentially free of planar defects”””" as opposed
to polytypism in competitive InGaAs NW counterpart. 3233
Additionally, a CS architecture enables better passivation and
shielding of the active junction from surface disorder and
provides a better pathway for strain relaxation, particularly in
highly lattice-mismatched heteroepitaxial layers than their axial
counterparts.”* Also, CS-configured NWs offer increased device
sensitivity due to the decoupling of vertical light absorption and
radial carrier generation.37 However, Sb-deficit regions at the
tips and interfaces and inhomogeneous composition distribu-
tion with a spontaneous CS structure’ are some of the issues of
this material system. Despite these problems, large carrier
mobilities™® and larée spin—orbit coupling®® with superior
absorption properties™*” in the telecommunication wavelength
region, along with exceptional crystal phase purity, add
tremendous value to photodetection applications.

In this work, we present a systematic study of GaAs/GaAsSb-
based CS NW heterostructure design in achieving RT
photodetection up to 1.3 ym using a tunable band gap GaAsSb
absorber material, a wider-band gap GaAs multiplication, and
charge control regions. A narrow band gap region for light
absorption and a higher band gap multiplication region are
designed to enable low noise photodetection. The absorption
band of GaAsSb covers the entire telecommunication bands up
to the C band (1530—156S nm), which can be tuned simply by
varying the Sb composition. Thus, our CS NW device uses a
tunable band gap GaAsSb as the absorber material. The APD
heterolayer structure exhibited pure ZB phase free of planar
defects over most of the NW length. The composition of
GaAs;_,Sb, corresponds to the band gap range of 1.25 to 0.95
eV, as determined from photoluminescence measurements.
Temperature-dependent current—voltage (I—V), capacitance—
voltage (C—V), low-frequency noise (LFN) measurements, and
intensity dependence of photocurrent measurements are
utilized to get more insights into the material and interface
traps and their effects on the nature of the breakdown
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mechanisms. These were then used to suppress the band-to-
band tunneling responsible for Zener breakdown in the
nanoscale-wide heterostructures via judicious 3D heterostruc-
ture design to impact the ionization process with improved
photodiode performance.

B EXPERIMENTAL DETAILS

Samples were grown on an epi-ready n-type Si (111) substrate via the
vapor—liquid—solid (VLS) mechanism by molecular beam epitaxy
(MBE) using As, and Sb, species at a varying growth temperature from
550 to 615 °C. The Ga cell temperature and arsenic (As) cracker cell
temperature set for As, species were preset to a beam equivalent
pressure (BEP) group V/III ratio of 10 to yield a nominal GaAs thin-
film growth rate of 0.25 monolayer/second (ML/s). Ga pre-deposition
of 10 s was used for self-catalyzed growth. The GaAs core was grown ata
temperature of 600 °C at a BEP ratio of 10, followed by intrinsic and Be-
doped GaAs segment growth at 550 °C at a BEP ratio of 12. The
substrate temperature was increased to 590 °C for the GaAsSb
absorption layer and the growth of the highly p-doped GaAsSb contact
layer. The Sb composition of the GaAsSb layer varied from ~5 to ~30
at. %. The composition estimation is based on the extensive prior work
of our group on detailed measurements of composition versus low-
temperature photoluminescence variation in the CS configuration.”>*”
Finally, a low-doped passivation layer of AlGaAs was grown at 465 °C
for 8 min, followed by an intrinsic GaAs segment growth for 2 min. A
Su-8 polymer was spin-coated and etched to the desired height to
expose NW tips before the chemical treatment to remove the
passivation layer. Silver (Ag) NW contacts (Figure 1a) to the exposed
NW tips and silver paste on the bare Si surface served as top and bottom
contacts, respectively, such that an ensemble of NWs is contacted in
parallel.

