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Abstract: Optical crosstalk is one of major problems limiting the performance of focal plane
arrays based on single photon avalanche diodes (SPADs). In this work, for the first time
the crosstalk characteristics of a 4H-SiC SPAD linear array are studied, which is based on
a real-time dual channel data acquisition method. It is found that SiC SPAD array exhibits
similar crosstalk probability compared with those of InGaAs-based SPAD arrays, which can
be effectively reduced by trench isolation between adjacent pixels or by lowering overbias.
The average time required for forming a crosstalk event is determined between 7 and 10
ns. As a result, active time-gated operation scheme can be applied for reducing crosstalk.

Index Terms: SiC, SPAD array, ultraviolet, crosstalk.

1. Introduction

Nowadays, ultraviolet (UV) focal plane array (FPA) based on SiC single photon counting avalanche
photodiodes (SPADs) has attracted much attention due to its potential to replace traditional mi-
crochannel plate (MCP) based image intensifiers, which are key components for many cutting-
edge applications, such as missile plume detection and tracking, solar physics as well as
chemical/biological agent detection [1], [2], [3]. In addition, since atmospheric molecules could
strongly scatter UV light, laser radars based on UV detector array have important applications
for atmospheric condition and wind speed monitoring [4], [5]. Compared with vacuum devices,
SPAD-based FPAs have many potential advantages, such as high quantum efficiency, low weight,
lower operation voltage and long lifetime [6].

To improve imaging resolution and quantum efficiency, there is continuous effort to enhance fill
factor of each pixel and reduce pixel spacing in FPA design. Nevertheless, an increasing limitation
of densely packed SPAD arrays is undesirable optical crosstalk, which would degrade signal-to-
noise ratio of imaging systems [7]. When a dark count or a real photon count occurs, a large
number of electrons and holes would generate by avalanche multiplication and some of them might
recombine to produce secondary photons, which could couple to nearby SPADs in the array and
introduce spurious counts. In the case of an InGaAs/InP SPAD array with a pixel spacing of 100 pm,
the crosstalk probability between two neighboring SPADs has been determined ~2%, and the total
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Fig. 1. Cross-sectional schematic and top view of two types of SiC SPAD linear array, showing the
distances between adjacent devices. SPADs are fabricated on the same substrate.

integrated crosstalk probability is found under 15% [8]. Many experiments have shown that optical
crosstalk is a serious counting error factor in highly integrated SPAD FPAs [9], [10], [11].

In this work, linear arrays based on SiC UV SPADs are designed and fabricated with and without
trench isolation. Crosstalk characteristics of the SPAD linear array are studied for the first time.
It is determined that SiC SPAD array exhibits similar crosstalk probability compared with those
of InGaAs-based SPAD arrays at comparable pixel spacing. The relationship between crosstalk
probability and overbias applied on the SiC SPADs is analyzed. The work may provide a useful
guidance for design of FPAs based on SiC UV SPADs.

2. Experimental Details

The cross-sectional schematic of the SiC SPAD linear arrays studied in this work is shown in Fig. 1.
The epi-structure is grown on 4-inch n-type 4H-SiC substrate, which from bottom to top consists of
a 10 um n+ buffer layer, a 0.75 um p- multiplication layer, a 0.2 um p transition layer and a 0.2 um
p+ contact layer. The fabrication procedure begins with mesa etching, which is conducted in an
inductively coupled plasma etching system with CF,/O, as the etching gas. Using a photoresist
reflow technique, the device mesa inherits the shape of the photoresist. A positive beveled mesa
with a low slope angle of ~5° is achieved, which is effective to suppress edge breakdown [12], [13].
The SPAD pixel has a circular shape with a typical mesa diameter of ~100 um. Two types of 1x128
SiC SPAD linear arrays are fabricated. One has a 4 um-wide trench isolation down to the n+ buffer
layer between adjacent pixels while the other has no special trench isolation. The trench etching
is done by using a hard mask. Then the device surface is passivated by SiO, layer deposited by
plasma-enhanced chemical vapor deposition. After opening the contact windows by wet etching, p
top metal contact and n bottom contact both using Ni/Ti/Al/Au metal stack are deposited by e-beam
evaporation, which are finally annealed by rapid thermal annealing in N, ambient.

Fig. 2(a) shows typical room temperature current-voltage curves of the SiC SPADs. The break-
down voltage (V) is ~227 V, which is signaled by a sharp increase of reverse current. The V),
difference of SiC SPADs with and without trench isolation is quite close and less than 0.5 V, which
means that the trench outside the mesa area would not disturb electrical field distribution within
the SPAD. The single photon detection characteristics of the SPADs are measured by using a
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Fig. 2. (a) Current-voltage characteristics of two types of SPADs. (b) DCR vs. SPDE characteristics of
the SPADs.

