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and/or enable opportunities in areas ranging from

communications and computing to novel diagnostics"?. Light
sources and detectors are important elements for integration',
and key progress has been made using semiconducting
nanowires’” and carbon nanotubes to yield electrically driven
sources™ and photoconductor detectors’*"’. Detection with
photoconductors has relatively poor sensitivity at the nanometre
scale, and thus large amplification is required to detect low
light levels and ultimately single photons with reasonable
response time. Here, we report avalanche multiplication of the
photocurrent in nanoscale p—n diodes consisting of crossed
silicon—cadmium sulphide nanowires. Electrical transport
and optical measurements demonstrate that the nanowire
avalanche photodiodes (nanoAPDs) have ultrahigh sensitivity
with detection limits of less than 100 photons, and subwavelength
spatial resolution of at least 250 nm. Crossed nanowire arrays
also show that nanoAPDs are reproducible and can be addressed
independently without cross-talk. NanoAPDs and arrays could
open new opportunities for ultradense integrated systems,
sensing and imaging applications.

The nanoAPDs were assembled by sequential fluid-directed
assembly' of solutions of n-CdS and p-Si nanowires®*’, and
independent electrical contacts were defined by lithography
and metal deposition (see the Methods section) as described
previously’. We have focused our efforts on crossed-nanowire
p—n structures for several reasons, including the ability to
(1) independently tune dopant concentration in the p-silicon
nanowires'®"" while maintaining a high absorption coefficient
with the n-CdS nanowires, and (2) define abrupt, nanoscale
junctions that are ideal for high spatial resolution. The dark
current (Igq) as a function of bias voltage recorded from a
representative device shown in Fig. 1a shows a sharp increase
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in |Igq| at approximately —9 V. Illumination of the same
device shows a voltage-dependent photocurrent (I;,) that increases
with increasing negative reverse bias until I, ~ Iju at —10 V,
which is suggestive of an avalanche breakdown process”.
More detailed measurements shown in Fig. 1b demonstrate
that Iy, remains constant at ~100 pA until breakdown
occursat —9 V.

We have used these data to calculate the multiplication
factor, M, for the nanoAPD using McIntyre’s formula®: M =
(Iph — Iga) /Log, where I, is the unity gain (M = 1) of the
photocurrent. The plot of M versus bias voltage in Fig. 1b
shows that this device exhibits a multiplication factor of about
5 x 10* for sub-breakdown biases. Studies of a number of similar
n-CdS/p-Si crossed nanowire devices demonstrate that this high
multiplication is reproducible, with values of M as large as 7 x 10*
observed. In contrast, single n-CdS or p-Si nanowire devices exhibit
maximum photoconductive gain (I, /I4.i) of only 3-5 (see the
Supplementary Information) or approximately 10,000 times lower
than our nanoAPDs. Hence, the high gain observed cannot be the
result of photoconductivity in the individual nanowires, but must
result from an amplification process associated with the p—n diode
formed at the crossed-nanowire junction.

To further characterize the nature of amplification in crossed-
nanowire structures, we have made spatially resolved photocurrent
measurements. As shown in Fig. 1¢, a highly localized photocurrent
peak is observed in scanning photocurrent measurements, where
the I, peak is located at the position of the reverse-biased p—n
crossed-nanowire junction. No gain is observed at the nanowire
electrode contacts, which is distinct from previous studies'® where
contact barriers have dominated the response. These results clearly
demonstrate that amplification is associated with the nanoscale
p—n junction. In addition, measurements of the spectral response
show that the CdS nanowire is the predominant absorbing medium
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Figure 1 Characterization of nanowire APDs. a, /-V/ characteristic of the APD in
dark (black line) and illuminated (red line) conditions; the device was illuminated
with 500 nW of 488-nm light (red line). The inset shows a scanning electron
micrograph of the n-CdS/p-Si device; the scale bar is 4 um. b, Logarithmic scale
APD -V characteristics (black line: dark; red line: illuminated) and corresponding
multiplication factor (blue line). ¢, Plot of the spatially resolved photocurrent from the
nanoAPD measured in the proportional mode using a diffraction-limited laser; the
bias voltage, laser power and scanning step size were —7 V, 200 nW and 250 nm
(in xand y), respectively. The inset shows a contour plot with slices taken every