The optical characteristics of NWs were investigated using micro-
photoluminescence (u-PL) at RT and 4 K on a low-vibration closed-
cycle optical cryostat from the Montana Cryo-station using a 633 nm
He—Ne laser excitation source. The surface morphology of NWs was
characterized using Carl Zeiss Auriga-BU FIB field emission scanning
electron microscopy (SEM). I—V characteristics of ensemble NWs
were obtained using two probe Keithley-4200 semiconductor
parameter analyzer systems integrated with a radiation shield equipped
with a Lake Shore TTPX probe station. A microHR (LSH-T250)
Horiba spectrometer equipped with a tungsten-halogen lamp excitation
source was used for studying the spectral photo-response. The optical
illumination area of 0.2 cm® is assumed to be representative of our
device contact area. Finally, a LFN setup consisting of two independent
low-noise current preamplifiers and a dynamic signal analyzer were
used to measure the LEN. The measurements were carried out from 1
to 3200 Hz, and the data were averaged over 100 sets of readings. The
capacitance—voltage measurement was performed using a Keithley
4215-CVU low-noise capacitance unit capable of measuring
frequencies from 10 kHz to 10 MHz. It is to be noted that an AC
signal of 30 mV and 1 MHz is applied for a typical capacitance
measurement of our devices. COMSOL Multiphysics Finite Element
Method (FEM) simulations have been performed for a range of doping
and NW segment thicknesses for the proposed NW structure to get an
estimate of the electric field (E-field) in the heterostructure. High-
resolution scanning transmission electron microscopy (HRSTEM)
images, transmission electron microscopy (TEM) images, selected-area
diffraction patterns (SAED), and energy-dispersive X-ray spectroscopy
(EDS) elemental maps were acquired on a probe-corrected Thermo
Fisher Titan G2 operated at 200 kV. EDS maps were acquired with a
probe current of ~250 pA. EDS maps were processed to subtract the
background using standardless techniques in Velox. HRSTEM images
were acquired using both bright field and dark field detectors. The
probe semiconvergence angle was measured at ~19 mrad.

APD Device Design. A separate absorption of GaAsSb with varying
Sb composition, a charge sheet layer of p-GaAs, and a higher band gap
GaAs multiplication region was used in a CS configuration. The
composition of Sb in the GaAsSb region ranged from 7 to 30 at. % to
tune the absorption wavelengths in the APD structure from 0.95 to 1.3
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um, corresponding to a band gap PL emission range of ~1.25 to ~0.95
eV (Supporting S1c). An optimum doping concentration and segment
thickness were extracted from E-field simulations (using COMSOL
Multiphysics) of the structures of varying segment thicknesses and
doping profiles (Supporting S2) that would provide E-field strength >1
X 10° V/cm in the multiplication region to initiate the avalanche
mechanism."*’ The doping density of each segment was calculated
experimentally using a combination of X-ray photoelectron spectros-
copy/ultraviolet photoelectron spectroscopy (XPS/UPS) and con-
ductive atomic force microscopy (C-AFM)/scanning Kelvin 4probe
microscopy based on our earlier work by Ramaswamy et al.""** and
Devkota et al.” The Be- and Te-doping density of different segments
was estimated using a combination of XPS/UPS,**** from quantifying
the corresponding shift in the Fermi level toward the valance and
conduction bands, respectively. These values were further confirmed
from electron/hole densities computed from I—V characteristics of C-
AFM measurements of the single nanowire (SNW). The overall
accuracy of the doping density of SNW is estimated to be +5%.>**° The
individual axial segment growth rates were calculated from SEM images
performed on segment-wise CS APD structure growth, as shown in
Supporting S3.

A radial thickness of GaAs n-core of ~35—40 nm has been selected
based on the optimized growth conditions of n-core on the n-Si < 111 >
substrate. Similarly, the choice of doping density of 2.0 X 10'®/cm? for
the n-GaAs core is representative of the optimized Te-dopin
conditions that yielded the best NW optical properties and verticality.*
The thicknesses and doping of i-GaAs, p-GaAs, and GaAsSb absorber
regions have been tuned to minimize the breakdown voltage in the NW
device within the possible growth limits. The simulated E-field profile
along the radial direction and E-field profile of the device at 0 and 14 V
reverse bias, for ~20 nm radial thickness of the multiplication region,
can be found in Supporting S4. The simulated value of the E-field is
about 5 X 10° V/cm, which is sufficient to initiate the avalanche
mechanism in the GaAs material at a reverse bias >14 V. Further
decrease in the thickness resulted in a significant deviation from APD
I-V characteristics due to an increase in tunneling current.

