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b/GaAs axial configured nanowire-
based separate absorption, charge, and
multiplication avalanche near-infrared
photodetectors†

M. Parakh, R. Pokharel, K. Dawkins, S. Devkota, J. Li and S. Iyer *

In this study, molecular beam epitaxially grown axially configured ensemble GaAsSb/GaAs separate

absorption, charge, and multiplication (SACM) region-based nanowire avalanche photodetector device on

non-patterned Si substrate is presented. Our device exhibits a low breakdown voltage (VBR) of � �10 �
2.5 V under dark, photocurrent gain (M) varying from 20 in linear mode to avalanche gain of 700 at VBR at

a 1.064 mm wavelength. Positive temperature dependence of breakdown voltage � 12.6 mV K�1 further

affirms avalanche breakdown as the gain mechanism in our SACM NW APDs. Capacitance–voltage (C–V)

and temperature-dependent noise characteristics also validated punch-through voltage ascertained from

I–V measurements, and avalanche being the dominant gain mechanism in the APDs. The ensemble SACM

NW APD device demonstrated a broad spectral room temperature response with a cut-off wavelength of

�1.2 mm with a responsivity of �0.17–0.38 A W�1 at �3 V. This work offers a potential pathway toward

realizing tunable nanowire-based avalanche photodetectors compatible with traditional Si technology.
Introduction

Near-infrared (NIR) technology has inuenced a wide range of
technological advancements over the last few decades and has
become ubiquitous. With the increasing demand for low light
level signal detection in this wavelength range, avalanche
photodetectors (APDs) are becoming a cornerstone in a wide
range of commercial, military, and research applications,
including optical communication, single-photon detection, deep
space communication, surveillance, astronomy, autonomous
vehicle tracking, and quantum cryptography.1,2 Planar III–V APDs
currently represent state-of-the-art performance in the NIR
regime.4–6 However, their widespread applications are hindered
due to their incompatibility with the current CMOS technology
stemming from lattice mismatch with Si substrates, high-voltage
operation, device scaling challenges, low external quantum effi-
ciency, and the need for external quenching circuits. Nanowires
(NWs), due to their one-dimensional architecture and nano
footprint in two dimensions, offer unique and distinct attributes,
namely enhanced optical trapping, strong nanophotonic reso-
nances, reduced phonon scattering, elastic relaxation of lattice
mismatch constraints,7 ease of material combination along with
the implementation of a variety of different architectures
ol of Nanoscience and Nanoengineering,
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the Royal Society of Chemistry
providing enormous possible pathways, to address the chal-
lenges encountered in the planar conguration. In the APD
conguration, NWs offer distinct advantages of low breakdown
voltage, low excess noise factor by shrinking the multiplication
region to within the dead space thickness, and increased light
absorption features over their planar counterparts. Axially
congured NWs have the added advantage of high-quality
material growth and sharp interfaces that can be exploited to
achieve APDs with an exciting gure of merits such as increased
probabilistic gain, sensitivity to low photon ux, and small
response time. Compared to conventional planar APDs, NW
APDs offer the advantage of lower breakdown voltage, and the
capability to reduce the dark count rates (DCR) and jitter time.
These features are critical in pushing the fundamental limits on
higher photon counting rates.

