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ABSTRACT

Avalanche photodetectors (APDs) operating at 1064 nm are an integral component of light detection and ranging (LiDAR) systems used in
imaging technologies such as acquisition tracking and pointing (ATP) and airborne topographic mapping. Current state-of-the-art APDs
utilize a separate absorption-multiplication (SAM) structure using an In0.53Ga0.47As absorber lattice-matched to an InP multiplication
layer. When operated in Geiger mode, these detectors are limited by the dark count rate caused by generation current in the InGaAs, making
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nm), in practice the reduction of bulk generation current is offset by the poor material quality resulting from lattice mis-matched growth on
InP. In this work, we investigate the nanowire platform as a means to overcome this limitation. By taking advantage of the ability to grow
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InP. This results in reduction in DCR by a factor of 1000 and a count rate > 1 MHz. Geiger mode characterization will be presented in detail,
including dark count rate and photon detection rate.
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Abstract

The nanopillar optical antenna avalanche detectors (NOAADS) produced by this effort will address the need
for high performance detectors for SWIR focal plane arrays for both passive and active imaging. Our
proposed approach combines plasmonically enhanced absorption due to a nanopillar optical antenna with
a nanoscale multiplication region. We previously demonstrated both high external quantum efficiency and
low excess noise in linear mode operation of InGaAs avalanche photodetectors (APDs). We now turn to
Geiger mode operation of single photon avalanche detectors (SPADs). UCLA has developed the growth of
separate absorption-multiplication (SAM) APDs, consisting of lattice mis-matched InGaAs absorbers on
GaAs avalanche regions. Temperature dependent dark current measurements on fabricated detectors show
that the electric field is confined within the avalanche region before punch-through, with a strong
photoresponse at 1064 nm above punch-through. We measure a dark count rate (DCR) less than 10 Hz at
77 K in free running mode, comparable to commercial silicon SPADs and over 10° lower than commercial
InGaAs/InP SPADs. A pulse-width under 200 ns indicates count rates greater than 1 MHz are possible,
over 10 times faster than commercial InGaAs/InP SPADs. Finally, we show a time sweep of the device
under dark and illuminated conditions, and a clear increase in the number of counts is observed when 1064
nm incident light is applied.



Scientific Progress and Accomplishments

Heteroepitaxy of InGaAs absorber on GaAs avalanche region

All-axial Ino27Gao.73As was grown on GaAs avalanche layers using triethygallium (TEGa) rather
than the commonly used trimethylgallium (TMGa). The use of TEGa as a precursor significantly
reduced radial overgrowth of InGaAs, which has been a significant obstacle to achieving high
performance SAM-APDs. Figure 1a shows a schematic of the intended structure. The avalanche
region is grown first at 680° C using unintentionally p-type GaAs. A p-GaAs field control layer is
then grown by using diethyzinc (DEZn) as a p-dopant. The InGaAs absorber is grown at the same
temperature as the GaAs, with a 30% gas phase indium composition at a /Il ratio of 40, then a
contact layer is grown using p-InGaAs. Finally, an InGaP passivation shell is grown at 600° C.
Figure 2b shows a tilted SEM images of as-grown nanowires with a 400 nm InGaAs layer. The
diameter of the nanowires before and after growth of InGaAs was measured and found to be the
same, indicating no radial growth occurred. Figure 2c shows the result of growing a 600 nm
InGaAs layer. In this case, a small percentage of the nanowires are curved, caused by radial growth
of InGaAs over the GaAs. The strain resulting from the lattice mis-matched interface causes the
nanowires to bend. Figure 1d shows an STEM image along with an EDS scan along the length of
the nanowire. The InGaAs region is clearly visible as the bright region at the top of the nanowire.
EDS confirms that the indium composition is 27% and that the composition is uniform.

Figure 1 | a, Schematic of nanowire SAM-APD structure. b, Tilted scanning electron
micrograph (SEM) of array of InGaAs/GaAs nanowire SAM-APDs with 400 nm InGaAs
layer. c, Tilted scanning electron micrograph (SEM) of array of InGaAs/GaAs nanowire
SAM-APDs with 600 nm InGaAs layer. Scale bar: 800 nm, Inset scale bar: 400 nm. d,
STEM and EDS of single nanowire showing all-axial heteroepitaxy of InGaAs on GaAs.



Dark current and avalanche breakdown

Temperature-dependent dark current measurements, shown in Figure 2a, were performed in order
to determine the source of the leakage current before punch-through. The dark current rapidly
drops from 800 pA at 300 K to 100 fA at 175 K at 10 V reverse bias. Figure 2b shows an Arrhenius
plot of the leakage current at 100 mV reverse bias and compares an InGaAs photodetector, a GaAs
photodetector, and the InGaAs/GaAs SAM-APD. Note that the activation energy of the SAM-
APD is the same as that of the GaAs photodetector, indicating that the electric field is confined
entirely within the GaAs avalanche layer, despite the existence of an InGaAs layer above it.
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Figure 2 | a, Temperature-dependent dark current of an InGaAs/GaAs nanowire SAM-APD.
b, Arrhenius plot of the leakage current at 100 mV reverse bias showing that the activation
energy of the SAM-APD is the same as that of the GaAs photodetector.