100 nA. The nanowire positions are indicated on the plot by solid lines.

with a maximum photocurrent for wavelengths at the CdS bandgap
(see the Supplementary Information); the spectral response is
consistent with photocurrent studies made on single-crystal CdS?'.
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Figure 2 Temperature-dependent /-V for n-CdS/p-Si crossed-nanowire APDs
as a function of p-Si dopant level. The /-V/ data were recorded at 75 (black lines),
150 (blue lines), 225 (green lines) and 300 K (red lines) for devices in which
B,Hs:SiH, gas ratios during synthesis were a, 1:6,000, b, 1:4,000 and ¢, 1:250,
where B,Hs is the p-type dopant; the CdS nanowires had the same intrinsic doping
level in all three devices.

Analysis of the I, position data further shows that the spatial
resolution of the device is at least 250 nm, the step size used in
the scanning experiment. Significantly, these results demonstrate
that the detector has subwavelength resolution in addition to very
high gain.

To determine the photodiode breakdown mechanism,
temperature-dependent transport studies of crossed n-CdS/p-Si
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Figure 3 Crossed-nanowire APD responsivity. a,b, Detection sensitivity measured
at room temperature using a calibrated photon source. The device was biased at
—8V, and the calibrated output from a frequency doubled Ti:sapphire laser at

400 nm (250-fs pulses; 76-MHz repetition rate) was used as a source. ¢, Temporal
response of the crossed nanowire APD recorded using a frequency tripled Nd:YAG
laser (355 nm; 10-ns pulse width; 16 Hz). The inset shows a train of photocurrent
peaks concurrent with the laser pulses.

nanowire devices were carried out. Figure2a shows that the
pronounced breakdown shifts to higher absolute voltages as
temperature increases. This positive temperature coefficient
of about +15 mV K™' and the ‘hard-knee’ breakdown is a
clear signature of an avalanche breakdown mechanism". For
comparison, avalanche photodiodes from II-VI wide bandgap
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ZnSe semiconductor have a temperature dependence of about
423 mV K! (ref. 22). Further support for this interpretation was
obtained through temperature-dependent transport measurements
on structures assembled using p-Si nanowires with higher dopant
concentrations. We varied the boron dopant concentration by
growing silicon nanowires with different B,H;:SiH, ratios. Previous
work'®! has shown that this leads to systematic changes in the
effective dopant concentration from about 2 x 10" cm™ to 2 to 3 x
10" ¢cm™. Measurement on crossed-nanowire devices assembled
using p-Si nanowire growth with the B,Hq:SiH, = 1:4,000 showed
a much more gradual (soft-knee) and temperature-independent
breakdown mechanism in crossed-nanowire photodiodes (Fig. 2b).
Notably, devices assembled using nanowires grown with a
B,H,:SiH, = 1:250 yielded a soft-knee breakdown but showed a
shift to lower voltages with increasing temperature at a rate of about
—10 mV K™' (Fig. 2c). This negative temperature dependence is
characteristic of a Zener breakdown mechanism', and distinct
from that observed in devices showing high multiplication.
Taken together, these studies provide clear evidence that the high
gain of the crossed-nanowire photodiodes is the result of an
avalanche mechanism.

The photon-detection limits of our nanoAPDs were determined
using a calibrated laser excitation source (see the Methods section).
Data shown in Fig. 3a,b demonstrate a large dynamic range from
pW to nW. The lowest power that was easily measured above the
noise level was 4 pW, corresponding to an estimated detection limit
of about 75 photons. This very high sensitivity can be attributed
to the large avalanche multiplication effect, which compensates
for the low photon absorption cross-section of these nanoscale
photodetectors, and yields significant improvements compared
with nanowire photodetectors without carrier amplification, such
as photoconductors® and metal-semiconductor—metal detectors'®.
In addition, it should be possible to achieve higher sensitivities by,
for example, using core/shell nanowire structures'>” to assemble
p—i—n junctions for improved field strength and gain. Ultimately,
single-photon detectability might be obtained using the Geiger
mode of an actively or passively quenched nanoAPD*.

