
This is a n  Op e n  Acces s  doc u m e n t  dow nloa d e d  fro m  ORCA, Ca r diff U nive r si ty 's

ins ti t u tion al r e posi to ry: h t t p s://o rc a .c a r diff.ac.uk/id/e p rin t/11 7 7 3 9/

This  is t h e  a u t ho r’s ve r sion  of a  wo rk  t h a t  w as  s u b mi t t e d  to  / a c c e p t e d  for

p u blica tion.

Cit a tion  for  final p u blish e d  ve r sion:

Fa r r ell, Alan  C., M e n g,  Xiao, Re n,  Dingk u n,  Kim, Hyu ns eok, S e n a n ayak e,

P r a d e e p,  H sie h,  Nick  Y., Ron g,  Zixu a n,  Ch a n g,  Ting-Yuan, Azizu r-Ra h m a n,

Khalifa  ORCID: h t t p s://o rcid.o r g/00 0 0-0 0 0 2-9 7 9 7-0 3 8 2  a n d  H uffaker, Dian a  L.

ORCID: h t t p s://o rcid.o rg/00 0 0-0 0 0 1-5 9 4 6-4 4 8 1  2 0 1 9.  InG aAs-GaAs n a nowir e

avala nc h e  p ho todiod e s  tow a r d  single-p ho ton  d e t e c tion  in fre e-r u n nin g  m o d e.

N a no  Le t t e r s  1 9  (1) , p p .  5 8 2-5 9 0.  1 0.1 02 1/acs.n a nole t t .8 b 0 4 6 4 3  file  

P u blish e r s  p a g e:  h t t p://dx.doi.or g/10.10 2 1/acs.n a nole t t .8b 0 4 6 4 3

< h t t p://dx.doi.o rg/10.10 2 1/acs.n a nole t t .8 b0 4 6 4 3 >

Ple a s e  no t e:  

Ch a n g e s  m a d e  a s  a  r e s ul t  of p u blishing  p roc e s s e s  s uc h  a s  copy-e di ting,

for m a t ting  a n d  p a g e  n u m b e r s  m ay no t  b e  r eflec t e d  in t his  ve r sion.  For  t h e

d efini tive  ve r sion  of t his  p u blica tion,  ple a s e  r ef e r  to  t h e  p u blish e d  sou rc e.  You

a r e  a dvise d  to  cons ul t  t h e  p u blish e r’s ve r sion  if you  wish  to  ci t e  t his  p a p er.

This ve r sion  is b ein g  m a d e  av ailable  in  a cco r d a n c e  wit h  p u blish e r  policie s.

S e e  

h t t p://o rc a .cf.ac.uk/policies.h t ml for  u s a g e  policies.  Copyrigh t  a n d  m o r al  r i gh t s

for  p u blica tions  m a d e  available  in ORCA a r e  r e t ain e d  by t h e  copyrig h t

hold e r s .



1 

 

InGaAs-GaAs Nanowire Avalanche 

Photodiodes Toward Single Photon Detection in 

Free-Running Mode 

Alan C. Farrell,§,† Xiao Meng,§,‡ Dingkun Ren,§,† Hyunseok Kim,*,† Pradeep Senanayake,† Nick 

Y. Hseih,† Zixuan Rong,† Ting-Yuan Chang,† Khalifa M. Azizur-Rahman,‡ and Diana L. 

Huffaker†‡# 

†Department of Electrical Engineering, University of California, Los Angeles, Los Angeles, 
California 90095, USA 

‡School of Physics and Astronomy, Cardiff University, Cardiff, Wales CF24 3AA, UK 

#California NanoSystems Institute, University of California at Los Angeles, Los Angeles, 
California 90095, USA 

 

 

 

 

 

 

 

KEYWORDS: nanowires, InGaAs-GaAs, single photon detection, avalanche photodiodes, near-

infrared, free-running mode 



2 

 

ABSTRACT 

Single photon detection at near-infrared (NIR) wavelengths is critical for light detection and 

ranging (LiDAR) systems used in imaging technologies such as autonomous vehicle trackers and 

atmospheric remote sensing. Portable, high-performance LiDAR relies on silicon-based single-

photon avalanche diodes (SPADs) due to their extremely low dark count rate (DCR) and 

afterpulsing probability, but their operation wavelengths are typically limited up to 905 nm. 