The nanowire SAM-APDS where then biased until breakdown, shown in Figure 3. The dark
current is below the sensitivity of the measurement setup right up until the device breaks down.
The breakdown voltage randomly shifts from a minimum of 17 V to a maximum of 22 V. This
random shift in the breakdown voltage is a known phenomenon that occurs when the number of
carriers available to initiate avalanche breakdown is very small, on the order of 10 per second.
With the number of carriers being so low, as the DC sweep reaches the breakdown voltage, there
isn’t always a carrier available to initiate avalanche breakdown before the next step in the DC
sweep is reached. Thus, the device can frequently be biased several volts above the breakdown
voltage before avalanche actually occurs. Note that avalanche breakdown in nanowire devices
typically leads to device degradation, however in this case, the nanowire SAM-APD went through
twenty DC sweeps taken to breakdown with now signs of degradation. The relatively low current
at breakdown of 1 nA or less, is likely a result of only a single nanowire breaking down during
every sweep. We can take advantage of this characteristic to reduce after-pulsing in SPADs, which
is caused by trap filling and releasing after an avalanche pulse.
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Figure 3 | a, Repeated measurements of the dark I-V on a single nanowire SAM-APD. The
breakdown voltage randomly shifts between 17 V and 22 V reverse bias. The random shift is
due to the extremely low dark current, or equivalently, the low probability of the random
carrier generation required to initiate avalanche breakdown.

Single photon avalanche detector operating in free-running mode

With the appropriate supporting circuitry, the nanowire SAM-APD can by transformed into a
SPAD. The device was passively quenched using a resistor in series with the SPAD, and the dark
and photon counts were measured in free-running mode, i.e., no gate or dead time was used. Figure
4 shows the pulse-shape of dark counts for increasing reverse bias. The full-width half-max is less
than 200 ns, indicating that count rates greater than 1 MHz are possible. The appearance of a
secondary peak during the fall time is due to secondary avalanche events that occur before the
potential across the SPAD has dropped below the breakdown voltage.
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Figure 4 | Temporal pulse shape of dark counts for increasing bias. The FWHM is less than
200 ns, indicating that count rates greater than 1 MHz are possible.



The DCR was measured at 77 K as a function of increasing bias. As the electric field increases
within the nanowire, so too does the breakdown probability, resulting in an increase in the DCR.
Figure 5 shows the DCR vs. bias for a representative device. Even at a reverse bias of 29 V, which
is 7 V above breakdown, the DCR is only 6 Hz! Not only is this extremely low, but this was
achieved without the use of the standard active quenching circuits required to suppress after-
pulsing in commercial InGaAs/InP SPADs. A DCR this low without afterpulsing effects allows
much higher density pixel arrays, since complicated and space occupying quenching circuitry is
not required.
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Figure 5 | a, Repeated measurements of the dark I-V on a single nanowire SAM-APD. The
breakdown voltage randomly shifts between 17 V and 22 V reverse bias. The random shift is
due to the extremely low dark current, or equivalently, the low probability of the random
carrier generation required to initiate avalanche breakdown.

Figure 6 shows a 10 second time sweep of the voltage across the load resistor under dark and
illuminated conditions using a real-time high-speed oscilloscope. Each pulse in the top figure is
triggered by a dark carrier, and represents a time domain view of the DCR, i.e., adding all the
pulses and dividing by the total time gives the DCR, which in this case is about 3 Hz. In the figure
below, the device is illuminated with a 1064 nm diode laser. There is a clear increase in the number
of pulses compared to the dark conditions, rising to about 20 Hz. This ability to detect photons in
free-running mode has far reaching consequences. For example, current commercial InGaAs/InP
SPADs must employ active quenching in order to suppress afterpulsing. This additional circuitry
must accompany each individual pixel in a focal plane array. This results in a very large pixel
pitch, which in turn, makes InGaAs/InP SPAD arrays very large, low resolution, and expensive.
Another advantage of free-running mode operation is that the count rate is no longer limited by
the dead time (the amount of time the SPAD is biased below breakdown to allow all traps to be
released), but by the pulse width. This can increase the count rate from less than 100 kHz in
commercial SPADs to over 5 MHz in nanowire SPADs.
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Figure 6 | Time sweep spanning 10 seconds using a high-speed real-time oscilloscope. The
top and bottom figures are under dark and illuminated conditions, respectively. The light

source was a 1064 nm diode laser.