The details of the designed GaAsSb/GaAs CS SACM APD
structures are summarized in Table 1, and a typical SEM image of as-

Table 1. Device Structure Details

material doping (cm™) radial thickness (nm)
GaAs 5.0 X 10'® (n+ -type) 35—40 nm (core)

GaAs undoped 20—40 nm (intentionally varied)
GaAs 7.0 X 10" (p-type) 10—15 nm

GaAsSb 7.0 X 10" (p-type) 20—35 nm (intentionally varied)
GaAsSb 7.0 X 10" (p+ -type) 5—10 nm

AlGaAs undoped 10—15 nm

GaAs undoped 5—10 nm

grown APD NWs is shown in Figure 1b. The average length and
diameter of NWs were 2.5 ym and 240 nm, respectively. The
distribution of NW diameter and length in the samples is shown in
Figure 1¢,d, respectively.

Figure 2a shows a schematic of the proposed CS structure. A
schematic of the band profile along the radial direction (as shown in
Figure 2b) of designed SACM-APD NWs at zero bias and reverse bias
conditions are shown in Figure 2c,d, respectively.

B RESULTS AND DISCUSSION

First, the avalanche characteristics of the structure shown in
Figure 2a are presented and analyzed. This is followed by the
study on segment-wise annealing on each grown segment of the
APDs to suppress the trap-assisted transport mechanism and
improve device stability. Finally, tuning of the breakdown
voltage via judicious modification of the 1D heterostructure and
spectral wavelength tuning with increased Sb incorporation in
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respectively.

the absorption region is discussed. A study on four
representative APD NWs is discussed below.

B AVALANCHE CHARACTERISTIC STUDY: R10

The characteristic features of the first reference sample SACM-
APD device referred to as R10, reported in the first part of this
work, correspond to a core n-GaAs core diameter of 35 + Snm, a
radial multiplication thickness of 25—30 nm, a p-GaAs charge
control layer of 12 + 3 nm, and an absorption layer thickness of
25 + 3 nm with an Sb incorporation of ~10 at. %.

The I-V characteristics of the R10 sample are shown in
Figure 3a under dark and illumination of 1064 nm
monochromatic light at 200 K. A low dark current of ~10 nA
is observed at the punch-through voltage of ~5 V, which
gradually increased to ~10 A before the onset of breakdown at
approximately 30 V at 200 K. The current compliance of the
system was set to approximately near breakdown voltage (Vgg)
to prevent high current flow and thus damage to the device. It is
to be noted that dark current at a unity-gain voltage of ~1.8 V
was taken in gain computation, and the dark current value,
including persistent photocurrent increase in the illuminated I—
V characteristics, was considered in the gain calculation (refer to
Supporting SSa for observed persistent photocurrent with 633
nm laser illumination). For a temperature of 200 K, an
approximate gain of over 300 is estimated under 1064 nm
light illumination with an intensity of ~8 mW/cm? as shown in
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Figure 3a. The gain curve exhibits a small gain up to ~8 V reverse
bias, after which an exponential increase in gain was observed.
This indicates that the generation of photocarriers is not
dominated by impact-ionization, but by photo-absorption up to
8 V reverse bias, beyond which the E-field strength is sufficient to
initiate the exponential impact ionization process. A unity-gain
responsivity of 0.2—0.25 A/W is achieved at ~1.8 V, which is
higher than reported values for pure GaAs NWs** and
comparable to the GaAs NW APDs."** The computation of
device responsivity in this work is discussed elsewhere.* It was
noted that the device showed a marginal increase in dark current
after shining light, and we attribute this observation to the trap
filling on illumination and slow release of carriers by the traps
thereafter under dark DC sweep (Supporting S5a). Figure 3b
shows the result of repeated DC voltage sweeps on Vg at 200 K.
A considerable fluctuation in the breakdown voltage is observed
during the initial sweeps, with the fluctuation range decreasing
and a decrease in dark current on repeated DC I—V sweeps
(inset as shown in Figure 3b).