Although InGaAs-InP SPADs offer an alternative platform to extend the operation wavelengths to 

eye-safe ranges, their high DCR and afterpulsing severely limit their commercial applications. 

Here we propose a new selective absorption and multiplication avalanche photodiode (SAM-APD) 

platform composed of vertical InGaAs-GaAs nanowire arrays for single photon detection. Among 

a total of 4400 nanowires constituting one photodiode, each avalanche event is confined in a single 

nanowire, which means that the avalanche volume and the number of filled traps can be drastically 

reduced in our approach. This leads to an extremely small afterpulsing probability compared with 

conventional InGaAs-based SPADs and enables operation in free-running mode. We show DCR 

below 10 Hz, due to reduced fill factor, with photon count rates of 7.8 MHz and timing jitter less 

than 113 ps, which suggest that nanowire-based NIR focal plane arrays for single photon detection 

can be designed without active quenching circuitry that severely restricts pixel density and 

portability in NIR commercial SPADs. Therefore, the proposed work based on vertical nanowires 

provides a new degree of freedom in designing avalanche photodetectors and could be a stepping 

stone for high-performance InGaAs SPADs. 
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Avalanche photodetectors (APDs) have become the technology of choice for the most 

demanding photon detection applications, including time-resolved photoluminescence,1 laser 

rangefinders,2 time-of-flight 3D scanners,3 and light detection and ranging (LiDAR).4 More 

recently, demand for high volume, low-cost LiDAR has seen a dramatic rise with the development 

of imaging technologies for autonomous vehicles and three-dimensional (3D) mobile mapping 

systems.5,6 Silicon-based single photon avalanche diodes (SPADs) are widely used in many 

applications due to their excellent performances including the capability to operate in free-running 

mode, extremely low dark count rate (DCR), high photon detection efficiency (PDE), and low 

timing jitter. However, in certain instances, e.g., quantum key distribution and eye-safe LiDAR,7,8 

it is advantageous to be able to detect light in the near-infrared (NIR) regime over 1 µm, where 

silicon SPADs fail to offer acceptable PDE (less than 5% over 1 µm).9 Alternatively, commercially 

available InGaAs-InP separate absorption-multiplication (SAM) APDs with longer cutoff 

wavelengths, tested in Geiger mode (i.e. above the breakdown voltage),10-12 have very high DCR. 

InGaAs-InP SPADs were further specifically designed for single photon detection that takes into 

account the much higher electric fields present in the avalanche region of a SPAD to reduce trap-

assisted tunneling responsible for the high DCR.13,14 Although considerable progress has been 

made towards improving performance—it is now common to achieve 10-20 % PDE with a DCR 

of a few kHz (14,15)—there still exists a fundamental limit to the maximum count rate.15,16 

As opposed to linear mode APDs, the count rate in a SPAD is not limited by avalanche build-

up time, but rather by afterpulsing effect, which is caused by the detrapping of carriers from local 

trap states that have been filled during avalanche events. Since the detrapped carriers induce new 

avalanche events (afterpulsing), decreasing the defect density in material is crucial for reducing 

afterpulsing probability. However, the task of reducing the defect density in III-V semiconductors 
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down to levels comparable to silicon remains a significant challenge. As a result, other techniques 

have been employed to mitigate the effects of afterpulsing. The most commonly used approach to 

reducing afterpulsing is to actively quench the SPAD by reducing the bias below the breakdown 

voltage for a certain time span (dead time) after each avalanche event. However, photons cannot 

be detected during the dead time and this limits the photon counting rate to about 100 kHz. Another 

active quenching technique is to limit the current flow through the SPAD to reduce the number of 

traps filled by an avalanche event. This can be achieved by using ultra-short gated bias (e.g. 

overbiasing the SPAD for a period of less than 1 ns). However, the requirement for sophisticated 

electronics for cancelling large transient pulses limits its usefulness in applications requiring 

compact SPAD arrays (e.g. 3D imaging using SPAD array).17,18 In addition, such fast gating 

approach requires precise synchronization between the light source and gated bias to maximize the 

detection efficiency, which makes it unsuitable for applications with unknown photon arrival times 

(e.g. LiDAR and time-resolved fluorescence spectroscopy) where free-running operation is needed. 

