
3718 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 60, NO. 11, NOVEMBER 2013

Measurements of Silicon Photomultipliers
Responsivity in Continuous Wave Regime
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Alessandro Busacca, Massimo Mazzillo, Delfo Sanfilippo, and Giorgio Fallica

Abstract— We report on the electrical and optical character-
ization, in continuous wave regime, of a novel class of silicon
photomultipliers fabricated in standard planar technology on a
silicon p-type substrate. Responsivity measurements, performed
with an incident optical power down to tenths of picowatts, at
different reverse bias voltages and on a broad (340–820 nm)
spectrum, will be shown and discussed. The device temperature
was monitored, allowing us to give a physical interpretation of the
measurements. The obtained results demonstrate that such novel
silicon photomultipliers are suitable as sensitive power meters
for low photon fluxes.

Index Terms— Avalanche photodiode (APD), photodetec-
tor, responsivity, silicon photomultiplier (SiPM), single-photon
avalanche diode (SPAD).

I. INTRODUCTION

CURRENT research in photodetectors is directed toward
an increasing miniaturization of the pixel size, thus

both improving the spatial resolution and reducing the device
dimensions. On the other hand, measurements of low pho-
ton fluxes require high responsivity. In this scenario, silicon
photomultipliers (SiPMs) emerge as promising candidates
and are considered an attractive possibility to replace both
standard vacuum photomultiplier tubes (PMTs) and conven-
tional avalanche photodiodes (APDs). SiPMs are large area
detectors consisting of a parallel array of Geiger Mode APDs
with individual integrated quenching resistors [1], [2]. Each
photodiode is an independent photon counting microcell and
is connected to a common analog output to produce a sum-
mation signal [3], [4] proportional to the number of detected
photons [5]–[7]. If compared with standard vacuum PMTs,
SiPMs show higher quantum efficiency, especially in the near
infrared, low operating voltage (<30 V) with a comparable
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gain (>106), ruggedness, compact size, and reduced sensitivity
with temperature, voltage fluctuations, and magnetic fields
[6]–[12]. Furthermore, solid-state technology owns the typical
advantages of the planar integration process: SiPMs can be
manufactured at lower costs and with higher reproducibil-
ity with respect to PMTs [13], [14]. SiPMs show several
advantages compared with APDs fabricated in conventional
CMOS technology [15], such as: low bias voltage, higher
responsivity, and photon detection efficiency in the visible
and near infrared range, excellent single-photon response, fast
rise time (�1 ns), and low power consumption. Moreover,
SiPMs have a much higher gain than APDs (>106 versus
<103) [5]. Also, with reference to the integration process,
they can be used in medical imaging systems like positron
emission tomography, magnetic resonance imaging [16]–[19],
near-infrared spectroscopy (e.g., oximetry) [20], [21], and in
immunoassay tests [22]. On the other hand, features like their
high gain, fast timing response with low fluctuation and high
responsivity to extremely low photon fluxes [14] could open
up new SiPMs applications in a variety of fields, such as
very low power measurements (less than 1 pW) [23]. SiPMs
performances in photon counting mode have been investigated
in several papers, using picosecond pulsed lasers [1]–[3],
[8]–[14], [24]. Optical characterization performed via contin-
uous wave (CW) sources has seldom been reported [23], [25]
even though this kind of excitation seems to be very useful in
several applications [22], [23], [26]–[30].

In this paper, we report on the electrical and CW
optical characterization of a novel class of SiPMs fabricated
in standard silicon planar technology. We will show the
results of our responsivity measurements carried out on the
340–820-nm spectrum, at different reverse bias voltages and
incident optical power values.

II. DEVICE DESCRIPTION

SiPM fabrication technology is based on single-photon
avalanche diode (SPAD) cells. The device has a breakdown
voltage of about 28.0 V and a 3.5 mm × 3.5 mm active
area (3600 microcells, 45% fill factor, and 58-μm cell pitch)
enclosed in a 5-mm × 5.5-mm package. Fig. 1 shows a
sketch of the device cross section, while in Fig. 2 an optical
microscopy image of the large area SiPM investigated in this
paper is reported. An n-p junction is fabricated on silicon epi-
taxial p-type wafers through a planar process and it operates
with a reverse biased voltage, well above the breakdown value
(Geiger mode).