III–V NW APDs have been demonstrated in different
congurations. These are InAsP quantum dots embedded in
a single InP p–n NW junction with optical avalanche multipli-
cation gain M > 104 for a single exciton at 40 K under the low
operating reverse bias of 8 V,8 core/shell GaAs p–n NW APDs
with surface plasmon-enhanced absorption taking into
consideration dead space effect revealing high avalanche gain
M � 216 at �12 V,9 low-temperature growth of needle-shaped
GaAs NW APDs with high multiplication gain M � 263 at
�8 V,10 separate absorption and multiplication (SAM) region
axial InGaAs/GaAs based NW array APDs operating in linear and
free-running mode and dark count rates (DCR) below 10 Hz,
respectively.11,12 Similarly, SAM-based single InP/InAsP NW axial
Nanoscale Adv., 2022, 4, 3919–3927 | 3919
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heterostructure APDs tuned to 1.55 mm absorption wavelength
with gain M up to 12 (ref. 13) and top-down fabricated axial InP
NW tapered array APDs demonstrate single-photon detection
over broad-bandwidth with external quantum efficiency
exceeding 85% (ref. 14) have been reported. Thus, increased
multiplication factors with deterministic gain characteristics at
lower breakdown voltages (VBR) and broad-spectrum detection
of single photons at room temperature (RT) operation have
been successfully demonstrated in III–V NW APDs. However,
most of the NW APDs are either based on a single NW cong-
uration or arrays grown on patterned GaAs and InP substrates,
limiting their integration with present Si technology.

The novelty of this work is the study of GaAsSb/GaAsmaterial
system as separate absorption, multiplication, and charge
control layer (SACM) APD in the axial NW geometry in the
ensemble conguration grown on non-patterned Si substrates.
The higher bandgap GaAs as a separate multiplication layer is
being used to reduce multiplication noise. GaAsSb has excellent
absorption characteristics spanning almost the entire near-
infrared (NIR) region, offers ease in bandgap engineering due
to the presence of two group V elements, and exhibits high
structural phase purity in the NW conguration15,16 as
compared to their traditional InGaAs counterparts.17 Further,
NW growth compatibility with the multiplication layer GaAs
makes it an excellent candidate as an absorption region mate-
rial. The proposed SACM-based structure allows for indepen-
dent control of electric eld intensity in different regions of
a single axial NW APD structure. This helps in tuning the
absorption region wavelength regime, and breakdown voltage
and reduces dark current density, thus decoupling the effective
device sensitivity and the target operational wavelength.

Electric eld (E-eld) simulations guided the device design.
Variations in growth temperature during the segment-wise axial
growth and shutter sequencing were critical to the successful
demonstration of the avalanche mechanism in the axial NW APD
device. Temperature-dependent current–voltage (I–V) measure-
ments provided insight into the nature of the breakdown voltage
mechanism and enabled optimizing growth conditions to achieve
a successful APD device. Further capacitance–voltage (C–V) and
low-frequency noise measurements also attested to avalanche
characteristics in the NW device. Thus, this work offers a poten-
tial pathway for demonstrating next-generation avalanche
photodetectors compatible with traditional Si technology and
realizing a tunable NW-based APD covering the NIR region.
Experimental
Nanowire simulation

The E-eld simulation for the single SACM axial GaAsSb/GaAs
heterostructure NW APD was performed using the Semi-
conductor Module of COMSOL Multiphysics at 300 K.
Nanowire growth

The as-grown ensemble SACM axial NWAPDs were grown by self-
catalyzed vapor–solid–liquid (VLS) mechanism using molecular
beam epitaxy (MBE) on non-patterned n-Si<111> substrates. The
3920 | Nanoscale Adv., 2022, 4, 3919–3927
NW growth was initiated with a 10 s Ga ux before opening the
group V uxes to initiate Ga catalyzed epitaxial NW growth at the
pyrometer substrate temperature of 607 �C. The Sb2 and As4 ux
were provided by valved cracker sources operating at 900 �C and
600 �C, respectively. Group V/III ux ratio of 10 was used, with an
As/Sb ratio of 5 resulting in Sb incorporation of �7 at% (ref.
18–21) in the absorption region. GaTe and Be source materials
were used for segmental doping at 540 �C and 925 �C, yielding n-
type doping � 1018/cm�3 and p-type doping � 5 � 1017/cm�3,22

respectively. A p+-contact layer with Be cell temperature of 925 �C
and a group V/III ux ratio of 10 was used for �4 at% Sb incor-
poration in the segment. NW APD core growth was terminated
using As4 ux to consume the Ga-catalyst droplet present on the
NW tip, and the substrate temperature was ramped down to
465 �C for surface passivation. The NW APD core was passivated
using vapor–solid (VS) growth of GaAlAs shell for 7 min followed
by a thin GaAs shell � 2 min to prevent Al oxidation. The indi-
vidual axial segment growth rates were calculated from SEM
images performed on segment-wise axial APD structure growth,
as explained in ESI S6.†
Nanowire device fabrication