Breakdown characteristics from 150 to 250 K under dark
conditions (Figure 3c) reveal a positive temperature coefficient,
a signature of an avalanche breakdown mechanism. The
photocurrent cut-off wavelength of 1060 nm is consistent with
the RT PL spectral peak observed on this sample (Supporting
Sla). At 200 K, a dark current of ~10 A is observed at the
breakdown voltage. A temperature coeflicient of ~10 mV/K is
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observed up to 225 K, close to the reported temperature
coefficient in GaAs.”*” A negative dependence on breakdown
observed at a temperature exceeding 225 K indicates the
dominance of the tunneling mechanism over the impact-
ionization generation mechanism. A shift of 5—10 V in Vg
toward higher voltage is noted after initial sweeps with minimal
change in repetition thereafter (Supporting SSb). The sizeable
initial shift in Vyp with I-V sweeps is attributed either to
annealing of the NW and NW/contact interface and/or burning
of very low diameter NWs present under an NW contact,
resulting in near-consistent I—V characteristics stabilizing at
lower dark current (refer Supporting SSa for the observed
hysteresis at the beginning compared to the stable operation of
the device). The effect of annealing is consistent with similar
changes reported in the avalanche characteristics of the InP/
InAsP APD device by Jain et al.'® At 250 and 77 K, the variation
in breakdown characteristics was found to be in the range of 30
+ 3 and 25 + 4V, respectively. We attribute this Vy variation to
contributions from (i) the non-uniformity in the thickness of the
grown NW samples (as shown in Figure 1b,c) and (ii) doping
variation among the segments in ensemble NWs. One or both
possibilities can profoundly affect the threshold E-field required
for the onset of punch-through and the Vg of the device.
Furthermore, the trap filling after the initial sweep factor also
contributes to the observed variation in V. The overshooting
observed in a few scans at ~27 V, as shown in Figure 3b, is
speculated to be the effect of burning of comparatively lower
diameter NWs under repeated I—V scan, which is also
manifested in the observed shifting of Vyy toward higher voltage
with the increasing number of scans (inset 3b). The power
dependence of photocurrent characteristics is given in Figure 3d,
which shows a linear increase in photocurrent with illumination
power. For higher bias voltage, an indication of saturation of
absorption in NWs was observed at an illumination power >7
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mW, which may be a result of increased carrier recombination
and lateral spreading of the photoexcited carriers due to the
presence of traps. Lower variation in breakdown voltage was
observed at higher temperatures, revealing the dominance of the
generation-current component over the band-to-band tunneling
as expected.” The wavelength dependence of APD devices
(Figure 3e) at different reverse bias voltages exhibited good
photo absorption up to 1064 nm with the cut-off after 1100 nm.
It is to be pointed out that device failure occurred for the
illumination power >15 mW and for reverse bias voltage
exceeding 30 V.

The C—V characteristics at 300 K did not reveal any clear
capacitance variation trend with voltage and are hence not
shown here. At 200 K and under 1064 nm illumination (Figure
4a), a gradual decrease in capacitance with reverse bias indicates
the progressive depletion of the charge layers. At 25 V reverse
bias, rapid change of device capacitance is a signature of rapid
channel depletion and increased carrier multiplication. Invariant
and stable capacitance for frequency above 400 kHz is a true
representative of the device capacitance value as the impedance
across the capacitance will be lower at these frequencies.
However, at lower frequencies (Figure 4b shows the C—Vat 100
kHz), the ac impedances of resistors and capacitors become
comparable, and the C values are not a true representative of the
device capacitance (Figure 4b). LFN characteristics were also
examined under dark and illumination settings for a reverse bias
up to 10 V (see Figure 4c—e). A clear increase in the average
noise level was observed with increasing bias under illumination,
especially above the punch-through voltage compared to below
punch-through (<S5 V). A change in the noise level is observed
only after likely punch-through (see Figure 4d,e) due to
increased randomness of the carriers via enhanced generation—
recombination (G—R) noise. A signature of 60 Hz noise from
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the source panel is observed in the LFN characteristics in Figure
4c—e.

