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Noise Characterization of Geiger-Mode 4H-Si1C
Avalanche Photodiodes for Ultraviolet
Single-Photon Detection
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Abstract—We present here the noise properties of the 4H-SiC
avalanche photodiodes (APD) operated in Geiger mode. After-
pulse events together with the dark count rate were measured at
different temperatures. We found that at a certain bias voltage, the
after-pulse probability of the 4H-SiC APD was dependent on the
incident photon flux. This interesting observation may be useful
to build a photon-number resolving detector for the UV regime.
Moreover, the after-pulse and the dark counts noise decreased as
the temperature dropped from room temperature to —40 °C so
that the single-photon detection performance of the 4H-SiC APD
could be improved by decreasing the operation temperature.

Index Terms—Avalanche photodiodes (APDs), photodetectors,
silicon carbide (SiC), ultraviolet (UV) single-photon detection.

1. INTRODUCTION

N RECENT years, ultraviolet (UV) single-photon detection

has attracted a lot of research interest due to the numerous
important applications of the ultra-low-level UV light detec-
tion, such as biological-agent detection, deep-space UV astron-
omy, environmental monitoring, discharge monitoring via UV
fluorescent detection [1]. The photomultiplier tubes (PMTs) and
microchannel plates (MCPs) are widely used for the single-
photon detection and imaging in UV regime [2]-[4]. However,
disadvantages including low quantum efficiency of the photo-
cathode for UV light, high voltage, vacuum operation condition,
sensitivity to magnetic field and large size, prevent such devices
from wide applications. In the last decades, with the develop-
ment of the materials science, the 4H-SiC avalanche photodiode
(APD) is promised to be one of the best UV detector candi-
dates owing to its high quantum efficiency and low dark current
[5]-[8]. And the UV single-photon detection has been realized
based on 4H-SiC APDs operated in Geiger mode [9]-[14]. As
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the first demonstration of the 4H-SiC APD in the single-photon
detection, the detection efficiency was reported to be about 3%
at around 300 nm with the dark count rate higher than 6 x 10°
counts per second (cps) [10]. Since then, efforts have been made
to increase the detection efficiency to 10% around 266 nm with
the dark count rate of 2 x 10° cps [11]-[13]. Recently, Ref. [14]
reported the single-photon detection based on 4H-SiC APD at
high temperature up to 150 °C. The detection efficiency dropped
slightly around 0.2% while the dark count rate increased from
20 x 10% cpsto 80 x 10? cps, with the temperature changing
from 25 °C to 150 °C. All the previous studies reported the
detector characterization at high temperatures.

In this paper, we characterized the noise properties of the
4H-SiC APD operated in Geiger mode, including the after-pulse
and dark count rate at different temperatures from —40 °C to
55 °C. Interesting phenomenon of the after-pulse probability
dependent on the incident photon flux was observed, which
may be used to build a photon-number resolving detector for
the UV regime. And at low temperatures, both the after-pulse
and the dark counts noise decreased, providing the possibility to
optimize the single-photon detection performance of the 4H-SiC
APD by decreasing the operation temperature.

II. EXPERIMENTS AND RESULTS

The epitaxial structure of the 4H-SiC APD is shown in
Fig. 1(a), which consisted of a thin 0.1-um p+ cap layer, a
0.2-pm p layer, a 0.5-um p- layer, and a 2.0-pm n+ layer grown
on n-type 4H-SiC substrate. The device was terminated by using
a beveled mesa, which was dry-etched down to the bottom n+
layer based on a photoresist reflow technique. The top mesa edge
had a diameter of ~120 pm. More details on fabrication process
can be referred to Ref. [15]. The quantum efficiency (QE) of the
4H-SiC APD at 280 nm was ~30-35%. The spectral response
QE peak of the 4H-SiC APD was observed to be over 50% at
~270 nm. The 4H-SiC APD was hermetically sealed in a TO-46
package, and welded on the test circuit directly.

The circuit to operate the 4H-SiC APD in Geiger mode for
single-photon detection is shown in Fig. 1(b). The breakdown
voltage of this 4H-SiC APD was about 171.0 V at 25 °C. A high
bias voltage above 171.5 V was applied on the APD. The APD
was passively quenched by a 200-k2 resistor. The amplitude
of the avalanche pulse was higher than 50 mV. Then, a fast
comparator was used to discriminate the avalanche pulses from
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Fig. 1. (a) Device cross section showing beveled edge. (b) Test circuit of the
4H-SiC APD for single-photon detection.
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Fig. 2. Total counting rate and the dark count rate as a function of the bias

voltage when illuminated by a cw UV light LED.

the background noise. The output of the comparator was a TTL
pulse with an amplitude of 5 V. In this way, we could directly
get the single-photon counting rate with a counter.

The single-photon detector was characterized with a continu-
ous wave (cw) and a pulsed UV LED, respectively. A bandpass
filter at 280 nm with full width at half maximum of 25 nm was
used to narrow the emission spectrum of the LED.