In this work, we present a vertical nanowire array SAM-APD operating in Geiger mode. Our 

proposed approach reduces afterpulsing by confining the volume of semiconductor material 

exposed to the high current flow of an avalanche event within one nanowire. Bottom-up integrated 

vertical nanowires with an InGaAs absorption layer and GaAs avalanche layer comprise the active 

area of the APD, where the low fill factor suppresses the total number of traps, resulting in 

improved DCR. Although various types of nanowire APDs have been investigated in recent 

studies,19-27 there are no reports on nanowire APDs operating above their breakdown voltages (i.e., 

Geiger mode-APD or SPAD) for NIR photon detection, to the best of our knowledge. Here, we 

demonstrate operation of InGaAs-GaAs nanowire-based SAM-APDs in Geiger mode at 1064 nm. 

We show that the dark current at 95% of the breakdown voltage is below the noise floor of the 
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measurement setup, indicating a remarkably low dark current within a single nanowire. Given that 

the ratio of the volume of a single nanowire to a bulk SPAD of equal effective volume is extremely 

small, a dramatic reduction in afterpulsing probability is expected. Additionally, we show a 

measured DCR below 10 Hz with photon count rates approaching 8 MHz in free running mode 

and timing jitter less than 113 ps at 77 K. Our work paves the way toward realizing nanowire-

based NIR SPADs operating in free-running mode with high photon count rates. 

Growth of nanowire SAM-APDs. Although axial heterostructure formation in nanowires is 

routinely achieved with a variety of materials using catalyzed growth techniques, it remains a 

challenge for catalyst-free nanowire epitaxy. Several examples of core-shell InGaAs-GaAs 

heteroepitaxy exist in the literature,28-30 but reports on axial heteroepitaxy are limited to quantum 

dot formation,31 low indium composition,32 or thin InGaAs layers.33 The nanowire SAM-APD 

design for single photon detection requires thicker InGaAs axial layer to enhance the absorption, 

and thus a different approach is necessary. The commonly used gallium precursor, 

trimethylgallium, was replaced with triethylgallium to enhance the growth rate in the vertical 

direction for selective-area epitaxy with large-area openings.34,35 A schematic diagram of nanowire 

SAM-APDs based on axial InGaAs-GaAs heterostructures is shown in Figure 1a. Since any 

overgrowth in the lateral directions can form a shunt path for photocarriers through the spacing 

between segments (or multiplication regions)36 and results in non-uniformity of internal gain, we 

have developed purely axial growth of InGaAs on top of GaAs nanowires. A 100 nm-long zinc-

doped InGaAs layer was introduced as a contact layer, and an undoped InGaP shell was used for 

surface passivation. Details of the nanowire growth procedures can be found in the Methods 

section. 
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The size of nanowire array is 40 µm × 40 µm, containing ~4400 nanowires (where nanowire 

pitch is 600 nm) per device. Device layer thicknesses were calibrated by measuring the height of 

the nanowires after the addition of each layer using scanning electron microscopy (SEM), as shown 

in Figure 1b. No increase in nanowire diameters, within measurement error of the SEM (~3 nm), 

was observed from the first GaAs layer to the final InGaAs layer. The indium composition of 

InGaAs segment is ~26 %, which is confirmed by energy dispersive X-ray spectroscopy (EDX) 

and photoluminescence measurements (Supporting Figure S1). Device fabrication was 

accomplished using standard photolithography (described in detail in the Methods section) similar 

to standard planar device processing (Figure 1c). The active area of the nanowire SAM-APDs is 

square shaped, reflecting the square nanowire array layout. Figure 1d shows a close-up view of 

the active area where the partially exposed nanowires with self-assembled plasmonic gratings are 

clearly visible, allowing light absorption through top illumination.26,27 

Dark count rate and photon count rate. Current-voltage (I-V) characteristics were measured 

under vacuum at various temperatures. Figure 1e shows the result of several repeated 

measurements on one device at 77 K. The variation of the breakdown voltage from one 

measurement to the next is immediately apparent. Two features of this behavior are important to 

note: (1) the breakdown voltage is varying randomly (i.e., it is not monotonically increasing or 

decreasing), and (2) the electrical characteristics of the nanowire SAM-APDs are not degrading, 

which has been observed after avalanche breakdown of nanowire APDs.24 The random variation 

in the breakdown voltage is a direct result of the extremely low dark current at the breakdown 