M EFFECT OF SEGMENT-WISE HETEROSTRUCTURE
ANNEALING: S10

The effects of annealing on the device characteristics were
studied under ultra-high vacuum @1.5 X 107'° Torr ambient for
each grown NW segment on the device characteristics. Segment-
wise in situ annealing of the heterostructure NWs for 120 s was
adopted along with post-growth in situ annealing at 465 °C for 5
min. The i-GaAsSb layer segment was compensated with n-type
Te-doping for 5 s over a 1 min interval to achieve lower intrinsic
doping in the region. The details of compensation for the
intrinsic p-nature of GaAsSb for the enhancement of absorption
and material properties are discussed elsewhere.** The
compensation of the Sb absorber region and hence the increase
in absorption efficiency were marked by a substantial increase in
the responsivity and external quantum efficiency.*® This sample
with ~10 at. % Sb incorporation in the absorption region
combined with segment-wise annealing shall be referred to as
S10 hereafter.

A TEM image of representative APD NW is shown in Figure
Sa. Figure Sb—g represents the HRTEM images and
corresponding SAED patterns for the NW top, middle, and
bottom segments, respectively. The bottom and mid segments

5099

exhibit < 111 > oriented pure ZB crystal phases with no planar
defects, for example, stacking faults, indicative of the superior
structural and interfacial quality of the multilayer APD NW
heterostructure and absence of dopant segregation. This may be
considered evidence of the success of our growth pauses and
annealing process approach after each segment in samples S10,
S10T, and H30. However, the NW tip is characterized by planar
defects, primarily twins, as evidenced by the HRTEM image.
The high defect density at the tip is manifested in the broadening
of the center electron beam spot in the corresponding SAED
pattern. The deteriorating interfacial quality is most likely
associated with a remnant Ga droplet, leading to continual axial
growth and shell growth. High-angle annular dark-field scanning
TEM (HAADF STEM) imaging overlaid with false-color EDS
mapping (Figure Sh—j) and analogous compositional line scans
for both the bottom and mid segments shows clearly the CS
geometry delineating the GaAsSb absorption layer, as confirmed
by the color contrast and Sb-rich region at the NW outer shells
along the radial direction; these can be compared to the
schematic of the growth structure in Figure 2a. As these are
atomically “thick” NWs, delocalization of the EDS signal due to
probe broadening is expected to result in the interface
broadening. Furthermore, the Sb atomic percent is significantly
lower than the expected Sb 10 at. % due to the X-ray signal
emanating from the large interaction volume spanning adjacent
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GaAs layers, which provides an average composition. Similarly,
the lack of the Al peak at the outermost passivation layer is due to
a very thin passivation outer layer, possibly couple of
monolayers, coupled with the software attempting to do the
compositional analysis on the adjacent vacuum area. The TEM
images of more representative NWs from random multiple NWs
are included in Supporting S6 and demonstrate the typical
variation observed in NW structures.

The I-V characteristics, gain spectral response, and C—V
measurements of the S10 devices thus obtained are shown in
Figure 6.