Firstly, the cw light source was used to test the single-photon
detector based on 4H-SiC APD in free running mode. The UV
light was focused onto the APD by a fused silica lens with the
focal length of 20 mm. The beam spot at the focus was 60 ym
in diameter, which was smaller than the active area of the APD.
A calibrated attenuator was placed behind the bandpass filter to
attenuate the UV light from 4.16 W to 2 pW, corresponding to
2.83 x 10° photons/s at 280 nm. We increased the bias voltage
on the APD step by step and recorded the total counting rate at
the output as a function of the bias voltage. The dark count rate
of the APD was also recorded without UV light illumination
which was dependent on the bias voltage as well. As shown
in Fig. 2, when the bias voltage increased from 171.5 V to
173.45 V, the total counting rate increased from 0.5 x 103 to
520 x 10? cps. But the dark count rate increased rapidly from
0.02 x 103 to 310 x 10? cps. Note that the total counting rate
from the APD did not only contain the useful photon counts
but also the after-pulse noise. Usually, the carriers during the
avalanching might be captured by the defects in the APDs. And
the avalanche pulses might be retriggered when the carriers
release, which are called the after-pulse [16]-[17]. When the
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Fig. 3. (a) After-pulse probability and the corrected detection efficiency as
a function of the bias voltage when the incident UV pulses contained 5 pho-
tons/pulse. (b) After-pulse probability as a function of the incident photon flux
when the bias voltage on the 4H-SiC APD was kept at 173.3 V.

after-pulse probability was high, the detection efficiency could
not be obtained directly in this free-running mode.

To investigate the after-pulse noise properties of the 4H-SiC
APD, we replaced the cw UV LED with a pulsed UV LED. The
UV LED was modulated by a signal generator with a repeti-
tion rate of 20 kHz. The pulse duration was about 40 ns. The
synchronous signal from the signal generator was used as the
trigger for the gated photon counter (SR400, Stanford Research
Systems, Inc). The gate width of the counting gate was 50 ns,
and the dead time of the 4H-SiC APD was at least 300 ns. The
possibility of after pulsing happening within the counting gate
was very low so that it could be neglected. In this way, the pho-
ton detection within the counting gate could be obtained while
the counts caused by the after-pulse noise could be analyzed.
The UV light pulse was attenuated to contain about 5 pho-
tons/pulse and focused on the APD. The after-pulse probability
was calculated by

Patter = Chotal — Cgate — Cldark 7 (1)

Cgate

where Clota1 is the total counting rate including the photon
counts, dark counts, and after pulses, Cq,.k is the dark count
rate which is the total counting rate without any input pho-
tons, and Cy, . is the count rate within the counting gate of the
photon pulses. The black squares in Fig. 3 show the total after-
pulse probabilities during the whole period of the photon pulses
(~50 ps) when the bias voltage was tuned from 172.3 to
173.3 V. The after-pulse probability increased from 43.9% to
67.1% linearly. Therefore, taking into account the Poisson dis-
tribution of the incident photons, the detection efficiency could
be corrected as shown by the red round spots in Fig. 3. The
detection efficiency increased from 0.4% to 4.6% as the bias
voltage increased. The after-pulse and the detection efficiency
both increased with the bias voltage of the 4H-SiC APD. The
detection efficiency increases with the bias voltage in a certain
range in most of the Geiger-mode APDs, because the avalanche
probability will increase with the electric field. Usually, the
after-pulse probability will decrease, as it will speed up the car-
riers to release from the defects when the electric field increases
in most of the Si APDs and the InGaAs APDs. In these APDs,
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Fig. 4. (a)-(c) Avalanche pulse waveform recorded by the oscilloscope
with incident photon flux of 1 photons/pulse, 20 photons/pulse and 100 pho-
tons/pulse, respectively. (d) Peak output voltage distribution with detected av-
erage photon number of 1.47 photons/pulse.

the avalanche probability increases with the electric field, but the
avalanche gain is close to be saturated, so the number of carriers
through the APD remains constant, approximately. However,
in this experiment, the avalanche gain of the 4H-SiC APD in-
creased with the electric field, so the number of carriers through
the APD increased, leading to the increase of the after-pulse
probability. Considering the dark count rate, we set the bias
voltage at 173.3 V for the rest tests.

We found an interesting phenomenon when measuring the
after-pulse probability dependence on the incident photon flux.
Usually, the after-pulse probability won’t increase with the in-
cident photon flux in Si APDs because the amplitude of the
avalanche pulse is a constant. Unlike the Si APD, the after-
pulse probability of the 4H-SiC APD increased with the inci-
dent photon flux and kept increasing even when the detector was
saturated with the incident photon flux beyond 20 photons/pulse
as shown in Fig. 3(b).

