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Hamamatsu Photonics Multi-Pixel Photon Counters (MPPCs) achieve high photo-detection
efficiency with relatively low dark noise. The MPPC gain is comparable to Photo-multipliers
but pixel avalanches tend to trigger others either in neighbouring pixels (cross-talk) or in the
same pixel at a later time (after-pulsing). We investigate the possibility that after-pulsing
avalanches are due to visible photons created in the avalanches and absorbed in the silicon bulk.
In this case, the charge carriers created in the silicon bulk may diffuse back to the high field
region, producing delayed avalanches. The MPPCs were illuminated with laser light at
wavelengths ranging from 404 to 820 nm and the timing distribution of the avalanches was
measured. Delayed avalanches were observed at 637 and 820 nm showing that some holes do
diffuse to the high field region. Simulations show that optical photons are responsible for at least
half of the after-pulsing avalanches.
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1. Introduction

2. Experiment
The energy spectra of photons emitted in MPPC avalanches has been measured in [8].
Photons can produce electron-hole pairs in Silicon for wavelengths lower than about 1100nm.
External light sources of variable wavelengths can be used to investigate whether or not holes
created by photon absorption in the silicon bulk can trigger avalanches. We used 4 different
laser heads using a Hamamatsu PLP-10 pico-second light source (with the attenuation lengths in
Si): 405nm (0.12µm), 467nm (0.55µm), 637nm (3.2µm), and 820nm (14.1µm). The 820nm
laser system was lent to us by Hamamatsu. The MPPC high field region is expected to be 25µm deep below the Silicon surface. Hence, the 405 and 467nm are expected to trigger only
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Hamamatsu Photonics Inc. is one of the leading manufacturers of pixilated Geiger-mode
avalanche photo-diodes, so-called Silicon Photo-multipliers (SiPMs) under the brand name
Multi-Pixel Photon Counter (MPPC) [1]. MPPCs achieve a high photo-detection efficiency in
the blue (~35%) and low dark noise but they suffer from a significant rate of correlated
avalanches that limit their operating voltage range[2,3]. MPPCs are typically operated between
0.5 and 2V over the breakdown voltage where Geiger Mode avalanche start. Above 2V, the rate
of correlated avalanches is so large that dark noise can trigger very large pulses (> 10 photoelectrons equivalent) and the energy and timing resolution start to worsen [2,4]. In 2011, it had
become obvious that to improve MPPC performances, one would have to lower the correlated
avalanche rate.
Correlated avalanches are often divided into two processes: cross-talk and after-pulsing. In
this paper we will use an experimentally motivated definition for cross-talk and after-pulsing:
cross-talk includes all the correlated avalanches that occur within a nanosecond of the parent,
while after-pulsing includes any avalanches occurring after 1 ns [5]. Cross-talk is thought to be
caused by visible photons produced in the avalanche that are absorbed in neighboring micro-cell
[6]. Charge carriers trapped by impurities during avalanches and released at a later time are
expected to be the cause of after-pulsing [7]. The rate of after-pulsing was found to be about
double the cross-talk rate in [2].
Dark noise and after-pulsing inducing impurities are likely related, if not the same.
However, Hamamatsu has successfully reduced dark noise by improving its manufacturing
process, especially by reducing the concentration of impurities but it had little effect on the
after-pulsing rate. We decided to investigate the possibility that after-pulsing could also be due
to visible photons, with the delay between the parent and the daughter avalanches being the time
taken by the charge carriers to reach the high field region. Indeed, charge carriers, holes in the
case of MPPCs, created by the absorption of photons in the silicon bulk would have to diffuse to
reach the high field region. The diffusion time appears to be consistent with the measured
timing distribution of after-pulsing. In order to test this hypothesis, we designed an experiment
using several wavelengths to vary the photon absorption depth. A simulation code was
developed to interpret the data.
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Figure 1. Timing distribution of avalanches
produced by different laser wavelengths at -60°C
and 1.9V over-voltage. The prompt peak was set to
0.3ns in order to show well on the logarithmic plot.

Figure 2. Timing distribution for different overvoltages at -60C and for 820nm wavelengths.

Figure 1 clearly shows delayed avalanches at 637nm and 820nm but none at 405nm and
467nm. This result is consistent with expectations for delayed avalanches caused by holes
diffusing from the bulk to the high field region. Figure 2 shows the dependence of the timing
distribution with over-voltage. The prompt peak width clearly narrows with increasing overvoltage. On the other hand, the distribution of the tail changes little. This is expected because
the conditions in the bulk are unaffected by what is happening around the high field region.
Not so obvious in Figure 2 is the fact that the relative probability of prompt versus late
avalanches changes with over-voltage. Figure 3 shows the fraction of prompt avalanches as a
function of over-voltage for 3 different wavelengths. There is a clear decreasing trend at 637nm
and 820nm, which again suggests that holes are responsible for delayed avalanches. Indeed, the
impact ionization probability for holes is significantly smaller than for electrons, which means
3
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prompt avalanches, while delayed avalanches should be visible at 637nm and 820nm if holes
from the bulk can diffuse back to the high field region.
The tested MPPCs were specifically designed for the T2K experiment. They have 667
micro-cells (50µm pitch) for an active area of 1.3×1.3mm2. They are very similar to 400 microcells, 1×1mm2 MPPCs.
The laser light was attenuated using Ocean Optics digital variable attenuator to produce
about 0.15 avalanches on average. Data were acquired over 1µs using a digital oscilloscope. The
trigger was set so that the prompt laser light would be recorded at 200ns within the acquisition
window. A pulse finder was used to identify the avalanches in waveforms. The events with
more than one avalanche were discarded in order to avoid having to deal with after-pulses.
Figure 1 shows the timing distribution of the avalanches at the 4 different wavelengths. Dark
noise was subtracted out from the timing distribution by measuring its contribution in the first
200ns of the waveforms. It is indeed constant throughout the 1µs window. The data shown in
Figure 1 were taken at -60°C because at room temperature the dark noise rate is comparable to
the delayed avalanche rate beyond about 20ns.
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that holes require a higher field, i.e. a higher over-voltage than electrons to trigger avalanches
[9]. In other words, the relative contribution of hole triggered avalanches increase with
increasing over-voltage unless the photons are all absorbed before reaching the n+ region.

