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Abstract: Silicon photomultiplier with epitaxial quenching resistor (EQR SiPM) uses the bulk resistors
of the epitaxial layer as the quenching resistors, it features high microcell density, high photon detection
efficiency (PDE) and fast response to even a single photon. This report details the latest progress of EQR
SiPM at Novel Device Laboratory (NDL). The PDE was precisely characterized by using both improved
photon counting method and Poisson statistics method. Typically, the EQR SiPMs, with P-on-N diode
configuration and 10000 individual cells within 1x1 mm? active area, demonstrated a dark count rate of
700 kHz at 7 V overvoltage, peak PDE of ~34% at 420 nm, single-photon time resolution (SPTR) of 53
ps (FWHM) and the recovery time of 2.2 ns. Those performances show that the EQR SiPM is very
suitable to be applied in a calorimeter of high energy physics where large dynamic range and high PDE
are needed simulaneously.
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1. Introduction

Silicon photomultipliers (SiPMs) are finding more and more applications in high
energy physics, astrophysics, nuclear medical imaging, fluorescence spectroscopy and
other low level light detections due to their advantages such as high gain, low bias volt-
age, excellent timing properties, robustness and insensitivity to magnetic fields [1].
Most commercial SiPM products, including those manufactured by SensL, Hamamatsu
etc., employ highly resistive poly-silicon or thin metal film to make the quenching resis-
tors for the SiPMs. Those devices have a drawback that the PDE is conflicted to the mi-
crocell density (i.e., dynamic range). For example, C-10010-SMT from SensL with 1x1
mm?’ active area and 2880 microcells has only peak PDE of 18% at 420 nm [2]. S12571-
010-C/P from Hamamatsu with 1x1 mm?® active area and 10000 microcells has only
peak PDE of 10% at 470nm [3].

In the past years, Novel Device Laboratory (NDL) has been developing a SiPM
technology, so called EQR SiPMs that employs the
bulk silicon resistors of epitaxial layer to form the
quenching resistor. As shown in Fig.1, the device N-enrich
consists of N-enriched regions forming high electric :
field between N-type epitaxial silicon wafer and P++
surface layer. The depletion regions in the gap P-N
junction electrically isolate the APD microcells. The Rpe— 8
P++ channel function as a common anode to directly
collect avalanche signals from each microcell, and the ¥,
epitaxial region below the P-N junction functions as Fig.1. The schematic structure of
the quenching resistor to quench the avalanche multi-  gQR sipm.
plication and make the microcell recovery.

Owing to effectively resolving the “dead regions” formed by the poly-silicon or thin
metal film quenching resistors on device surface, the aluminum strips and the guard-
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ring spaces resulting the conflict between photon detection efficiency (PDE, proportion-
al to fill factor) and dynamic range (proportional to microcell density), the EQR SiPMs
feature small microcell size (high density), high PDE while retaining large dynamic
range, fast response to even a single photon [4]. Besides, no extra fabrication processes
for quenching resistors are needed, thus simple and cost effective fabrication technology
can be realized.

In this paper, the latest progress on E(%R SiPMs with P-on-N diode configuration,
active area of 1x1 mm® and 3x3 mm’, microcell size of 10x10 umz (density
~10000/mm2) or 12.5%12.5 umz (density ~8000/mm?) are reported. The peak PDE of
~34% at 420 nm, single-photon time resolution (SPTR) of 53 ps (FWHM) and the re-
covery time of 2.2 ns for the 1x1 mm” EQR SiPM with microcell size of 10x10 umz
were characterized for their potential applications in astrophysics, high energy physics
and nuclear medicine imaging.

2. Experimental Setup and Method

The EQR SiPM was firstly measured in dark conditions to accomplish the noise
analysis. In a millisecond-long time window, the output signals are acquired and stored
by a digital oscilloscope (LeCroy WaveRunner 640Zi) with the sampling rate of the
scope as 20 Gs/s and the bandwidth as 1 GHz. Using Matlab program to analyze the
amplitude and arrival time for each pulse. The total dark pulse distribution can be ob-
tained. Due to different generation mechanism, it is easy to distinguish the delayed-
correlated noise component (mainly consisting of afterpulsing and delayed crosstalk)
and the primary dark noise.