SU-8 polymer was spin-coated on as-grown ensemble NW APDs.
The excess polymer was etched using reactive ion etching to
expose the NW tips before the chemical treatment23 to remove
the GaAlAs passivation layer. Silver (Ag) NWs and silver paste
served as top and bottom contacts of the NW APD device,
respectively. A schematic of the NW device fabrication process is
shown in Fig. 1.
Characterization tools

The morphological properties of NWs were assessed using the
Carl-Zeiss Auriga-BU FIB eld emission scanning electron
microscope (FESEM).

Micro-photoluminescence (m-PL) system used for the
assessment of the optical properties of NW APDs, comprised of
a 633 nm He–Ne laser as the excitation source, 0.32 m double
grating monochromator for the wavelength dispersion, and an
InGaAs detector with conventional lock-in techniques. A closed-
cycle optical cryostat from the Montana cryostat with the
sample chamber interfaced with a ber-coupled confocal
microscope captured the 4K PL spectra.

The current–voltage–temperature (I–V–T) characteristics of
ensemble NWs were obtained using two probe Keithley-4200
semiconductor parameter analyzer systems integrated with
a radiation shield equipped Lake Shore TTPX probe station. A
microHR (LSH-T250) Horiba spectrometer equipped with a tung-
sten-halogen lamp excitation source was used with an optical
illumination area of 2.25 � 10�4 m2 for studying the device pho-
toresponse. The computation of device responsivity is discussed
elsewhere.24 The I–V characteristics of the NW APD device were
measured by limiting the current compliance of themeasurement
system to 10�4 A, as the NW APD devices were found to degrade
during the operation at higher current conduction (ESI S5†).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic process of NW APD device fabrication following epitaxial growth by MBE.
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The capacitance–voltage (C–V) measurement was performed
using a Keithley source meter with the incremental change in
the voltage by 30 mV.

Finally, Keysight 35670 dynamic signal analyzer equipped
with two independent low noise current preampliers was used
for low-frequency noise measurements. The source-drain bias
was provided by the internal batteries of these two ampliers,
and its output terminals were connected to two different
channels of the dynamic signal analyzer. Measurements were
carried out from 10 Hz to 3200 Hz, and the data were averaged
over 500 sets of readings.
Results and discussions
SACM axial NW APD schematic and electric eld simulation

Fig. 2(a) illustrates the schematic of the single SACM axial
GaAsSb/GaAs heterostructure NW APD passivated with lattice-
matched GaAlAs layer to mitigate the Fermi level pinning
effect caused by surface states.25 The radial dimension of the
single NW structure was �110 � 5 nm (measured over 50 NWs)
based on the SEM measurements of the optimized initial n-
GaAs NW core segment growth on the n-Si<111> substrate.
The choice of the SACM structure is to exploit the NIR absorp-
tion tuning of GaAsSb material with Sb composition and reduce
band-to-band tunneling in the higher bandgap GaAs multipli-
cation region. The band alignment under zero and reverse bias
for the proposed SACM NW APD structure is shown in Fig. 2(b),
where the i-GaAsSb absorption region segment is separated
from the i-GaAs avalanche multiplication region to suppress the
carrier tunneling component.