(a) '
1L
10 100}
I L
> 10°F a1k
) o
[a] —s— SPAD without isolation » —s— SPAD without isolation
—e— SPAD with isolation —e— SPAD with isolation
10"k 102
0.0 0.6 1.2 1.8 24 0.0 0.6 1.2 1.8 24
Overbias (V) Overbias (V)

Fig. 3. (a) DCR vs. overbias and (b) SPDE vs. overbias characteristics of the SPADs.

passive quenching circuit, in which the load resistor is set as zero and the SPAD is quenched by its
self-resistance [14], [15]. Self-quenching mode could reduce recovery time caused by RC effect,
which is beneficial for time correlated crosstalk analysis [16]. Single photon detection efficiency
(SPDE) vs dark count rate (DCR) is evaluated at room temperature, which uses a 280 nm deep UV
light emitting diode as the light source (see Fig. 2(b)). Again, the SiC SPADs with and without trench
isolation show similar performance. Specifically, when the SPDE is fixed ~3%, the corresponding
DCR is determined ~3 Hz/um?. In addition, Fig. 3 shows that the two types of SPADs have no
obvious difference in terms of DCR vs overbias and SPDE vs overbias characteristics.

Crosstalk characteristics are studied by pseudo-crosstalk measurement, in which the count-rate
of a SPAD is evaluated while another SPAD is operating as emitter. As shown in Fig. 4(a),
both devices are being biased above breakdown at same overbias with common cathode and
respective sampling resistors. Real-time output voltage pulses from the two SPADs are recorded
by a dual-channel oscilloscope. The experiment is conducted under dark. That is, only noise pulses
originated by thermal current and tunneling current are counted. Coincidence analysis is applied to
study the temporal correlation between the output signals generated in neighboring pixels, which
allows to obtain crosstalk probability directly [7]. As illustrated by Fig. 4(b), only pulse pairs with
sufficiently small time interval are regarded as a crosstalk event. In order to achieve an acceptable
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Fig. 4. (a) The experiment method: A positive high voltage is added at the common cathode, and
sampling resistors for signal extraction are connected at the anode. Oscilloscope’s dual channels are
used to record voltage values; (b) The diagram of crosstalk analysis, showing the three parameters,
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signal-to-noise ratio, the crosstalk measurement requires long acquisition time, which consists of a
large number of cycles (over 107) made of two adjacent output pulses.

In the data analysis algorithm, there are three key parameters, i.e., count threshold voltage Vi,
pulse duration time T4, and crosstalk observation time T..,s. Here, Vi, is mainly limited by noise
floor of the test circuit, which is set as 8 mV to avoid false counts. Tq., is the obtained average pulse
width for a single count, which is set as 300 ns. During this time period, multiple voltages exceeding
the threshold are recorded as a counting pulse. T, is the judgement standard for whether or not
crosstalk occurs, which represents crosstalk formation time and is experimentally determined. The
interval between unrelated counts should be much larger than 10ns when the DCR of SPADs is
around 20 kHz. A crosstalk is recognized only if two adjacent pulses from the two SPADs have a
time interval less than T, (see Fig. 4(b)). In the context of a large number of statistics, the crosstalk
probability is obtained by dividing the number of crosstalk events by the total count. Fig. 5 shows
the real time output waveforms of the SPADs and the enlarged portion of waveforms illustrating a
crosstalk. It is clear that the RC oscillations following a real count pulse could somewhat degrade
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Fig. 5. (a) Selected real time output waveforms of the “emitter” and the “receiver” SPADs; (b) the
enlarged portion of waveforms illustrating a crosstalk.
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Fig. 6. Crosstalk probability as a function of observation time T,s when overbias on the isolated SPAD
pair is set as 2.0 V.

signal quality. This negative effect is reduced by setting a high T4, value of 300 ns, which has also
been used for DCR and SPDE characterization.