In order to find out the reason, we used an oscilloscope probe
to check the avalanche pulse shape before the signal was sent
to the comparator for reshaping. As shown in Fig. 4(a)—(c), the
amplitude of the avalanche pulse varied in a large range with
the incident photon flux increasing. The maximum avalanche
pulse signal could reach 550 mV while the minimum was only
15 mV.

At the first glance, the phenomenon could be explained by
the unequal avalanche gain distribution on the 4H-SiC APD
active area. If the photons arrived at different positions of the
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4H-SiC APD, the avalanche gain change would result in the
avalanche pulse shape variation. But if we take close look at
those waveforms, we will find that it may not be the whole
truth. When the incident photon flux was low, the amplitude
of the avalanche pulse was not unique as shown in Fig. 4(a).
With the incident photon flux increasing, the amplitude of the
avalanche pulse kept increasing even when the incident photon
flux reached 100 photons/pulse as shown in Fig. 4(c). No satura-
tion was observed on the avalanche pulse amplitude. If there is
just unequal avalanche gain on the 4H-SiC APD, the amplitude
of the avalanche pulse should not increase when it is saturated
with large incident photon flux which would erase the unequal
avalanche gain. Therefore, the pulse amplitude variation was
not caused only by the unequal avalanche gain.

Then, the phenomenon should be attributed to the multi-
avalanche effect. The avalanche gain may be localized on a
small area so that it could be resolved spatially. Multi-avalanche
might happen when multi-photon incidents on different areas of
the APD [18]. Then the amplitude of the avalanche pulse would
be dependent on the incident photon number per pulse. And
the after-pulse signal caused by the carrier releasing would also
be dependent on the detected photon number per pulse, which
explains the increase of the after-pulse probability. As shown
in Fig. 4(d), when the average detected photon number was
1.47 photons/pulse, different photon number states of n = 1, =
2, = 3 and =4 could be roughly recognized by the amplitude
of the avalanche pulse. The experimental result is displayed as
the black line and the simulation according to the Poissonian
distribution is shown by the red line [19], indicating that the
experimental data fitted exactly the Poissonian superposition of
photon-number states. This interesting phenomenon would be
helpful to build a photon-number resolving detector in the UV
regime.

For further investigation, we placed the 4H-SiC APD to-
gether with the pulsed UV light source in a temperature test box.
The incident photon flux was kept at about 960 photons/pulse.
And the detection efficiency of the APD was kept at 4.6% by
tuning the bias voltage. The temporal distribution of the after-
pulse events at different temperatures was recorded by a time-
correlated single-photon counting (TCSPC) system (HydraHarp
400, PicoQuant GmbH). The resolution of the TCSPC system
was set at 32.8 ns. And the acquisition time was about 20 s.
The histogram of the after-pulse events is shown in Fig. 5. With
the temperature dropped from 55 °C to —40 °C, the after-pulse
events decreased but decayed slowly with time at low tempera-
tures. It is well-known that the process of carrier releasing in the
defects prolongs at low temperatures, which will also prolong
the after-pulse effect. As shown by the black curve in Fig. 5, the
after-pulse events decayed very quickly when the temperature
of the APD was 55 °C, indicating the fast releasing of the re-
triggered carriers. The after-pulse behavior of the 4H-SiC APD
at different temperatures is quite similar to that of Si APDs and
InGaAs APDs.

The dark count rate of the 4H-SiC APD was measured at dif-
ferent temperatures as well. The bias voltage on the APD was
tuned at different temperatures to keep the same total counting
rate with the same incident photon flux. The dark count rate
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Fig. 5. Histogram of the after-pulse events of the 4H-SiC APD operated at
different temperatures measured by a TCSPC system with a resolution of 32.8 ns
and an acquisition time of 20 s.
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Fig. 6. Dark count rate of the 4H-SiC APD at different temperatures.

as a function of the operation temperature is shown in Fig. 6.
The dark count rate was about 97.7 x 10% cps at —40 °C, and
then increased to 200 x 103 cps at 20 °C, but varied slightly
from 20 °C to 50 °C. Therefore, although the previous research
proved that the main dark counts of 4H-SiC APDs come from
the tunneling effect [20]-[22], by decreasing the operation tem-
perature the dark count rate of the 4H-SiC APD could be much
reduced.

III. CONCLUSION

In conclusion, the noise characters of the UV single-photon
detector based on 4H-SiC APD operated in Geiger mode were
studied in a large temperature tuning range from —40 °C to
55 °C. Unlike the Si APD, the after-pulse probability of the
4H-SiC APD increased as the incident photon flux, indicating
that the multi-avalanche effect happened during the photodetec-
tion. This interesting finding may help to construct a UV photon-
number resolving detector based on 4H-SiC APDs. And when
the operation temperature was tuned from 55 °C to —40 °C,
both the after-pulse and the dark counts noise decreased. There-
fore, the single-photon detection performance of the 4H-SiC
APD could be improved by working at low temperatures.
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