Increased repeatability of I-V characteristics with a reduction
in hysteresis (Figure 6a) under dark conditions and minimal
change in the breakdown characteristics are the improvements
of this device over the R10 sample (Figure 3b). These indicate a
trap state reduction in the heterostructure interfaces with
segment-wise growth annealing. The device showed spectral
sensitivity up to 1100 nm (as shown in Figure 6b,e). A positive
temperature coeflicient of ~30 mV/K of Vy; in the reverse bias
I-V characteristics observed over a broader temperature range
of 77-300 K, as shown in Figure 6c, attests to avalanche
characteristics. We hypothesize that the increase in the
temperature coefficient of breakdown voltage from sample
R10 to S10 is caused by dopant redistribution/diffusion in the
multiplication segment with annealing. Since the length of the
multiplication region is very thin (~25—30 nm radially), a slight
change in the dopant distribution can induce a substantial
fluctuation in the device characteristics. A device gain exceeding
150 at 1060 nm wavelength at RT is achieved at reverse bias
exceeding 35 V (Figure 6d,e). To confirm avalanche character-
istics, C—V measurements were taken at two temperatures of
200 and 300 K (see Figure 6f), which showed an increase in the
device breakdown, suggesting slower depletion of the NW
channel with the temperature rise.

B Vgz AND ABSORPTION WAVELENGTH TUNING:
S10T AND H30

To further lower the breakdown voltage of the NW APDs, a
thinner multiplication layer of GaAs (20—25 nm) was examined
to augment the critical E-field intensity for impact ionization
(Supporting S7). However, a reduction of the multiplication
thickness below 25—30 nm resulted in a large device dark
current beyond punch-through and the disappearance of
avalanche breakdown characteristics at RT (Supporting S8)
due to enhanced tunneling probability. This sample shall be
referred to as S10T hereafter. It is to be noted that significant
contribution from the axial E-field is very likely in the thin
multiplier sample (S10T) and earlier designs [original sample
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(R10) and segment-wise annealed sample (S10)] as the
thicknesses of radial and axial growths are expected to be
comparable during vapor-solid (V—S) growth of the shells. It is
very likely; as this is an ensembled NW device, the absence of
reflected flux from the substrate, as shown by Sharma et al.*” in
the modeling of GaAsSb-patterned NW arrays, the axial growth
can be lesser than radial growth and hence can provide a
dominant path for carrier multiplication. This becomes more
pronounced for smaller multiplication thicknesses as the E-field
through the axial structure can become very high compared to
the radial E-field, triggering Zener breakdown. Therefore, an
intentional i-GaAs layer of ~400 nm was axially grown on top of
the n-core GaAs region to suppress the axial E-field strength
through the top segment of NW heterostructure and for better
radial E-field confinement. A schematic and E-field distribution
for this new design can be found in Supporting S4. Compared to
the original (R10) and segment-wise annealed (S10) samples,
an apparent decrease in the axial E-field toward the absorber
region is achieved with this design (refer to Supporting S2 and
S4 for comparison). A new architecture showed a reduction in
axial E-field strength, thus lowering the contribution of axial
carrier multiplication and/or tunneling in the presence of a high
E-field. This design lowered the avalanche breakdown voltage to
18 + 3 V at RT for the multiplication layer GaAs thickness of
~20—25 nm. Successful validation of the proposed change in the
NW APD structure is shown via the change in I-V
characteristics and illumination-dependent I—V characteristics,
as shown in Supporting S9 (compared to S8) and referred to as
H10 sample.

To further extend the spectral sensitivity beyond 1300 nm, the
Sb/As flux ratio was increased in the absorption layer. This
sample represents ~30 at. % Sb incorporation into the
absorption region with a thinner multiplication region of 20—
25 nm; segment-wise annealing shall be referred to as H30
hereafter.

SEM images and corresponding 4 K PL band emissions
observed for this sample are shown in Figure 7a,b, respectively.
An increase in 2D growths and an NW diameter increase of 15 +
3 nm for the same growth duration are characteristic of increased
Sb incorporation into the absorption region. 4 K PL exhibits a
redshift consistent with band gap reduction for higher Sb
concentration with a broad peak consisting of multiple GaAsSb-
related peaks spanning from 0.85 to 1.05 eV (Figure 7b). The
low intensity and the presence of multiple peaks are attributed to
the Sb-related defects originating from the impingement of high
Sb flux and the stress arising from the lattice mismatch between
the GaAs and GaAsSb, which has been discussed in detail in our
earlier work.>° The compositional variation in the grown
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structures in the presence of high Sb flux is found to cause such
features elsewhere.”'