In lighting circumstance, the PDE against wavelength has been characterized with
photon counting method by counting the light pulses to random low light [5]. As shown
in Fig.2 (a), light from Xenon lamp through a monochromator illuminated the SiPM and
a monitoring PIN uniformly through a integrating sphere. The amplified photon count-
ing pulses from SiPM were recorded by a digital oscilloscope (Tektronic TDS 1012),
and the photocurrent from PIN were collected by Keithley 2635B Source Measure Unit
(SMU). The PDE was calculated by the following formula:

PDE — (CR—DCR)*Rpiy*h*c % ApIN % 100% (1)
Utotar—Idari)*A Asipm

Where, DCR is dark count rate and CR is photon counting rate of SiPM over 0.5
p.e. (photoelectron) threshold; h represents Planck constant, ¢ represents vacuum light
speed and A represents wavelength; Rpin IS spectral responsivity, It IS photocurrent
and lqark is dark current of PIN; Asipm and Apy are active areas of SiPM and PIN respec-
tively.

e = Integrating Sphere

It is noting that, high probability (WaetompCenestor ),
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ducting the delayed-correlated noise  Fig.2. The experimental setup for characterizing the PDE
component from the optical response  with (a) photon counting method and (b) Poisson method.
count and was proved to be reliable.

The PDE has also been measured with Poisson method basing on statistical analysis
[6]. As shown in Fig.2 (b), the pulse light from LED with frequency of 1 MHz and
pulse width of 16 ns illuminated the SiPM and the PIN. The signals from SiPM were
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recorded by a digital oscilloscope (LeCroy WaveRunner 640Zi) that was triggered to the
waveform generator. According to the Poisson statistical principle, the average number
of photoelectrons before and after illumination could be determined, hence the number
of net photoelectrons was obtained. The PDE can be expressed as [5,7]:
(Miight—Haark)*RpIN*h*fxc _ Apiy

(Itotar—Iaark)*A % Asipm * 100% @

Where, Luign: 1 the average number of photoelectrons detected in light condition and
Wdark 18 1n dark condition, f is the frequency of the light source. The Poisson method can
effectively deduct noise components to get actual photon detection efficiency.

By gradually increasing the light intensity, the dynamic range can be characterized.
Moreover, the dynamic range is the difference between the number of incident photons
required to excite all microcells and one microcell [8,9]. Time resolution reflects the
accuracy of SiPM to measure the arrival time of a single photon signal. Its measurement
method is detailed at reference [10,11]. The recovery time of the microcell can be stud-
ied by analyzing waveform in dark condition and extracting afterpulsing events [12].

PDE =

3. Results and Discussion
3.1 Noise Analysis

For the EQR SiPM with active area of 1x1 mm? and microcell size of 10x10 umz,
the noise analysis was performed carefully. The scatter plot of the dark pulse amplitude
and time distribution was shown in Fig.3 (a). Each point in the plot represents an event
as a function of time interval from the preceding event. The primary events are subject
to Poisson distribution theory, being random and independent. Different noise compo-
nents can be clearly distinguished with the scatter plot [13]. The single cell fired is
called 1 p.e. (photoelectron) and the measured amplitude of 1 p.e. pulse was approxi-
mately 120 mV. The dots with amplitude around 1 p.e. and located between 30 ns and
10 us were recognized as primary dark events. Direct crosstalk events were those dots
with amplitude of 2 p.e. and 3 p.e. The dots with amplitude lower than 1 p.e. and locat-
ed approximately between 1 ns and 20 ns correspond to delayed-correlated noise, in-
cluding afterpulsing and delayed crosstalk. Besides, by analyzing the scatter plot to fit
the recovery curve, the recovery time constant for single microcell of EQR SiPM could
be easily determined about 2.2 ns that result was verified through the double light pulse
measurement [12].
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Fig.3. (a) Scatter plot of the dark pulse amplitude versus its time interval from the preceding event at 7