We also investigated the temporal response of the nanoAPDs.
For example, the inset of Fig.3c shows a train of photocurrent
pulses that are concurrent with the incident laser pulses. Analysis
of a single photocurrent peak in Fig. 3¢ yields a 90%—10% fall time
of about 3 us. The time fluctuation between photon absorption and
electrical detection is <2 ps (amplifier-limited rise time). This time
constant is limited by instrument response, and does not represent
the intrinsic speed of the nanoAPD. Nevertheless, this measured
value is five times faster than a recently reported single nanowire
photodetector'®, but considerably slower than comparatively large-
area commercial Si APDs”. A better measure of the intrinsic
nanoAPD response time could be obtained in the future by using
techniques, such as photocurrent correlation measurements, that
are not limited by the gain bandwidth of the electrical measurement
systems. In addition, smaller electrode distances as well as the
passivation of surface traps could be used to enhance the temporal
response time of these devices.

One potential advantage of our crossed-nanowire devices is
that the architecture can be extended to arrays with independently
addressable devices. To demonstrate this concept, we investigated
an array consisting of two silicon nanowires crossing a single CdS
nanowire as shown in Fig. 4a. Scanning photocurrent data acquired
from this array (Fig. 4b) showed two well-defined photocurrent
peaks that were located at the positions of the individual nanoAPDs
(Fig. 4b). The two device elements in the array exhibited spatial
resolution and gain similar to the single nanoAPDs described
above. Importantly, the similar sensitivity of the elements within
the array and compared to single devices in Fig. 1 testify to
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Figure 4 Nanowire APD arrays. a, Optical micrograph of an array consisting of an n-CdS nanowire (horizontal) crossing two p-Si nanowires (vertical); the larger rectangular
features correspond to metal contacts (scale bar, 10 um). b, Spatially resolved photocurrent measured from the array in a. Both devices were biased at —10 V and excited at
488 nm (200 nW, Ar*-ion laser) with a scanning step size of 1 um. ¢,d, £, versus time traces for laser scanning measurements where individual devices were turned on
(biased at —10 V); the left device is on in ¢ and the right device on in d. e, /;, versus polarization (¢) for a nanowire APD (see the Methods section); the device was biased

at —5V.

the reproducibility of the nanoAPDs prepared by our relatively
simple approach.

In addition, analysis of I;, time traces (Fig. 4c,d), with the equal
starting point and dwell time for the raster scans, demonstrate that
the nanoAPD elements in the array can be independently turned
on and off, and that there is no electrical cross-talk between the two
devices when only one is illuminated. It is also worth considering
the prospects for larger arrays, although we stress that single
nanoAPDs represent a unique advance and could have important
applications without the need for arrays. We have made arrays with
up to three elements that show independent detection (no cross-
talk) with device separations on a similar 10-um scale as that above.
It should be possible to push the separation to about the 1 um
scale without modifications of our approach by using the spatially
resolved photocurrent peak (for example, Fig. 1¢) as an estimate
of carrier collection length. However, one may be able to improve
this device separation by using axial nanowire heterostructures>*'°,
which can effectively isolate each element while keeping the basic
crossed nanowire array structure.

Lastly, the polarization-dependent I,, measurements shown
in Fig. 4e demonstrate that the nanoAPD response is highly
sensitive to the polarization of the detected light. Quantitative
analysis of the results shows that polarization ratios of the order
of 56% can be obtained for our devices, and are reproducible.
The polarization contrast observed is lower than that expected
for a fully isolated nanowire, 75%, on the basis of the dielectric
contrast between the nanowire (¢ = 7.2) and the surrounding
medium (& ~ 1.0) (ref. 13). The lower polarization contrast
in real devices is expected due to factors not accounted for
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in the simple model including, coupling to the substrate,
the finite diameter of CdS nanowires, and the crossed-silicon
nanowire component of the device. Nevertheless, the 56%
polarization ratio represents a unique feature compared with
conventional APDs that require additional optical elements to
achieve polarization sensitivity.