0018-9383 © 2013 IEEE
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Fig. 1. Schematic cross section of the SiPM cell.

Fig. 2. Optical microscopy picture of the large area SiPM in SMD package.

The anode is defined through a boron implanted p-layer that
forms an enrichment region in every microcell, thus fixing the
junction breakdown voltage. The anode is surrounded by an
implanted p+ sinker that is connected to a bonding pad; hence
it can be biased either from the back side or from the front side.
The cathode is a 0.2-μm thin n+ polysilicon layer, doped with
an arsenic diffusion, deposited on the top of the structure [31].

The quenching circuit is passive and made of a low-doped
polysilicon resistor. The latter is present in every single cell, in
the form of a transparent square frame integrated on the top of
the cathode [30] and has a value of 256 k� (such measurement
is reported in Section III-A). Other features of the fabricated
devices are: a thin junction depletion layer (about 1-μm thick,
corresponding to a breakdown voltage of about 28.0 V); a
reduced thickness (about 0.15 μm) of the quasi-neutral region
above the space charge region, to increase the absorption
efficiency in the blue wavelength range; a suitable structure for
optical isolation consisting of thin trenches (1-μm wide) filled
with tungsten and silicon oxide surrounding the active area of
each microcell [31]. Moreover, dedicated gettering techniques
have been integrated into the manufacturing process to reduce
the defectivity in the active area [14].

Emission microscope pictures with different magnification,
reported in Fig. 3, show the avalanche turn-on phase in a
typical SiPM kept in dark condition and reverse biased at
3 V above the breakdown voltage. Such images were acquired
using a Hamamatsu PHEMOS-1000 photon emission micro-
scope and applying a positive voltage to the SiPM common
cathode metallization, while the anode metallization was set
at ground.

Fig. 3. Emission microscope pictures with (a) low and (b) high magnification
factor obtained on a 3.5-mm × 3.5-mm SiPM reverse biased at 3 V above
the breakdown voltage.

Fig. 4. (a) Reverse and (b) forward I–V SiPM characteristics measured at
room temperature and in dark conditions.

III. EXPERIMENTAL RESULTS AND DATA ANALYSIS

A. Electrical Characterization

Measurements of SiPM forward and reverse current and
breakdown voltage were performed using a semiconductor
parameter analyzer (Keithley 2440) at controlled room tem-
perature and in dark conditions. We found a breakdown
voltage of 28.0 V [Fig. 4(a)]. A linear behavior of the
I–V characteristic (on a semilogarithmic scale) was detected
from 30.0 to 35.3 V (OV = 7.3 V, i.e., 26% above the
breakdown voltage). In forward bias, the current is limited
by the quenching resistor [32]. Therefore, its value can be
extrapolated from the forward I–V characteristic in Fig. 4(b).
The slope of the linear region provided a value of 71 �



3720 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 60, NO. 11, NOVEMBER 2013

Fig. 5. Sketch of the experimental setup for measurements of SiPM
responsivity versus incident optical power.

for the overall SiPM quenching resistor that corresponds to
a quenching resistor of 256 k� for each single microcell.

B. Measurements of Responsivity as a Function of the
Incident Optical Power

Herein, we refer to responsivity as the ratio of the SiPM
output current (net of the dark current) and the incident optical
power and it is not normalized to the SiPM gain. To explore
the linear behavior of the device, we first performed SiPM
responsivity measurements as a function of the incident optical
power. The experimental setup is shown in Fig. 5. The optical
power provided by a HeNe laser (λ = 632.8 nm) was attenu-
ated using some neutral density filters and controlled through
a half-wave plate and a Glan–Thompson cube polarizer. This
system allowed us to fine tune the optical power down to sub
picowatts. The laser beam was chopped at 183 Hz and was
sent—depending on the position of a flipping mirror—either
on the active area of the SiPM under test or on a reference
PMT (Hamamatsu R928), previously calibrated and used to
estimate the optical power incident on the SiPM.

The latter was biased using a stabilized power supply and
a SMD resistor (100 �, sensing resistor), connected between
the cathode and the ground. Unlike what several papers report
for pulsed measurements [11], [14], we did not include any
other resistor in the bias line. This resistor, together with the
capacitors of the SiPM itself (or capacitors eventually present
in the biasing circuit), could behave as a low-pass filter for
the SiPM response. This would limit the linear response of
the device, when working in the CW regime and on a wide
range of incident optical powers.