voltage. The dark current is below the noise floor of the measurement equipment below 200 K as 

shown in Figure 1f. Although the dark current is below the noise floor of the measurement 

equipment at 77 K, from the temperature dependence of the dark current we estimate a dark current 
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of 1 fA or lower at breakdown. During the voltage sweep, this means that less than 7 electrons 

flow through the device with 4400 nanowires during each voltage step lasting 1 ms. Of these less 

than 7 electrons, the majority are expected to originate from the surface of the nanowire—due to 

the very high surface-to-volume ratio—and do not initiate breakdown.37 Therefore, it is very likely 

that the random fluctuation of breakdown voltage is due to the probability for dark carriers to 

initiate breakdown during a given voltage step being less than one during the voltage sweep 

measurement. This effect has been reported in extremely small volume silicon APDs as well.38 It 

should also be noted that each avalanche event is confined in a single nanowire among a total of 

4400 nanowires, while these nanowires will not have perfectly identical breakdown voltages. 

Therefore, avalanche voltage will be also affected by the specific nanowire that is triggering the 

breakdown process, and this will cause additional fluctuation in the breakdown voltage. It is also 

worth mentioning that the fabricated devices show highly uniform electrical characteristics, 

indicating the reliability of nanowire epitaxy and fabrication processes (Supporting Figure S2). 

The nanowire SAM-APDs are passively quenched with a 1 MΩ resistor and operated in free-

running mode, i.e., no gating or dead time is used, as shown in Figure 2a (described in detail in the 

Methods section). This is the simplest and most desirable configuration for photon counting as no 

active quenching electronics are required and photons can be detected as they arrive, rather than 

only during gated periods. Figure 2b shows the pulse shapes at different applied biases for dark 

carrier-initiated avalanche events at 77 K. Both the pulse amplitude and the pulse width increase 

with the applied bias. The increase in pulse width is due to a sustained avalanche caused by the 

high electric field,39 but does not negatively affect SPAD performance except for a slight decrease 

in the maximum count rate. A real-time sweep of the device at a reverse bias of 29 V at 77 K is 

shown in Figure 3a. A total of 28 pulses were measured during the entire 10 second sweep, 
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corresponding to a DCR of 2.8 Hz in free-running mode. To place this in context, we note that 

commercial InGaAs-InP SPADs typically achieve a DCR of 1-2 kHz at this temperature in gated 

mode, as opposed to the free-running mode used in this work. Next, real-time sweep was measured 

with a continuous-wave (CW) 1064 nm incident light source on the nanowire SAM-APDs, as 

shown in Figure 3b. A total of 31 photon-initiated pulses were measured during a 4 μs sweep, 

corresponding to a photon count rate of 7.8 MHz. Close examination of the pulse separation, shown 

in Figure 3c, reveals that photons can be detected at a minimum of 40 ns apart, corresponding to a 

maximum photon count rate of 25 MHz. This is in stark contrast to commercial InGaAs-InP 

SPADs, which are limited to counting rates up to 100 kHz as a direct result of the dead time 

necessary to suppress afterpulsing. 

The DCR is usually presented as a function of the overbias, i.e., the bias above the 

breakdown voltage. However, in this case it is difficult to determine the breakdown voltage at 77 

K due to the randomness of the breakdown voltage after successive DC sweeps. We take the lowest 

voltage at which breakdown occurs, 17 V, as the breakdown voltage at 77 K. At 200 K, the 

generation current increases and as a result the breakdown voltage variation is much smaller. The 

temperature coefficient of breakdown is estimated to be 8.1 mV/K, which is comparable to values 

reported for planar GaAs.40 Figure 4 shows the DCR from 77 – 125 K as a function of overbias, 

VOB. There is no clear temperature dependence in this temperature range, indicating that the source 

of the dark current is likely due to trap-assisted tunneling. The DCR is expected to be more 

temperature-dependent at higher temperatures due to more dark carriers from SRH generation-

recombination process and minority carrier diffusion. The low DCR is mainly due to the small 

active region of our nanowire devices. In other words, the total population of trap states and dark 

carriers is much smaller than that of other planar SPADs. We also note that an overbias of ~10 V 
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used in our measurements is relatively high, while this is also technically possible in conventional 

InGaAs(P)-based SPADs.41 More importantly, the operating range of SPADs is determined by the 

structural designs, and in our designs, the thickness of GaAs multiplication regions is 400 nm, 

which is much thinner than conventional counterparts. As a result, a higher overbias is required to 

increase avalanche probability in our devices. Nevertheless, our device has sustained an overbias 

of 10 V or higher for at least 10 seconds. 