COMSOL Multiphysics soware was used to study the E-eld
variation in the proposed NW structure for different segment
thicknesses and served as an initial guide to structure design.
© 2022 The Author(s). Published by the Royal Society of Chemistry
For simulation purposes, all the surfaces were treated as non-
ideal. The list of material parameters used in the simulation
is provided in Table I (ESI S1†). From simulation analysis (ESI
S2†), the multiplication region thickness and charge control
region doping variations were identied as the two critical
parameters that have pronounced effects on modulating the E-
eld distribution throughout the NW APD structure. Reduction
in the multiplication region thickness led to E-eld intensity
enhancement (Fig. S2(a)†) for a given charge control layer
doping.26 Increasing the charge control layer doping resulted in
a further increase in graded E-eld distribution across the NW
device but at the expense of higher operating avalanche break-
down voltage (VBR). Increased doping in the charge control layer
is also likely to promote tunneling current from the absorption
region at a higher reverse bias leading to a large dark current.27

Hence, based on simulation results, an optimum doping value
of �5 � 1017/cm�3 in the charge control layer and multiplica-
tion region thickness of �200 nm was selected to yield low VBR
� �10 V. In addition, a smaller multiplication region would
favor deterministic gain characteristics due to increased
dominance of dead space effect.9 Fig. 2(c) shows the E-eld
contour plot generated at�10 V exhibiting high E-eld > 5� 105

V cm�1 (required for avalanche breakdown in GaAs system) in
the multiplication region based on the optimized schematic of
the single SACM axial NW APD simulation results. This shows
that carriers can attain saturation velocity before entering the
multiplication region with a marginal graded E-eld distribu-
tion in the charge control region, enhancing probabilistic
impact ionization.3
Nanowire growth optimization

This section discusses unique approaches to mitigating
different axial NW growth-related issues to reach optimized
Nanoscale Adv., 2022, 4, 3919–3927 | 3921
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Fig. 2 Single SACM axial NW APD (a) schematic, (b) band diagram under zero and reverse bias operations, and (c) E-field distribution plot at
�10 V.
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growth conditions that promote the avalanche mechanism in
the NW structure.

First, the growth of charge control p-doped GaAs NW
segment with efficient Be-incorporation and minimum inter-
segmental dopant diffusion is essential. It is reported that the
deactivation of Be-dopant occurs in GaAs NWs grown under an
As-rich environment due to the formation of stable surface AsGa
(As antisite) defects. These defects are responsible for Fermi
level pinning28 at the NW surface, causing an electron accu-
mulation layer. This intrinsic limitation was suppressed by
reducing As4/Ga ux ratio to half28,29 of those used in the other n
and i-segments growth. Further Be-dopant diffusion from
charge control GaAs layer to multiplication layer, can cause
tunneling mechanism to dominate (Zener breakdown) and
result in internal gain variation in axial NW conguration. To
reduce Be-dopant diffusion from the charge control segment in
the underneath i-GaAs multiplication segment, Be shutters
were opened and closed for a few seconds for the rst few cycles
of the p-GaAs growth.

Second, the growth of GaAsSb material system of the
uniform diameter as that of underlying GaAs structure is
3922 | Nanoscale Adv., 2022, 4, 3919–3927
another critical optimization feature, requiring judicious
selection of growth parameters. Sb is a well-known surfactant,30

aiding lateral overgrowth and inverse tapering of the NWs
(which can lead to early growth termination and undesirable
shell growth31,32). These can create a potential shunt path for
carriers generated in the absorption region due to thin radial
shell growth. An increase in substrate temperature by 3 �C at the
start of GaAsSb segment growth suppressed the radial shell
growth, hence minimizing the shunt current path (inset SEM
image of optimized single axial NW APD (Fig. 2(a))). The
substrate temperature was subsequently lowered by 5 �C during
the growth for enhanced Sb incorporation.

Lastly, as the top p+ GaAsSb contact layer determines the
light absorption characteristics of the axial APD device, a higher
bandgap layer consisting of lower Sb composition with an
optimum thickness of �300 nm was used. It is important to
note that numerous unoptimized NW APD growths resulted in
devices exhibiting so-knee Zener breakdown (shown in ESI
S3†) before arriving at the optimized recipe for ensemble SACM
axial NW APD structure, revealing the importance of optimized
structure growth.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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SEM and photoluminescence (PL)

The free-standing ensemble SACM axial GaAsSb/GaAs NW APDs
growth under optimized conditions yielded high-density
vertical NWs on n-Si<111> substrate, as shown in the SEM
image of Fig. 3(a). The self-catalyzed growth with the passivating
shell exhibited an average NW length of �1.8 � 0.12 mm and an
average diameter of �110 � 5 nm (measured over 50 NWs). The
SEM image of a single NW APD core (inset of Fig. 3(a)) without
droplet consumption demonstrates the realization of uniform
NW APD diameter under optimum growth conditions.