3. Results and Discussion

Fig. 6 shows the crosstalk probability calculated as a function of chosen T, for the 1st, 2nd,
and 3rd neighbor pixels. The purpose of this analysis is to find a suitable T,,s for accurate
characterization of crosstalk probability in later study. During the measurements, the SPAD pairs
are biased at 229.5 V with a mean room temperature DCR of around 15 kHz. The difference of
DCR between the two devices is less than 3 kHz. It is found that as observation time increases,
the crosstalk probability rises steeply after 7 ns and tends to be stable after 10 ns. Meanwhile, the
overall crosstalk probability is higher for close neighbor pixels. Presumably, the formation time of
a crosstalk includes carrier recombination time, photon propagation time and avalanche buildup
time. The propagation time of photons among pixels should be very short and then T,.,s is mainly
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Fig. 7. The relationship between optical crosstalk probability and device spacing in the two types of
SPAD arrays.

made up of the other two factors. The above result means that the formation time of a crosstalk in
the SiC SPAD array is mostly distributed between 7—10 ns, which is very close to the T, value of
10 ns found in Si SPAD array systems [7].

Considering that long observation time would introduce unnecessary interference between
different crosstalk events, T, is set as 10 ns in the following analysis. Fig. 7 shows the crosstalk
probability of the SiC SPAD arrays as a function of device center-to-center distance. Here two
facts can be clearly observed. Firstly, SiC SPAD array with trench isolation has at least one
fold lower crosstalk probability than that of SPAD array without trench isolation. This can be
easily understood as the trench would not only effectively block carrier diffusion path between
adjacent pixels, but also would suppress photon propagation probability through surface/interface
reflections. As illustrated in Fig. 1(b), the trench would introduce a SiC/SiO,/air/SiO/SiC multiple
interface structure. Secondly, the crosstalk probability would quickly drop as pixel inter-spacing
increases. Specifically, as the device center-to-center distance increases from 120 to 360 um,
the crosstalk probability for the SPAD array with trench would reduce from 1.75 to 0.5%. These
numbers are close to the crosstalk probability values of InGaAs/InP SPAD arrays and Si SPAD
arrays reported in literature, which validates the analysis method applied in this work [8].

Besides geometrical factors, crosstalk probability also strongly depends on the degree of
avalanche multiplication. As shown in Fig. 8, the crosstalk probability of 1st neighbor pixel pairs
would rise quickly at higher device overbias. Considering the detailed process of a crosstalk, the
crosstalk probability P...ssta1c €an be roughly calculated by the following equation:

Perosstalk = IDgeneraltion X I:’pass X Pabsorb X Pavalanche

in which Pgeneration iS the recombination probability of multiplied photo-carriers in the transmitting
SPAD, P, is the probability that a photon could propagate to the receiving SPAD, P,psorb IS
the absorption probability of photons by the receiving SPAD, and P.,a1anche IS the probability that
the newly excited photo-carriers could trigger an avalanche event. It is expected that Pyeneration IS
mainly determined by the band structure of the semiconductor material, which is low for 4H-SiC due
to its indirect band structure. In addition, by introducing special structures like multi-quantum-wells
and artificial defects, the photon generation rate can be enhanced, which is nevertheless not the
case for the current SiC SPAD. P, is mainly determined by the structure of the SPAD array.
As has been revealed, trend isolation can effectively reduce P,.s. There is also report that the
patterned electrode on the illumination side of the SPAD array could partially suppress internal
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Fig. 8. DCR vs. overbias and crosstalk probability (15! neighbor) vs. overbias characteristics of the SiC
SPAD array without trench isolation.

reflection and thus reduce P, [9]. In addition, optical absorption along the propagation path of
photons from the “emitter” pixel to the “receiver” pixel should also reduce Pp,s. Pabsort IS mainly
influenced by the optical absorption coefficient of SiC, which also correlates with the absorption
layer thickness of the SPAD. Finally, it is clear that enhancing overbias would increase electric field
strength within the SPAD multiplication layer, which would lead to a rapid increase of P.valanche
while the other three factors are less affected. Meanwhile, it is found that DCR of the SPAD grows
with a similar trend to that of P.,.ssta1c @S a function of overbias. This agrees with the above analysis
that variation of P, a1ancne iS the dominate factor. Thus, in future application of SiC SPAD arrays,
besides the trade-off between DCR and SPDE, choosing a suitable overbias is also important for
limiting the magnitude of crosstalk probability.

4. Conclusion

In this work, the crosstalk probability of SiC-based SPAD arrays is characterized for the first time,
which is found on the similar level compared with that of traditional InGaAs or Si based SPAD
arrays. The crosstalk probability can be considerably reduced by adding trench isolation between
SPAD pixels, or by decreasing excess bias. The formation time of a crosstalk in the SiC SPAD array
is found consistently between 7 and 10 ns. This observation may give a hint to solve the crosstalk
problem, which could be reduced by active time-gated operation scheme in imaging process. This
study could provide a useful guidance for future applications of FPAs based on SiC SPAD arrays.
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