The SiPM and the biasing circuit were located in a metal
black box, being thus shielded by ambient light and elec-
tromagnetic noise. A 25-mm focal length lens was placed
between the flipping mirror and the SiPM, making sure that
the light spot covered the whole active area of the device.
During measurements, the temperature of the SiPM package
was monitored with a PT100 thermistor placed in the back side
of the device. To perform low optical power measurements, a
lock-in amplifier was connected to both the SiPM and the PMT
outputs, while a readout system (SpectrAcq2) digitalized the
signal and allowed data acquisition.

Fig. 6. SiPM responsivity versus incident optical power at λ = 632.8 nm
and at different reverse bias voltages.

Fig. 7. Temperature of the SiPM package versus incident optical power at
λ = 632.8 nm and at different reverse bias voltages.

The setup described above was the same for the whole
duration of the tests, ensuring that all the experiments were
reproducible and all data consistent to each other. We biased
the SiPM at increasing external bias and we found the respon-
sivity peak (i.e., maximum output current, net of the dark
current) applying a reverse bias of 35.3 V between the cathode
and the anode. Responsivity measurements were performed at
a controlled room temperature and are shown in Fig. 6, while
the trend of the temperature of the SiPM package as a function
of the incident optical power is shown in Fig. 7.

It is worth noting that responsivity shows a flat response
up to a power level, which depends on the applied bias. In
more detail, the linear behavior of the device extends up to
about 10 nW for a bias of 28.3 V, while it is reduced when
the reverse bias voltage increases. In the flat region of each
curve, the measured temperature of the SiPM package was
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approximately constant (around room temperature), while it
increases in the region corresponding to the slope of the curves
(Fig. 7). This temperature difference is quite small for lower
biases (�T <2 °C for a bias of 28.3 V and �T <4 °C for
a bias of 28.7 V) while it strongly increases for higher bias
voltages (�T ≈ 18 °C for a bias of 33.5 V).

We also repeated the measurement at 28.3 V (corresponding
to the maximum flat response) reducing the value of the
sensing resistor to 50 �, to ensure that the SiPM linear
response is not influenced by its value. We confirmed that
the responsivity turnover occurs at the same optical power.

All the errors were considered and propagated, although
the dominant contribution came from the indetermination of
the PMT calibration curve (calibration uncertainty = 5%).
Measurements were carried out using a battery power supply,
to remove possible power line interferences. As above, SiPM
output currents, used to evaluate the responsivity, are net
of the dark current. In particular, the PMT dark current
was negligible in all the performed measurements, while the
SiPM dark current was automatically discarded by the lock-in
amplifier since it is not chopped.

As previously observed, the linear range extends up to about
10 nW for a bias of 28.3 V. This result considers a maximum
deviation of 15% from the linear trend, detected at low incident
powers (<10 pW). The linear range is strongly reduced at
increasing biases (up to 100 pW at 35.3 V).

Measurements of responsivity as a function of the incident
optical power can be explained as follows. The sum of the
photon rate and the dark rate in the flat regions are low enough
to permit every SiPM cell to quench the avalanche pulse
and recharge its diode capacitances (through its quenching
resistor) before the same cell is fired again (because another
photon hits it again or because a dark event occurs; details
about the SiPM electrical model can be found in [31]). Fig. 8
shows the SiPM responsivity versus the rate of firing cells
(obtained dividing the SiPM overall current, sum of the dark
current and the photocurrent, by the product of the SiPM
gain and the elementary charge) for this class of SiPMs,
at λ = 632.8 nm and at different reverse bias voltages.
We observe the responsivity turnover occurs at the same value
except for the 35.3 V bias. This shows that the responsivity is
mainly limited by the finite number of cells that are fired by
both photon rate and dark rate, up to the bias of 33.5 V.