The 4K-PL spectra of the NWs in Fig. 3(b) reveal two prom-
inent peaks at 1.28 eV and 1.48 eV, corresponding to the
compositions of GaAsSb in the absorption and GaAs segments,
respectively. A broad FWHM � 0.34 eV of GaAsSb spectra and
a lack of sharp low energy onset suggest the presence of defects,
generally attributed to acceptor vacancies in the intrinsic-Sb
material system.33

Current–voltage (I–V) measurements

Multiple RT I–V sweeps under dark were performed on the
ensemble SACM axial NW APD device samples, as shown in ESI
S4.†Under reverse bias operation, a low dark current from 10 pA
to 100 pA was observed before the onset of breakdown at ��10
� 2.5 V, where the current increased sharply by 3 to 4 orders of
magnitude, a signature of avalanche breakdown.34 Repeated I–V
sweeps shied the VBR from �10 V to �7.5 V, which became
stable. The range of VBR obtained was consistent with those
computed based on the E-eld simulation of this structure, as
discussed earlier in the simulation section.

Under 1.064 mm illumination, the I–V characteristics of the
NW APDs displayed low photocurrent at zero bias, indicative of
incomplete depletion of the absorption region (Fig. 4(a)). With
increased reverse bias, a surge in photocurrent was observed at
��2 V, which plateaued at �3 V. This is a typical signature of
punch-through voltage or unity gain point35 corresponding to
the depletion region extending to the absorption region edge.
Therefore, �3 V was considered the unity gain (UG) point
providing a conservative estimate to avoid overestimating the
gain in our NW APDs. On illumination, the VBR shied further
to a lower bias of ��6 V and remained invariant in the subse-
quent scans under both dark and light. This shi towards lower
VBR during the initial sweeps under both dark and illumination
Fig. 3 High-density as-grown ensemble axial SACMNWAPDs (a) SEM im
and (b) 4K PL spectra.

© 2022 The Author(s). Published by the Royal Society of Chemistry
is speculated to be any or all of the following. (a) Annihilation or
redistribution of traps during the repeated sweep and illumi-
nation reaching a steady state of trap density thereaer and (b)
the formation of a secondary electric eld within the NW device
due to pinning of the Fermi level at depletion region edge
(formed in absorption region) at the polymer (SU-8 in this case)
surface where NW tips are exposed.36 Both of these possibilities
can aid in achieving the required E-eld necessary for pre-
mature avalanche breakdown at a comparatively lower reverse
bias than expected from the simulation results discussed
earlier. It is noteworthy that the VBR range obtained in our NWs
is consistent with other III–V APD reports, namely p–n core/
shell GaAs nanoneedle APDs,10 p–n core/shell GaAs NW
APDs,9 SAM InGaAs NW APDs,11 and GaAs thin-lm homo-
junction APDs.37

Gain (M) calculated using McIntyre's equation:38 Gain (M) ¼
(Iill � Idark)/(Iill � Idark)UG revealed a monotonous increase from
�20 just below VBR (Fig. 4(b)) to �700 aer VBR as depicted in
the inset of Fig. 4(b) for our as-grown ensemble APDs.