Afterpulsing probability. The effect of afterpulsing can be observed by measuring the 

dependence of the DCR on the dead time. The simplest approach to reset a self-sustaining 

avalanche process is to passively quench the avalanche using a resistor in series with the SPAD. 

When large current flows through the resistor, the increased potential drop across the resistor 

reduces the potential across the SPAD below the breakdown voltage and terminates the avalanche 

event. The trapped carriers are then released at a rate determined by the detrapping lifetime. 

Since we operate our nanowire SAM-APDs in free-running mode, there is no active 

quenching and no means to control the dead time. However, afterpulsing occurs within the first 

few microseconds of a dark pulse. Therefore, by looking at the time spacing between pulses in 

free-running mode, we can determine whether a pulse was caused by a standard Shockley-Read-

Hall process, or by carrier detrapping (afterpulsing). For this, we first assume that if two pulses 

are less than 100 μs apart, then the second pulse is assumed to be an afterpulse. Since the average 

time between dark pulses is greater than 50 ms, it is highly unlikely that two uncorrelated pulses 

will be found within 100 μs apart from each other. Conversely, we also assume that if two pulses 

are greater than 100 μs apart, then the second pulse is not correlated to the first pulse. To verify 

the validity of this second assumption, we have measured fifty dark pulses at 77 K for each applied 

bias and found secondary pulses only up to 2 μs, but not from 2 μs up to 100 μs (Supporting Figure 
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S3). Since detrapping of carriers is a spontaneous process, it is reasonable to assume that there will 

be no afterpulsing after 100 μs, given that afterpulsing is observed only from 0 μs to 2 μs and not 

from 2 μs to 100 μs. 

Based on this assumption, we have measured the afterpulsing probability. Within a 2 μs time 

window secondary pulses are observed as VOB is increased, as shown in Figure 5a, where the 

primary pulse is located at t = 0. At VOB = 9 V, there are zero secondary pulses out of fifty measured 

primary pulses; at VOB = 10 V, there is one secondary pulse; at VOB = 11 V, there are five secondary 

pulses; and, at VOB = 12 V, there are 15 secondary pulses. Using simple frequentist statistics, we 

estimate the afterpulsing probability, p, by  

= + 50 (1)

where N is the number of secondary pulses (Figure 5b). Note that a secondary pulse can cause its 

own afterpulse, and so this must be counted as a new primary pulse and added to the fifty original 

primary pulses in the denominator. Two important conclusions are drawn from these data: (1) the 

afterpulsing probability is significantly lower than bulk SPADs operating in free running mode, 

where the afterpulsing probability is unity,42 and (2) even at the highest applied bias, the 

afterpulsing terminates after only 1.5 μs. Furthermore, as the temperature is increased, the 

detrapping lifetime decreases,8 thus the afterpulsing will terminate at an even shorter time span. 

This opens the possibility of using sub-microsecond dead-times in an actively quenched operating 

mode, allowing megahertz count rates with a nearly zero afterpulsing probability (at the expense 

of increased circuit complexity). 

Timing Jitter. The timing jitter of a SPAD is an important performance metric, especially for 

timing applications such as LiDAR. The measured timing jitter is a convolution of the timing jitter 

of each individual element in the measurement setup (described in detail in the Methods section). 
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Assuming that the SAM-APD, laser, oscilloscope, and amplifier have Gaussian timing 

distributions, the total timing jitter can be expressed as follows = + + +  (2)

The total timing jitter is measured, and the timing jitter of the oscilloscope is acquired from the 

equipment specifications. However, the remaining terms in Eq. (2) are unknown. Therefore, we 

first replace the SAM-APD with a pulsed voltage source with a known timing jitter (τpulse = 50 ps, 

from equipment specifications) such that = + +  (3)

Figure 5c shows the timing distribution measurements in each case. Using a pulsed voltage source, 

a total timing jitter of 283 ps is measured at 77 K. Since τpulse = 20 ps and τosc = 50 ps, we find τamp 

= 278 ps. Replacing the pulsed voltage source with the nanowire SAM-APD illuminated by the 

pulsed laser, we measure a timing jitter of 285 ps, from which we estimate τ2APD + τ2laser = 39 ps. 

