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Study of noise of Multi-Pixel Photon Counter (MPPC) produced by Hamamatsu Photonics K.K.
(HPK) gives us useful information for developing Pixelated Photon Detector (PPD) with suppressed noise. We investigate its dark noise, after-pulse, and crosstalk separately at a high operational voltage. A Monte-Carlo simulation based on the inner structure and physics of the PPD
is performed to investigate its observable characteristics. We report on the current status of the
application of a 3D device simulator (TCAD) to the development of PPD. We reproduce some
basic characteristics of the MPPC using TCAD and examine the potential of this simulator for
use in development of the next-generation PPD.
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1. Introduction

2. Measurement of Noise
In order to characterize the noise in the MPPC, we measure the diﬀerent noise components
separately. Our measurement setup is shown in Figure 1. The measurement was done for 1600
pixels MPPC [ S10362-11-025 ] produced by HPK [1]. The setup was put into a light shielding
box (dark box), so that all triggered pulses were essentially due to the MPPC noise. The measurement was carried out at room temperature (300 K). The digital oscilloscope was used for data
storage. Using the time-structure and the pulse-height from the recorded waveforms, the three
noise components were separated oﬀ-line [2].

Figure 1: Setup of noise measurement.

Figure 2: Raw waveform MPPC measured by oscilloscope, persisted for 10s.

Figure 2 shows the dark noise. Its shape can be understood in terms of three diﬀerent sources.
The ﬁrst is the primary pulse due to the random noise, which consists mostly of thermal ﬂuctuation. Its pulse shape is seen as the dominant feature in Figure 2 and is shown with a thick band. The
peripherals around the primary pulse has two components. The pulses which sit at the same position
as the primary pulse are understood as optical crosstalk, in which the avalanching photons leak into
neighboring cells, whereby triggering multiple channels simultaneously. The integral nature of the
pulses can be clearly seen, corresponding to the number of photoelectrons. The peripherals which
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Pixelated Photon Detector (PPD) is the generic name for the semiconductor photodetectors
consisting of an array of Avalanche Photodiodes (APDs) operating in Geiger-mode. Multi-Pixel
Photon Counter (MPPC) is a PPD produced by Hamamatsu Photonics K.K. (HPK). These devices
are promising for use in future collider experiments in that they can count the number of photons
starting from a single photon. For this purpose, we must improve the following: the scalability, the
gain, and the maximum photon count per chip. The reduction of noise plays a key role in achieving
these goals. The inner mechanism of the MPPC and the physics behind it needs to be understood.
In addition, we use a device simulator called Technology CAD (TCAD), which takes into account
the semiconductor process as well as its detailed operation in terms of the charge carriers. In this
paper, we report the results obtained from the noise measurements of the MPPC and the potential
of using TCAD for the future development of PPD.
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Figure 3: The ∆V dependence of random-noise rate, total noise rate, and reconstruction.
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Figure 4: The ∆V dependence of the mean p.e.
number for crosstalk.

Figure 5: The probability to ﬁnd after-pulses in
next arriving pulses as a function of over-voltage.

2.1 Total noise and random noise rate
The total noise rate was measured by counting the number of triggered pulses with a minimum
dead time of the system (13.5 ns). The random noise rate was measured by setting a veto time of
1000 ns to remove the after-pulses. Figure 3 shows the total and random noise rates as a function of
∆V. We ﬁnd that the random noise rate increases linearly with ∆V. At higher over-voltage, the total
noise rate increases abruptly. This explosive increase of the total noise rate limits the maximum
3
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appear after the primary pulse are the after-pulses, which are echoes of the primary pulse. The three
noise sources (random noise, crosstalk, after-pulse) have been measured separately. The analysis
procedure is described below.
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operational bias voltage. The diﬀerence between the total and random noise rates can be accounted
for by the after-pulse and crosstalk.
2.2 Optical crosstalk

2.3 After-pulse
The after-pulse is measured from the time interval between one triggered pulse and its next
arriving pulse (greater than 10 ns). Waveforms with 1 p.e. triggered pulse that have no preceding
pulses during 200 ns before their origination time were selected. Some of the next-arriving pulses
are due to random noise pulses, which is a background to the estimation of the after-pulse. The
after-pulse can be extracted using the fact that its rate decreases exponentially with increasing
arrival time, while the rate remains constant in time for the case of random noise. We also measured
the voltage dependence of the after-pulse rate. Figure 5 shows that the after-pulsing probability is
proportional to (∆V)2 .
2.4 Reconstruction
We combine the three noise components which were measured separately, and compare with
the measured total noise in Figure 3. We get good agreement between the total noise rate measured
inclusively and the combined noise rate calculated from the three noise components. The three
noises fully account for the total noise.
2.5 Diﬀerence of behavior in ∆V dependence
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Figure 6: Measurement of relative PDE.
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Figure 4 shows the mean photo electron (p.e.) number as a function of over-voltage (∆V)
where the mean p.e. number is the mean number of ﬁring pixels per avalanche. The magnitude
of the triggered pulse was estimated accurately, excluding the inﬂuence of its neighboring pulses
such as after-pulses by using our waveform analysis method. Figure 4 shows that the crosstalk
generation increases drastically with ∆V.
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Figure 7: Expected structure of PPD.