The presence of the avalanche mechanism in these devices
was further corroborated by the temperature-dependent I–V
measurements under dark (Fig. 4(c)). A positive VBR coefficient
�+12.6 mV K�1 in the temperature range of 77–300 K was noted
with distinct sharp breakdown characteristics under dark,
attesting to a band-to-band avalanche mechanism.39 The low
value of the temperature-dependent VBR coefficient suggests the
dominance of the dead space effect in our NW APDs. It is
ascribed to the thin multiplication region thickness of�200 nm
in our NW APDs. Further, a higher device testing temperature of
350 K yielded a signicant rise in current due to increased
background thermal carrier generation and carrier tunneling,
thereby terminating the avalanche process in the NW APDs.
Current saturation observed at both the extremum of reverse
and forward bias voltages is due to testing instrument compli-
ance discussed in the Experimental section.

A broad spectral response was observed for the ensemble
SACM axial NW APDs, covering visible to the near-infrared
region with a cut-off around 1.2 mm (Fig. 5(a)). The maximum
response of �1.064 mm is consistent with the PL peak energy
(Fig. 3(b)) corresponding to the GaAsSb absorption segment.
The power-dependent excitation study (using 30 mW 633 nm
laser at RT in Fig. 5(b)) at a low reverse bias of �1 V displays an
age of NWAPD growth on n-Si<111> (inset: single NW SACMAPD core),

Nanoscale Adv., 2022, 4, 3919–3927 | 3923
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Fig. 4 Ensemble SACM axial NW APD device (a) I–V characteristics at RT under dark and light, (b) gain under illumination with increasing reverse
bias, and (c) temperature dependence of VBR from 77 K to 350 K using I–V–T characteristics under dark.

Fig. 5 Ensemble SACM axial NW APD device: (a) spectral response at punch through voltage � �3 V, with an illumination power of �5 mW, and
(b) laser excitation power dependence at RT for different reverse bias.
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S-curve behavior, characteristic of trap lling.40 The invariant
behavior of photocurrent with excitation power at a higher
reverse bias of �6 V and �8 V further conrms the avalanche
breakdown mechanism under illumination at �6 V, as dis-
cussed earlier in this section.

C–V measurements

The RT 1 MHz C–V characteristics of the ensemble SACM axial
NW APDs (Fig. 6(a)) under 1.064 mm illumination exhibit a low
capacitance of �1 pF up to �3 V followed by a monotonic
decrease with increasing reverse bias up to �6 V. Under illu-
mination, capacitance is independent of reverse bias increasing
3924 | Nanoscale Adv., 2022, 4, 3919–3927
from �1 V to �3 V, attributed to the depletion width expansion
being offset by the optical generation of charge carriers. With
a further rise in reverse bias, the capacitance value declined
rapidly and saturated at �0.67 pF beyond �6 V, signifying
complete depletion of NW APD structure corresponding to
avalanche breakdown voltage.

A C–V measurement study was performed at a range of
frequencies, as shown in Fig. 6(b), to ascertain the presence of
any interface trap states, as these inuence the ability of the
carriers to follow the AC signal. At 1 MHz, a low capacitance of
�0.3 pF is consistent with the small footprint of the NWs. It is
representative of the geometrical capacitance associated with
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Ensemble SACM axial NW APD device (a) RT capacitance versus reverse bias characteristics under illumination, and (b) capacitance vs.
frequency dependence under dark.
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the absorption and the multiplication regions. The negative
capacitance observed at lower frequencies very likely originates
from the accumulation of charge carriers at the interface and/or
charging/discharging of the traps arising from the impact loss
process, where excess energy gained by electrons in the high E-
eld knock-off electrons trapped in the states below the Fermi
level.41 Also, it is to be pointed out that at lower frequencies, the
impedance associated with the capacitance becomes so large
that the values are not representative of the true capacitance
value. However, the trend in the onset of the negative capaci-
tance occurring at a lower bias region with lower frequency is
indicative of the probing of larger trap cross section. However,
under illumination, the negative capacitance was not as
pronounced at lower voltages suggesting the traps were being
lled by the photocarriers.
Noise measurements

Low-frequency noise spectroscopy (LFN) of NWAPD at RT under
illumination (Fig. 7(a)) exhibited a noise power spectral density
(PSD) roll-off aer 10 Hz till 40 Hz for a reverse bias variation
from�1 V to�6 V. All the PSD curves follow a Lorentzian t (not
shown here) at a lower frequency, suggesting the dominance of
Fig. 7 Ensemble SACM axial NW APD device noise characteristics: (a) u
�5 V for 77 K and RT.