V overvoltage, where draw the fitting recovery curve for single microcell thus obtain . ~ 2.2 ns. (b) His-
togram of the time delay array, i.e. projection of the scatter plot on the x axis at 7 \VV overvoltage. (c) The
probability of direct crosstalk (black) and delayed-correlated noise (red) versus overvoltage.
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The scatter plot was projected along the time interval axis to obtain the histogram
of a time interval statistical distribution shown in Fig.3 (b) [14]. Consequently, the pri-
mary dark count rate ~ 700 kHz, the probability of direct crosstalk ~ 7.7% and the prob-
ability of delayed-correlated noise ~ 3.6% were obtained at 7 V overvoltage.

We investigated the probability of direct crosstalk and delayed-correlated noise for
the EQR SiPM operating in different bias. As shown in Fig.3 (c), the overvoltage reduc-
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ing, the probability of noise components decreasing. In order to correctly eliminate the
influence of delayed-correlated noise on PDE, it is essential to evaluate the noise level
for SiPM correctly.

3.2 Single Photon Spectrum and Gain 450
400 | 2.0x10
Fig.4 presents the pulse area distribution of EQR 15[
SiPM with active area of 1x1 mm” and microcell =} S|
size of 10x10 um® at 7 V overvoltage, which £°| sonsl— P
demonstrates good single photon resolution, and at Efzz

least 15 p.e. pulse can be distinguished obviously. 't
Through analyzing the pulse area dlstrlbutlon its sol
gain was measured approximately 2. 3x10° at 7 V
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at 7 V overvoltage, and the insert

3.3 Photon Detection Efficient (PDE) shows the gain of SiPM.

Comparative study on the PDE characterization with traditional photon counting
method, modified photon counting method by noise component analysis and Poisson
distribution method were accomphshed Fig.5 show the PDE of EQR SiPM with active
area of 1x1 mm” and microcell size of 10x10 um at different wavelength of incident
light as 420 nm, 470 nm and 530 nm respectively. Using stochastic photon counting
method, the peak PDE reaches 38.6% (@ 420 nm under 7 V overvoltage and it is modi-
fied to 36.2% @ 420 nm by subtracting the contribution of delayed-correlated noise
from the photon counts. However, if the device has too high dark count, it is difficult to
effectively achieve noise component analysis because of events accumulated heavily in
time distribution [14]. With Poisson method, the PDE of device at 420 nm is about 34%.
In conclusion, the result with Poisson method is comparably precise, especially for the
SiPM with high dark count rate, because the correlated noise affecting the PDE can be
effectively eliminated, and no need for noise analysis.

50 50
@ 420nm 5 @ 470nm

)

(@ 530nm

40 | 40

ol p‘/;ﬁ;f:’ﬁ

20

a0t — e
15 =

20

—=— Photon Counting Method
—— Modified Photon Counting
—&— Poisson Method

—=— Photon Counting Method
—e— Medified Photon Gounting
—— Poisson Method

—=— Photon Counting Method
—e— Modified Photon Counting
sk —=— Poisson Method

10 10k

Photon Detection Efficiency (%o)

Photon Detection Efficiency (%
Photon Detection Efficiency (%)

o

Overvoltage (V) Overvoltage (V) Overvoltage (V)
(@ (b) ©

Fig.5. The PDE measured with three methods at wavelength of (a) 420 nm, (b) 470 nm, and (c) 530 nm.