Figure 4. Width of the prompt peak (σ of a
Gaussian distribution) as a function of overvoltage for 3 different wavelengths: 405 nm
(violet), 637nm (red) and 820nm (brown).

The prompt peak is fitted by the convolution of a Gaussian distribution with an
exponential function accounting for delayed avalanches within the first ns. The source of such
delayed avalanches is different than the one discussed earlier, the time scales being very
different. The prompt exponential time constant is indeed between 60 and 150ps. The origin of
this “fast” tail is not known. The primary carriers must originate from a region of low or zero
field close to the high field region. Figure 4 shows the σ of the Gaussian distribution, which
would be the single photon timing resolution (SPTR) if the exponential tail was absent. Overall,
our timing resolution measurements are in good agreement with [4].

3. Interpretation by simulations
The data suggests that holes diffusing from within the bulk can trigger avalanches. In order
to verify this hypothesis, we developed a simulation that could be directly compared to the data.
The simulations have few free parameters because the properties of Silicon such as the light
attenuation lengths and diffusion constants are well known. The free parameters are the hole life
time in the bulk and the detailed structure of the junction that Hamamatsu keeps secret. In
particular the junction depth is a key parameter that has to be determined from the data. A
schematic drawing of the micro-cell structure used in the simulations is shown in Figure 5. The
shape of the prompt peak is Gaussian with an exponential tail showing that some avalanches are
delayed by 100 to 300ps, which is too fast to be caused by hole diffusion. Instead, low field
collection regions were included in the simulations in order to account for the slower
exponential tail. Figures 6 and 7 show comparisons of the data and simulations at 637 and
820nm. The same parameters were used for both simulations. The data are well reproduced by
4
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Figure 3. Fraction of prompt avalanches as a
function of over-voltage for 3 different
wavelengths: 405 nm (violet), 637nm (red) and
820nm (brown).
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the simulations. The hole lifetime that best fit the data is 300ns, which is reasonable. The
simulations confirm quantitatively the previous qualitative interpretation of the data. Holes
diffusing back to the high field region from the bulk do generate for delayed avalanches.

4.Consequences for correlated avalanches
Can this phenomenon be responsible for after-pulsing, or at least for some of the afterpulses? We have to rely on simulations again to make a quantitative statement. The spectrum of
photons produced in the avalanches was measured in [8]. The source of photons is now a point
at the p-n junction emitting photons isotropically. The avalanche location was sampled
uniformly across the active surface. Refractions at the silicon-SiO2, SiO2-epoxy and Epoxy-air
interfaces were accounted for. A significant fraction of the photons emitted towards the air are
indeed reflected back into the MPPC. The effect of micro-cell recovery was accounted for by
reducing the avalanche triggering efficiency with a 13ns time constant.
The timing distribution of correlated avalanches due to optical photons produced in the
parent avalanche is shown in Figure 7. Avalanches due to optical photons absorbed in the high
field region of a neighbouring micro-cell populate the first bin. The filled circles show the
default simulations using the optical photon yield measured in [2]. The open circles were
rescaled by a factor of 2 in order to match the simulated cross-talk (prompt) rate with the one
measured in [8]. After-pulses are clearly visible in Figure 7. They are heavily suppressed due to
recovery in the first 10ns. In [2], after-pulsing was parameterized by two exponential time
constants and corresponding rate (calculated as the number of after-pulsing avalanches per
5
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Figure 5. Schematic drawing of the junction structure used in the simulations.
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single parent avalanche). The red line shown in Figure 7 is calculated using these 4 parameters.
Recovery is not accounted for in this calculation, hence the red line is only valid above 20ns.

Figure 7. Comparison of data and simulations for
820nm at -60C, 1.9V over-voltage.

Figure 8. Timing distribution of correlated avalanches due to optical photons produced in the parent
avalanche. Comparison of the data (line) and simulations (symbols).

The data agree qualitatively with the rescaled simulations. There are several uncertainties
that can explain the differences: quality of fit to after-pulsing data, uncertainties on measured
photons flux, and uncertainties in operating voltage. Nevertheless, we can conclude that a
significant fraction of after-pulse avalanches is due to optical photon produced in the parent
avalanche and absorbed in the Silicon bulk.
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Figure 6. Comparison of data and simulations for
637nm at -60C, 1.9V over-voltage.
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5. Summary and outlook
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It has been known for a while that cross-talk can be minimized by having a buried layer
located below the junction to prevent charge carrier from the bulk from entering the high field
region. Our results demonstrate that such a layer would enhance the MPPC performances
reducing after-pulsing and probably the dark noise rate as well. Indeed it is likely that some dark
noise avalanches are due to holes thermally created in the Silicon bulk. Reducing the correlated
avalanche rate should then allow running at higher over-voltage possibly improving the photodetection efficiency and timing resolution. Hamamatsu photonics is working on a new design
including a buried layer that is expected to be available by early 2013. Furthermore, SiPM
manufacturers should seriously consider producing devices with a narrow charge collection
region (1-3 µm deep) that would only be sensitive to Ultra-violet and blue light but would have
lower dark noise and correlated avalanche rates.