Figure 8: Simulating of avalanche probability.

The current structure of MPPC is shown in Figure 7. For most ﬁeld structures, the multiplication region is localized within the depletion layer while carriers simply drift in the greater part of
the depletion layer. The impact ionization coeﬃcient for electrons is roughly one order of magnitude higher than that for holes at the region where the strength of the electric ﬁeld is a few hundred
kV/cm [4]. The geometry of the device is critical in explaining the disparity in the voltage dependence between the carriers. Given that the absorption length for 470 nm wavelength is 0.5 µm [5],
the photoelectric conversions occur mostly near the top surface. The charge carriers which undergo
multiplication in this case is the electron. On the other hand, random excitations occur throughout
the bulk of the device. Since the n-side is larger in volume, the holes are the dominant carriers in
this case. The diﬀerence in the voltage dependence can be thus explained in terms of the diﬀerence
in charge carriers. Based on these ideas, we performed a MC simulation to estimate the voltage dependence of the avalanche probability for electrons and holes separately. We ﬁnd that the avalanche
probability for electrons is higher and saturates as the bias voltage increases, as shown in Figure
8. The measured noise rate as the bias voltage increases [2] resembles the measured relative PDE.
These ideas can explain the diﬀerence in the voltage dependence between the random noise and
the PDE.
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The measurement of photon detection eﬃciency (PDE) of MPPC is essential for the development of PPD. We measured the voltage dependence of the PDE using a blue LED of 470 nm
wavelength as a light source inside the dark box. Its light was diminished suﬃciently so that only
single photon reached the MPPC most of the time. Figure 6 shows the result of the voltage dependence of the relative PDE value normalized to the value at Vop = 75.0 V ( ∆V = 1.55 V). It
is observed that the PDE tends to saturate as ∆V increases. Similar results can be seen in Ref.
[3]. The saturating behavior of the PDE is a curious feature, not seen in the random noise rate,
even though both quantities are rooted in avalanche multiplication. To explain this diﬀerence, we
performed a simple Monte-Carlo (MC) simulation considering the inner structure of the MPPC.
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3. Status Report of Simulation
3.1 Technology Computer Aided Design

We report the current application status of the device simulator in three dimension using TCAD
which is called “ENEXSS" made by TCAD International, Inc. A design structure is divided using
a mesh. The ﬁnite diﬀerence method is employed to solve the device equations with speciﬁed
boundary conditions to obtain the device characteristics. Static and transient analyses can be both
performed. The present phase in our research is to evaluate the potential of TCAD for the development of PPD. We tried to reproduce the breakdown phenomenon and the avalanche multiplication
in the simulation of a PN-diode. The PN-diode is a p-on-n type diode whose proﬁle is built using
the impurity concentration distribution of SiPM (Silicon Photomultiplier) made by ITC-irst [6] as
shown in Figure 9. The P-side is doped with Boron. The N-side is doped with Phosphorus.
3.2 Breakdown Voltage

Figure 10: Simulated IV-curve of an PPD in static analysis
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Figure 9: Simulated electric ﬁeld (red) and dopant concentration (black).
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We ﬁrst perform a static analysis of the device under a reverse bias. In Figure 10, the anode
current is shown as a function of the bias voltage. We ﬁnd a current shoot-up around -63 V which
is due to the impact ionization model. We have reproduced the breakdown voltage phenomenon.
3.3 Avalanche multiplication

We are interested in the avalanche multiplication process because we want to reproduce the
quenching mechanism in the future. Transient analysis is essential in this aim. Since we already
know from the static analysis that the breakdown occurs around -63 V, a transient analysis was
performed around this voltage.
As seen above, we simulated the multiplication process of the PN-diode in transient analysis. Additionally, we create an electron-hole pair inside the device, corresponding to thermal excitation or an incident photon. Figure 11 shows the simulation results of the avalanche multiplication.
These plots show the anode current as a function of time. The black curve shows the result with
the operational voltage of -60 V, which is below the breakdown voltage. The current temporarily
increases, which then decreases gradually. On the other hand, the red curve shows the result with
the operational voltage of -65 V, which is above the breakdown voltage. The current grows drastically and the avalanche multiplication does occur. As a result, we conﬁrmed that the avalanche
multiplication occurs between -60 V and -64 V, which is close to the breakdown voltage.

4. Conclusion
We measured and understood the three noise components separately. The voltage dependence
of the random noise rate is mostly linear. The total noise rate is fully accounted for by the combination of random noise, after-pulse, and crosstalk. The voltage dependence of the random noise and
PDE was understood in terms of the charge carriers. Using TCAD, we successfully reproduced the
breakdown voltage phenomenon and the avalanche multiplication. In the future, work is needed
for better agreement between data and simulation. We plan to reproduce the quenching mechanism
and make progress toward obtaining a new PPD design.
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Figure 11: Simulated avalanche multiplication in transient analysis ( for the detail, see text.).
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