The temperature dependence of the [-V characteristics under
dark conditions, ranging from 150 to 300 K (Figure 8a), shows a
positive temperature coeflicient of ~35 mV/K. An increase in
the temperature coefficient was observed compared to the
previous segment-wise annealed sample (S10). This effect is
attributed to the possible increase in the dead space effect’” and
radial E-field, resulting from multiplication thickness reduction
and axial E-field suppression. All of these factors are likely to
change the ionization probability, and the contribution of each
can be a subject of further study. An increase in the dark current
magnitude by 1 order was observed, which is attributed to a
much lower band gap absorption region in this thinner-
multiplier region and high Sb composition (H30) sample,
resulting in increased band-to-band tunneling through the
segment and thus the dark current. Figure 8b shows the result of
numerous dark scans at different spots of the NW sample, with
the breakdown voltage fluctuating by ~3 from 18 V. Few
premature and higher voltage breakdowns are observed at a few
spots due to the unavoidable inconsistency of NW diameters
and parasitic growth in non-patterned ensemble NW growth.
The spectral I-V measurements of the device (Figure 8c,d)
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showed a gain response up to an illumination wavelength of
1200 nm and tapering off rapidly beyond 1300 nm. C-V
characteristics (Figure 8e) at 1200 nm under illumination
carried out at two different temperatures, 300 and 200 K,
exhibited a breakdown at ~20 and ~17 V reverse bias, beyond
which the device capacitance remained invariant with further
bias increase. The C—V characteristics of the device support the
positive temperature coefficient observed in the corresponding
I-V plots.

Voltage-dependent LEN measurements of the device under
the dark are shown in Figure 9. At 300 K, a significant increase in
noise was seen with increasing reverse bias, flanked by G—R
noise exhibiting Lorentzian characteristics at lower frequencies
and a 1/f dependence at higher frequencies, attributed to the
presence of traps in the device (Figure 9a). The 1/fnoise at 150
K exhibited weak bias dependence at voltages exceeding SV,
indicating punch-through voltage. An increase in multiplication
noise at a lower temperature (150 K) was markedly indicated by
a significant increase in G—R noise and a change in 1/f noise
characteristics of the device. The difference in the noise
characteristics with temperature is a likely effect of the reduction
in the thermal carrier density present in the carrier-multi-
plication path and trap activation. At lower temperatures, the
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freeze-out of deeper trap states can also have a role in lowering
the E-field to deplete the NW and, thus, decrease the punch-
through voltage. This explains the dominance of multiplication
noise manifesting as less frequency-dependent noise at bias
exceeding ~5 V (Figure 9b) in this APD sample. A significant
increase in G-R noise at a lower frequency at > 6 V reverse bias is
speculated to be the contribution of the trap activation from a
discretized energy level of a certain depth. The deterministic role
of thermal carriers and trap activation with temperature on the
NW channel depletion and avalanche multiplication character-
istics is another significant aspect that needs further study. Also,
it is to be noted that system limitations impaired noise
measurements at a bias exceeding 9 V. The devices studied in
this work and their characteristics are summarized in Table 2.
A RT APD with a breakdown voltage of ~18 V and broad
spectral sensing from 633to 1300 nm wavelength is achieved
with ~30% Sb incorporation into our devices. While the
observed gain and spectral sensing are significant, the observed
Vgr is much higher than that reported in the literature in vertical
ensemble NW APDs."***” Further decrease in device dark
current and device consistency features is possible via pattered
growth of these heterostructures. Since the growth mechanism
of the NWs is non-selective, axial variation in the thickness of
individual growth segments can be pronounced due to the
shadowing effect,”” along with thickness disparity among the
NWs. All these can lead to more complex 3D E-field fluctuation,
deviating from the ideal E-field profile shown in figure
Supporting S2 and S4. Such thickness variation has also been
reported for patterned NW growths.”* A significant change in
the confinement energy is reported on NW QWs for a much
smaller NW thickness of ~5 nm with the change in NW
diameter.”> Although we do not expect significant carrier
confinement in our layers due to the much larger layer thickness,
marginal smearing of the interfaces can be expected. Non-
uniformity in absorption layer thickness and composition,
especially for higher Sb incorporation, as evidenced by larger PL
spectral FWHM observed in our NWs (Figure 7b), are other
contributing factors leading to non-uniform light absorption in
these NWs and variation in the Vy observed at different contact