Since the timing jitter of the laser is non-zero (the exact value is unknown), we conclude that τAPD 

is less than 39 ps. We should note that because τamp is large compared to the rest of the components, 

its estimated value should not be considered precise. If we assume 10 ps error in the full-width at 

half-maximum (FWHM) of the measured data with a pulsed voltage source (i.e. 283 ± 10 ps) and 

a laser (i.e. 285 ± 10 ps), then τAPD could be as large as 113 ps. 

Toward high-performance SPADs. The purpose of this work is to show that the nanowire 

platform can provide certain performance improvements for single photon detection, namely a 

reduction in DCR and afterpulsing probability. The reduction in DCR is accomplished through a 

reduction of the fill factor to reduce the bulk volume and the number of traps. To prove this 

concept, we studied the device performance at the technologically relevant wavelength of 1064 
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nm. The reduction in afterpulsing probability is accomplished by confining the avalanche current 

to the volume of a single nanowire, limiting the number of traps filled by the large current flow. 

We show both extremely low DCR < 10 Hz and significantly reduced afterpulsing for a range of 

applied biases. The lack of any significant afterpulsing allows operation in free-running mode, 

which eliminates the dead time limiting counting rates in commercial InGaAs-InP SPADs. We 

have measured a photon count rate of nearly 8 MHz and estimated the maximum count rate to be 

25 MHz based on pulse separation. Despite the impressive performance, there are several 

challenges that must be addressed to make this a viable commercial technology. First, although 

the photon detection efficiency (PDE) is not measured, it is likely very low compared to 

commercial technology. This is because the plasmonic grating antenna is not optimized to 

maximize the optical absorption at 1064 nm (Supporting Figure S4 and S5). Fortunately, it is a 

simple matter to address, as the absorption can be increased to > 40 % at 1064 nm by modifying 

the geometry of nanowires and the metal grating.43,44 The optimized peak responsivity of those 

detectors yields 0.28 A/W at 1100 nm. Although this is less than that of a planar InGaAs detector 

(~0.7 A/W), we note that the signal-to-noise ratio (SNR) of a SPAD is proportional to 

PDE/(DCR)1/2, and thus a large improvement in SNR is still expected due to the extremely low 

DCR in nanowire detectors. It is also worth mentioning that the absorption efficiency could be 

further improved by forming vertical nanowire-based photonic crystals, which have been already 

demonstrated as an effective approach to design efficient nanowire-based absorbers.45,46 The 

second critical issue that must be addressed is the maximum operating temperature, which is 150 

K for the nanowire SAM-APDs in this work. Above this temperature the devices quickly degrade 

after several measurements (Supporting Figure S6). This is likely due to an increase in the current 

flow originating from the surface of the nanowires. Although the nanowires are passivated with 
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InGaP shell, the depletion region extends past the top surface of the BCB spacer and is exposed to 

air, leading to an increase in surface leakage current. We show in a previous study of GaAs 

nanowire photodiodes that the depletion region needs to be entirely confined beneath the BCB to 

achieve the best detector performance.47 A possible solution is to apply a second layer of BCB 

after device fabrication to passivate the exposed portion of the nanowires, or chemical passivation 

with ammonium sulfide followed by encapsulation with SiO2.48  

In summary, we have demonstrated a nanowire-based InGaAs-GaAs SAM-APD platform for 

single photon detection at 1064 nm. The growth of nanowire heterostructures was carefully 

calibrated to achieve purely axial integration of absorption and multiplication layers to prevent the 

formation of shunt paths. The nanowire SAM-APDs were passively quenched and operated in 

free-running mode, giving a photon count rate of 7.8 MHz, which is almost two orders of 

magnitude higher than that of commercial InGaAs-InP SPADs operating in free-running mode. 