© 2022 The Author(s). Published by the Royal Society of Chemistry
generation–recombination noise due to the presence of traps,
which are consistent with the broad 4K-PL spectral line shape
for GaAsSb related peak and C–V measurements discussed
earlier. Beyond the corner frequency of 40 Hz, frequency-
independent white noise was observed. A sharp rise in the
noise oor by�2 orders of magnitude at�3 V and again at�6 V
correlates well with the additional noise contribution at punch
through voltage caused by the maximum generation of carriers
in the absorption region and carrier multiplication at the onset
of avalanche mechanism, respectively.

The temperature-dependence of noise under dark at 77 K for
an applied bias of �5 V (Fig. 7(b)) reveals signicant suppres-
sion of generation-recombination noise at low frequency with
overall noise oor increased compared to RT. The suppression
in generation-recombination noise at 77 K is assigned to the
freezing of trapped charge carriers. However, the elevated noise
oor at this temperature is due to the dominance of the
avalanche mechanism at a lower voltage of ��5 V compared to
RT, corroborating well with the temperature-dependent I–V
characteristics. The noise characteristics show a 1/f dependence
revealing a signicant contribution of traps in the avalanche
process even at 77 K. Thus, the temperature-dependent LFN
nder illumination at RT with varying reverse bias, and (b) under dark at

Nanoscale Adv., 2022, 4, 3919–3927 | 3925
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noise spectroscopy validated the avalanche mechanism in the
PD, while the nature and effect of traps' contribution need
further study.

The responsivity of these NWs at 1.064 mm was 0.17–0.38 A
W�1 at the punch-through voltage of ��3 V, signicantly
superior to those reports of Senanayake et al.9 and Farrell et al.11

on patterned vertical ensemble NW APDs thus far. The NW
responsivity is limited by the small volume of the absorption
region, non-transparent NW contact, lack of antireection layer
on top, and non-uniform nature of ensemble NW growth, which
can impact adversely the light trapping features.

The preliminary work on our simple GaAsSb SACM NW APD
structure shows great promise to boost the device characteris-
tics by implementing patterned NW arrays, improving the NW
contacts, and a suitable annealing scheme to subdue the effect
of traps. Further, signicant advancements can also be made by
exploring other device-engineered architectures, namely,
a high-bandgap blocking layer for decreased dark current,42

dual multiplications regions for improved gain characteris-
tics,43 and impact ionization engineering.44

Conclusion

In this study, we have successfully demonstrated the RT oper-
ation of ensemble GaAsSb/GaAs based SACM axial NW APDs
grown on non-patterned Si substrates at 1.064 mm wavelength.
Detailed E-eld simulations and growth optimization tech-
niques with optical and electrical characterizations were used to
realize axial NW SACM APDs. A monotonous increase in
multiplication gains was observed from �20 below VBR to �700
above VBR. Positive temperature dependence of breakdown
voltage � +12.6 mV K�1 further conrms avalanche breakdown
as the gain mechanism in our SACM NW APDs. C–V and
temperature-dependent noise characteristics also validated the
punch-through voltage values and the presence of avalanche
gain mechanism in the NW APDs, determined from the I–V
characteristics. The ensemble SACM NW APD device demon-
strated a broad spectral RT response with cut-off wavelength �
1.2 mm with responsivity � 0.17–0.38 A W�1 at �3 V. The C–V
and LFN analysis indicated the presence of traps, and the VBR
shis were correlated to the trap variation. Therefore, a careful
examination of the contact/NW interface, exploration of in situ
segmental annealing to improve the quality of grown material
segments, and investigation of the use of different surface
passivation layers to subdue the surface trap effects are
important for improving ensemble NW APD device
performance.
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