sites, limiting the APD device performance. All these
detrimental effects can be suppressed in site-selective NW
growths. A study of the nature and roles of defects in the
complex architecture, intending to reduce tunneling compo-
nents, is essential to lower the device’s dark current for
improving the device sensitivity. Additional device engineering
architecture implementation is possible with plasmonic field
confinement,”” high band gap blocking layers,”® and impact
ionization engineering.”” Fitting the noise data with the GaAs
device model would provide better insights into the different
carrier recombination mechanisms and mitigation of CS
interface traps. Furthermore, investigation on optimization of
ohmic contacts, and simulation study of the dead-space effect
exploiting novel designs in our heterostructure, is crucial to
achieving low photon flux detection in the NIR region.

B CONCLUSIONS

In summary, we present a study on achieving avalanche
breakdown and spectral sensing up to 1.3 pgm by tuning the
Sb composition in the GaAs/GaAsSb CS NW SACM-APDs on
a Si substrate in the ensemble configuration for the first time.
Guided by simulation and a systematic approach to
experimental optimization in tuning the breakdown voltage
and suppressing the axial carrier tunneling in the CS architecture
led to the successful demonstration of an NW SACM APD.
Annealing proved to be the key to limiting the interfacial traps in
the CS APD architecture. The body of the multilayer NWs
exhibited a pure ZB phase with no planar defects, except for a
small region around the tip. The experimental optimization of
heterostructure annealing and a hybrid NW core design led to a
mean RT breakdown voltage as low as ~18 V with a positive
temperature coeflicient of 35 mV/K. RT gain reached 160 at 1.1
pum and 50 at 1.3 ym at 18 V, with a responsivity of 0.2—0.25 A/
W at a punch through of ~5 V. The avalanche breakdown
mechanism in the NWs was confirmed using the temperature-
dependent I-V and C—V characteristics. The C—V measure-
ments yielded a maximum capacitance of a few hundred femto—
farad under reverse-biased conditions, which is an important
consideration for high-speed applications. These show the
viability of the GaAs/GaAsSb material system utilizing hybrid
axial and radial design features as a promising candidate for
achieving high-performance nanoscale APDs.
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PL spectrum of samples under study; E-field distribution
of R10 CS-APD sample; SEM images of subsequent N-
doped, I-doped and P-doped (NIP) growth stages of
NWs; E-field distribution of the modified structure CS-

Table 2. Summary of Performance Metrics for the APD Devices under Study

Sb
incorporation multiplication cut-off
sample description (at. %) layer thickness maximum gain wavelength
R10 (reference sample) 10% ~30V @ 200K 25—30 nm >100 at —20 V and 1060 nm (200 K) 1.1 ym
$10 (S10 with segment-wise annealed) 10% ~35V@RT 25—30 nm >250 at—35 V and 1060 nm 1.1 ym
S10T (S10 with reduced multiplication layer 10% 20—25 nm
thickness)

H30 (S10T with hybrid device architecture and 30% ~18 V @RT 20—-25 nm >150 at 18 V and 1060 nm> 50 at 1.3 pm

increased Sb incorporation)

18 V and 1300 nm
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APD sample, H30; Vi change in unannealed NW APDs
with DC IV sweeps; EDS and HRTEM images of S10
representative samples; E-field intensity plots for multi-
plication region thickness and N-segment doping
variations; dark DC IV sweeps and wavelength-dependent
features of S10-T samples; dark and wavelength-depend-
ent DC IV features of H10 samples; voltage-dependent
CV characteristics of H30 samples; and contact perform-
ance distribution of CS-APD NW devices (PDF)
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