The enabling physics lies in the mitigation of afterpulsing effect; the avalanche volume and 

number of traps were minimized in the proposed device, where each avalanche event was confined 

within a single nanowire. It was also shown at 77 K that the DCR was below 10 Hz and the 

afterpulsing probability was less than 0.25 at an overbias of 12 V, while the timing jitter was less 

than 113 ps. Our work provides a foundation for highly efficient single photon detection at NIR or 

even longer wavelengths.  
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METHODS 

Sample preparation. n+-GaAs (111)B wafers (Wafertech) were removed from sealed packaging 

and immediately transferred into an e-beam evaporator and 20 nm SiO2 was deposited at a rate of 

1 Å/s at 1 μTorr pressure. Wafers were patterned using e-beam lithography with 80 nm diameter 

holes with a 600 nm pitch covering an area of 40 µm × 40 µm for each pixel. After developing the 

e-beam resist, the SiO2 mask was etched in an Oxford 80 Plus reactive ion etcher (RIE) at a rate 

of 40 nm/min for 1 min to expose the substrate in the patterned areas using CF4 and O2 chemistry. 

Wafers were then spin-coated with AZ5214 photoresist without removing the e-beam resist and 

diced into 1 cm × 1 cm pieces. The pieces were then cleaned by first rinsing with acetone to remove 

the AZ5214, then placed in a heated NMP at 60 °C and ultrasonicated for 5 hours to remove the 

e-beam resist. After rinsing with IPA, the pieces underwent a final cleaning by oxygen plasma 

using a Matrix downstream asher for 6 min at 240 °C. 

Nanowire Growth. Nanowires were grown on n-doped GaAs (111)B substrate by catalyst-free 

selectrive-area epitaxy using metal-organic chemical vapor deposition (MOCVD) in an Emcore 

vertical-flow reactor at a pressure of 60 torr. Source materials for In, Ga, As, P, and Zn were 

trimethylindium (TMIn), triethylgallium (TEGa), tertiarybutylarsine (TBAs), 

tertiarybutylphosphine (TBP), and diethylzinc (DEZn), respectively. Before loading the sample, 

native oxide was etched in a HF:H2O (1:200) solution for 45 seconds, rinsed with deionized water, 

dried with N2, then immediately transferred to the MOCVD reactor. The temperature was ramped 

to 680 °C and held for 10 minutes under TBAs overpressure to remove native oxide from the 

substrate surface. A 400 nm nominally undoped GaAs avalanche layer was grown for 20 minutes 

at 680 °C with V/III ratio of 40. A 300 nm p-GaAs layer was grown for 9 minutes with 

[DEZn]/[TEGa] = 0.1. A 400 nm nominally undoped InGaAs absorption layer was grown for 8 
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minutes with [TMIn]/([TMIn]+[TEGa]) = 0.4. A 100 nm p-InGaAs contact layer was grown for 2 

minutes with [DEZn]/( [TMIn]+[TEGa]) = 0.5. The temperature was ramped down to 590 °C 

under TBAs overpressure and stabilized for 2 minutes. Then, TBAs was shut off and the growth 

chamber was cleared under H2 for 15 seconds, followed by TBP flow for 15 seconds. Finally, a 

nominally undoped 15 nm InGaP shell was grown for 2 minutes with [TMIn]/([TMIn]+[TEGa]) 

= 0.4. After the growth, the temperature was ramped down under TBP overpressure. The final 

nanowire diameter and height were 150 nm and 1.2 μm, respectively. 

Device fabrication. Samples were soaked in buffered oxide etchant (6:1 BOE) for 30 seconds to 

remove the SiO2 mask. After rinsing, they were dried on a hotplate at 180 °C for 2 minutes. 

Samples were spin-coated with photosensitive Cyclotene 4000 Series BCB (Dow Chemical) and 

patterned with vias for contact to the substrate using photolithography. After curing at 250 °C for 

1 hour, residual BCB was removed by RIE for 1 minute at a rate of 80 nm/min. Ohmic contact to 

the substrate was achieved with Ge/Ni/Ge/Au metallization, followed by annealing at 380 °C for 

30 sec. Following the lift-off, the top 210 nm of the nanowires were exposed by RIE. Contacts to 

the nanowires were defined using photolithography, and Au/Zn/Au was deposited with the samples 

mounted at a 45° angle to allow partial exposure of the nanowires. Following the lift-off, the 

samples were annealed at 340 °C for 30 sec.  