Our studies describe the first nanoscale APDs, where the devices
have been developed in a general way from crossed p-silicon
and n-cadmium sulphide nanowire diodes. The nanoAPDs exhibit
ultrahigh sensitivity with detection limits of less than 100
photons, subwavelength spatial resolution of at least 250 nm,
excellent polarization sensitivity, and can be assembled into
small arrays in which the nanoAPD elements are reproducible
and can be addressed independently without cross-talk. These
results represent a significant advance over existing nanoscale
photodetectors'>™'¢, especially in terms of sensitivity and spatial
resolution, and moreover, nanoAPD sensitivity (below breakdown
voltage) is comparable to that reported for conventional planar
APD structures®. Our approach is flexible and should enable
nanoAPDs to be configured from distinct semiconductor nanowire
materials, which could tailor sensitivity in specific spectral regions,
and also to improve detection sensitivity and device stability
by using core/shell nanowire structures to enhance gain. We
believe that the features demonstrated for the nanoAPDs in these
studies offer substantial promise in diverse areas ranging from
nanopositioning, integrated photonics, and near-field detection to
real-time observation of single protein dynamics with integrated
nanoAPDs in microfluidics”’ and the potential for polarization-
dependent single photon counting in the Geiger mode*.
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METHODS

DEVICE FABRICATION

CdS nanowires with diameters ranging from 80 to 150 nm and Si nanowires
with 50-nm diameters were grown by means of a metal nanocluster catalysed
growth approach described previously*?’. The effective doping level of the
p-Si nanowires was varied by the ratio of B,Hg:SiH, in the reactor. Crossed
n-CdS and p-Si nanowire structures were prepared by microfluidic-directed
assembly'® using orthogonal sequential flows of the CdS and Si nanowires.

Electron-beam lithography was used to pattern electrodes at the ends of crossed

nanowire structures, and titanium contacts (100 nm) were deposited by
electron-beam evaporation. All of the devices were fabricated on oxidized Si
(600-nm thermal SiO,) substrates.

SPATIALLY RESOIVED PHOTOCURRENT MEASUREMENTS

Scanning photocurrent measurements were carried out by focusing the 488-nm
line of the Ar-ion laser beam with a 0.9-NA objective to a spot size of ~500 nm.

The spatially resolved photocurrent was measured by raster scanning (step size
of 250 nm) the sample using a Digital PI PZT flexure stage.

PHOTODIODE SENSITIVITY

The lowest average optical power for which we could measure a response above

the noise level measured was 4 pW (400 nm, pulse repetition rate 76 MHz),
corresponding to an average of approximately 0.1 photons per pulse. The data

were collected with an instrument-resolution-limited photocurrent rise time of

10 ms, which corresponds to 760,000 laser pulses impinging on the
photodetector during the 10-ms time interval. The laser was focused to a spot
size of 3 um. For the CdS nanowire of ~100-nm diameter, the calculated area
fraction of the nanowire (area of the nanowire/area of the laser spot) is ~0.01,
that is, 1% of the laser energy interacts with the nanowire. On the basis of the
absorption coefficient of CdS at 488 nm (~10°) followed by calibration from
the photocurrent spectrum in Fig. 3b for absorption efficiency at 400 nm, it is

estimated that ~10% of the incident light will be absorbed by the 100-nm-thick

CdS nanowire. Therefore, on the basis of the area fraction and absorption
efficiency of CdS nanowire at 400 nm, we estimate that ~0.1% of the total

number of photons impinging on the detector will be effectively absorbed. This

leads to an estimation of ~76 photons absorbed by the CdS nanowire
(760,000 x 0.1 x 0.001) to produce a measurable photocurrent response.

In addition, we have used the 1-um full-width at half-maximum value
determined from the spatially scanned photocurrent measurements as an
approximation of the depletion width (x2). This will yield somewhat higher

sensitivity than our conservative model above because the signal is arising from

a smaller number of photons. In addition, using the effective donor
concentration in the CdS nanowires of about 5 x 10'7 cm™ (from transport
measurements), and assuming that there are approximately the same
concentration of donors and acceptors, yields a consistent depletion width of
around ~0.5 um at a bias of 8 V.
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