At the lowest biases (i.e., 28.3 and 28.7 V), in correspon-
dence to 10 nW, the dark current is very low (the photon cur-
rent is about 100% of the overall current) and the responsivity
begins to decrease mainly because of a pile up effect of the
incoming photons during the recharging phase of the SiPM
microcells. During this time, the device is not completely
blind to the absorption of photons, but it is able to detect the
incident light—after the quenching of each avalanche event—
showing a triggering efficiency and a gain directly proportional
to the overvoltage (OV) at the junction. The amount of charge
produced by the microcells, when fired by photons absorbed
during the recharging time, is lower than that delivered when
the recharging at the depletion layer is complete. Furthermore,
for high impinging photon fluxes, the probability that photons
can be absorbed by microcells in the recharging phase is

Fig. 8. SiPM responsivity versus rate of firing cells for this class of SiPMs,
at λ = 632.8 nm and at different reverse bias voltages.

higher, due to the limited number of cells in the array. The
combination of these effects gives rise to the saturation of the
output current that leads to the responsivity decrease, as shown
in the curves at 28.3 and 28.7 V (Fig. 6).

Increasing the bias (from 30.0 to 33.5 V), we observed the
rise of the dark current due to the rise of the temperature of
the SiPM package. The latter is caused by the increase of the
waste power that is particularly evident at the highest incident
optical powers (in correspondence to the responsivity slopes),
as shown in Fig. 7. The photon current decreases down to
82.6% of the overall current, in correspondence to the turnover
at 33.5 V. The rise of the dark current, mainly caused by
thermal noise, busies the limited number of the SiPM cells and
represents the main cause of the early responsivity decrease
at the highest biases up to 33.5 V.

Furthermore, as the optical power increases, the pho-
tocurrent linearly grows because of the SiPM high gain.
As a consequence, the device temperature increases (Fig. 7),
thus raising the breakdown voltage with a measured rate of
about 30 mV/°C. This measurement was performed locating
the SiPM in a black box (dark conditions) and employing
a semiconductor parameter analyzer (Keithley 2440). The
atmosphere inside the black box was dried using silica gel.
The temperature of the SiPM package was controlled through
a Peltier cell, placed in the back side of the device, and
monitored through a PT100 thermistor.

The growth of the breakdown voltage corresponds to a
lower OV on the junction that leads to a gain (and hence
responsivity) reduction. The measured shift of the breakdown
voltage, in correspondence of the responsivity turnover and
considering the lowest measured temperature (19 °C) as the
reference temperature, is only about 300 mV at 35.3 V (worst
case) and absolutely negligible (less than 1 mV) at 28.3 V
(best case). Anyway, this is a secondary effect that could not
only explain the responsivity turnover.

Responsivity at 35.3 V was measured up to 200 pW. This
curve represents a critical condition for the device in terms
of dark current [Fig. 4(a)] and temperature (Fig. 7). The
percentage of the overall current due to the photon rate,
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in correspondence to the responsivity turnover at 35.3 V, is
only 13.6%, very low if compared with the one measured
at lower biases. The responsivity turnover at 35.3 V is not
aligned to those at the other biases (Fig. 8) because of the
strong increase of the current flowing through the junction:
indeed, this current is too high to ensure quenching. For this
reason, the device is working outside of the usual operation
range, i.e., when the quenching resistors sufficiently limit the
current during breakdown.

We also estimated the average number of fired cells Nt
corresponding to a responsivity deviation of 20% from the
linear trend, to make a comparison with the pulsed mode, as
in [33]. Nt was obtained as the ratio of the overall average
current supplied by the SiPM and the current corresponding to
the single SPAD pulse. We found the same value (Nt ≈ 1500)
for all the biases, with the only exception of the 35.3 V bias.
This further supports the idea that the responsivity is limited
by the dynamic range (number of cells) of the SiPM up to
33.5 V and that the turnover condition occurs when about 42%
of cells are fired. This condition is quite close to the common
definition of the maximum usable range of SiPM in pulsed
mode, i.e., when 50% of cells are fired [33]. A more practical
parameter to define this usable range in the CW regime is the
maximum ratio of the overall current and the applied OV. For
our device this parameter resulted around 0.6 mA/V.

The measured dependence of the responsivity with respect
to the incident optical power permits to use the SiPM as a
very sensitive power meter with a dynamic range from sub
picowatts to several nanowatts, for lower reverse biases [23].
This is an outstanding feature that can be exploited, for
example, in those medical imaging systems where such a huge
dynamic range is mandatory, being the detected optical power
significantly variable with the distance between the detector
and the source [29].