The PDE is attribute to the fact that the EQR SiPM having P-on-N diode configura-
tion is electron-triggered device and that electrons have a higher change of triggering
avalanche breakdown. In applications such as Positron Emission Tomography (PET),
which require a high sensitivity at blue and violet wavelength band due to presence of
the emission spectrum of common PET scintillator (Lutetium Orthosilicate (LSO) or
Lutetium-Yttrium Orthosilicate (LY SO)) peak in this part of the spectrum [15], these
EQR SiPMs are preferable. -

3.4 Single-Photon Time Resolution (SPTR)

Time resolution is one of the important characteristic
parameters of SiPM that greatly affects the application of
SiPM in high energy physics research and time-correlated
photon counting technique. The time resolution is deter- T L
mined by the number of photons and SPTR together. f7 Gwenomasewy

Fig.6. Time resolution measurement.
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Accordingzto the literature [16, 17], the SPTR of 1x1 mm’ SiPM with microcell size
of 50x50 um” was 75-80 ps. As shown in Fig.6, employing a picosecond laser (Nd:
YVO;4 pulsed laser, Beijing GK Laser Technology) with frequency of 100 kHz @ 532
nm as the light source, the SPTR of EQR SiPM with active area of 1x1 mm” and micro-
cell size of 10x10 pm” reaches 53 ps at 7 V overvoltage, which has achieved the inter-
national advanced level of SiPM with the same size. The details of measurement and
principle are referenced [11].

3.5 Dynamic Range

The dynamic range is proportional to microcell number and also limited. The dy-
namic range is limited to nonlinear when the amount of incident photons is larger than
the number of microcells in the device. The EQR SiPM structure provides benefit to
alleviate the contradiction between PDE and dynamic range. As shown in Fig.7, for an
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EQR SiPM with active area of 1x1 mm? and microcell
size of 10x10 umz, the dynamic range was characterized
very close to 10000, which is almost equivalent to total
microcell number (~10000). In Fig.7, the experimental
dynamic range for high-density EQR SiPM with active
area of 3x3 mm” and microcell size of 10x10 ],tm2 was
also presented, which features rather large dynamic range
(~90000) while retaining high peak PDE (~32% @ 420
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excellent dynamic range performance makes NDL EQR
SiPM preferable to those applications requiring a wide
range of light intensity detection and high detection effi-

Fig.7. The dynamic range of EQR
SiPM with the same microcell size
of 1010 pm? and different active
area of 11 mm? (black) and 3>3

ciency simultaneously.
3.6 Other Features

NDL has developed new type of EQR SiPM with active area of 1x1 mm? and mi-
crocell size of 12.5%12.5 um2 that has high density as
8000/mm™. Its DCR is about 750 kHz under 5 V over-

mm? (red).

40

mately 4.5x10° at 5 V overvoltage, which is about
twice that of SiIPM (microcell size of 10x10 pmz). This
EQR SiPM has high peak PDE of 33.6% @ 420 nm
under overvoltage of 5 V shown in Fig.8. Although the
PDE of EQR SiPM with larger microcell size and
higher fill factor doesn’t increase due to its anti-
reflection film not being optimized at peak wavelength
of 420nm, it performs better for the near red light de-
tection.

l\-\j
—8— 11 mm? (microcell size of 1010 pm?)
mm? (microcell size of 12.5x12.5 Hm)

5

EOL i
voltage, and it can distinguish at least 15 p.e obviously. Z | /. ‘\\"\.\_
Comparing with other EQR SiPM, the2 gain of new §£7[ / o
. . . . . c 0 / T N s
SiPM (microcell size of 12.5x12.5 um”) is approxi- Bl \k__:.\‘
@
§

o o

450 500 550 600

Wavelength (nm)
Fig.8. The PDE spectra of EQR
SiPM with the same active area of
1x1 mm? and different microcell
size of 10x<10 pum’ (black) and
12.5x12.5 pm? (red).

350 400

4. Conclusion

In this report, EQR SiPM with active area of 1x1 mm? and microcell size of 10x10
umz demonstrated a peak PDE ~34% at 420 nm while featuring large dynamic range
~10000, the probability of direct crosstalk ~ 7.7% and the probability of delayed-
correlated noise ~ 3.6%, the gain ~2.3x10°, the SPTR ~53 ps (FWHM) and the recovery
time ~ 2.2 ns under 7 V overvoltage. It is great benefit to achieve high microcell density
while retaining high fill factor, thus it may find applications in a calorimeter of high en-
ergy physics where large dynamic range and high PDE are needed simultaneously.
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