Dark and photon counts. The nanowire SAM-APD sample was placed in a cryogenic chamber 

(LakeShore TTPX) to carry out low temperature measurements. DC bias voltage was applied to 

the device through a 1 MΩ quenching resistor using an Agilent B2961A source measurement unit 

(SMU). When the devices were overbiased, avalanche current pulses were converted into voltage 

pulses by a 50 Ω terminator which were then amplified by two cascaded radio frequency (RF) 

amplifiers. Each amplifier had a bandwidth of 2 GHz and gain of 25 dB. Amplified avalanche 
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pulses were discriminated and counted by a time-correlated single photon counter (PicoHarp 300). 

A 20 GHz digital oscilloscope (Tektronix DSA 72004C) was used to monitor the avalanche pulses. 

This deep memory oscilloscope was able to capture signal data with 4 ns resolution over a time 

window as long as 200 ms, so the dark and photon count rates were calculated by analyzing 

recorded signal data. The photon source for the photon counts measurements was a fiber-coupled 

1064 nm CW laser (Orbits Lightwave Ethernal SlowLight). The CW laser light was attenuated by 

a HP 8156A variable optical attenuator (VOA) before illuminating the devices. During the photon 

counts measurement, the laser power was slowly increased until the counts rate was saturated (i.e. 

reaching the maximum photon count rate). 

Timing jitter. For timing jitter measurements, the biasing circuit remained the same as the dark 

and photon counts measurement, but the CW laser was replaced with a pulsed laser (NKT SuperK 

EXTREME EXW-12) operating at 1064 nm and a repetition frequency of 1.95 MHz. NIM output 

signal from the laser and the avalanche pulses from the device were connected to the channels of 

PicoHarp 300. The histogram of time correlation between the two channels were plotted by the 

PicoHarp software. The bin resolution of the histogram was 4 ps. In the case of using a pulsed 

voltage source, an HP 8116A Pulse Generator was used. The generated square pulses (with pulse 

width of 20 ns) were used to simulate the avalanche pulses from the nanowire SAM-APDs. 
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Figure 1. Design, fabrication, and dark current characteristics of nanowire SAM-APDs. (a) 

Schematic drawing of nanowire SAM-APD structure composed of InGaAs absorption layer, GaAs 

avalanche layer, and InGaP passivation shell. (b) SEM images of nanowire growth after each layer. 

Scale bar 500 nm. (c) False-color SEM of device after fabrication. Dashed box represents the 

position of nanowire arrays. Scale bar, 50 µm. (d) Close-up false-color SEM of active area showing 

exposed nanowire tips. Scale bar, 200 nm. All SEM images are measured by tilting the sample by 

30°. (e) Repeated DC voltage sweeps on a nanowire SAM-APD at 77 K. Although the breakdown 

voltage shifted randomly between -17 V and -22 V, there was no degradation of electrical 

characteristics after repeated measurements. (f) Temperature-dependent dark current showing that 

the leakage current is entirely below the system noise floor below 175 K.  
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Figure 2. Photon counting setup and pulse measurements. (a) Configuration of the free-running 

mode measurement setup for dark counts and photon counts. Passive quenching is accomplished 

with a 1 MΩ resistor in series with the nanowire SAM-APD. (b) Pulse shape of dark carrier-

initiated avalanche events for increasing DC bias. 
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Figure 3. Temporal response of nanowire SAM-APDs in free-running mode. (a) Pulses under 

dark conditions arrive at a rate of 2.8 Hz. (b) Pulses under CW illumination arrives at a rate of 7.8 

MHz. Note that the pulses occur much more frequently under illumination and thus the time scale 

is modified for clarity. (c) Close-up view of three consecutive pulses, with 40 ns time interval 

between pulses, indicating a maximum count rate of 25 MHz. 
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Figure 4. Dark count rate. The DCR was measured from 77 K to 125 K as a function of overbias, 

VOB. At higher temperatures the average DCR fluctuated significantly and was therefore 

considered unstable and not included in this figure.  
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Figure 5. Afterpulsing and timing jitter. (a) Real-time sweeps spanning 2 μs at various applied 

VOB. Afterpulsing begins to appear at VOB of 10 V. (b) The maximum afterpulsing probability of 

23 % occurs at VOB of 12 V. (c) Experimental histograms obtained by measuring the timing 

distribution of a pulsed voltage source with a known timing jitter of 20 ps (top image), and the 

nanowire SAM-APDs with unknown timing jitter (bottom image). By comparing with the pulsed 

voltage source, timing jitter of nanowire SAM-APDs is deduced to be less than 113 ps. 