C. Spectral Characterization

To evaluate the SiPM responsivity on a broad spectrum and
at different bias voltages, we used the setup in Fig. 9. The
white light coming out from a xenon lamp was attenuated
via a circular variable neutral density filter and spectrally
filtered by a monochromator. The output monochromatic light
was sent to the SiPM under test or to the reference PMT,
according to the position of a flipping mirror placed inside the
monochromator and controlled via software. As in the case of
measurements reported in the previous section, the SiPM and
its biasing circuit were located in a metal black box and a lock-
in amplifier was used to reduce noise. To obtain a uniform
illumination of the SiPM active area, we set the slit widths
of the monochromator at 1 mm (corresponding to a spectral
resolution of about 2 nm) and used a 25-mm focal length lens.
Spectral measurements were performed from 340 to 820 nm,
with a wavelength step of 2 nm.

The attenuated optical power of the xenon lamp, incident
on both the PMT and the SiPM, spanned over the 60–100-pW
range, to let the SiPM work in the linear region (see Fig. 6).
We employed some narrowband filters (full-width at half-
maximum = 10 nm) placed in front of the exit slits, to verify

Fig. 9. Sketch of the experimental setup for measurements of SiPM
responsivity versus wavelength.

that second orders of unwanted light (diffracted by the grating
in the same position) were negligible and did not invalidate
our measurements.

Responsivity was calculated dividing the SiPM photogen-
erated current by the incident optical power, the latter being
estimated from the calibrated PMT photogenerated current.
The same considerations concerning the dark current reported
in Section III-B apply: it was negligible for the PMT, while
it was automatically discarded by the lock-in amplifier for the
SiPM.

In Fig. 10(a), we report our responsivity measurements,
carried out in the above-mentioned spectral range and at
different reverse bias voltages, showing a peak around 669 nm.
As expected, we found the highest values of responsivity
for the same bias reported in Section III-B (35.3 V) with a
maximum value of about 2.9 · 109 mA/W. In Fig. 10(b), we
also show the same responsivity measurements, normalized at
their values at 669 nm, to better highlight how the spectral
shape changes at different biases.

The measured wavelength dependence of the SiPM respon-
sivity can be explained as follows. Most of the power in the
blue light range is absorbed within the first 200 nm of silicon,
i.e., most of the photons in this range are absorbed in the
quasi-neutral region (about 150-nm thick) above the depletion
region of the device. Only some of the holes produced by
the blue photons diffuse into the high field region and trigger
the avalanche with a considerably lower probability than for
an electron. The responsivity peak is in the red light range,
because of the contribution—to the total measured signal—of
the minority carriers (i.e., the electrons) photogenerated in the
p-doped epitaxial layers below the junction depletion layer
(down to about 3 μm). These carriers can drift toward the
lower edge of the depletion layer before being accelerated
by the electrical field and, in case, trigger the avalanche
pulse. It is well known that the electrons in silicon have
a higher diffusivity and impact ionization rates than holes
and this makes noteworthy their contribution to the measured
signal. In Fig. 10(b), we observe that the responsivity remains
substantially unchanged at increasing bias voltages, with a
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Fig. 10. (a) SiPM responsivity versus wavelength at different reverse bias
voltages. (b) Same curves of (a), each one normalized at its value at 669 nm.

slight increase in the blue range. At increasing biases the
depletion region of each SPAD widens in the n-doped layer,
being the p-doped layer fully depleted once the cell is biased
above the breakdown. The spectral changes in the blue are
due to a decreasing thickness of the N+ poly layer. Thus,
more holes have a chance to get into the avalanche region and,
above all, the probability that these holes produce a breakdown
increases.

Light in the near infrared range penetrates deeper into
the nondepleted bulk, reducing the probability of reaching
the depletion region due to the higher recombination (typical
diffusion lengths are ≈10 μm) [34]–[36]. The responsivity
increases with the bias voltage in the linear region of the
reverse I–V characteristic [Fig. 4(a)], while it decreases in
the saturation region (i.e., reverse bias above 35.3 V) because
of the strong rise of the dark current (curves are not shown).

Such a responsivity response, together with low cost, low
supply voltage, high gain, and low noise of the SiPMs,
makes them good candidates for a variety of applications
(e.g., oximetry and immunoassay).

IV. CONCLUSION

In this paper, we reported the electrical and optical char-
acterization, in CW regime, of a novel 3600 channels SiPM
fabricated on a silicon p-type substrate. In particular we

showed, for the first time, a SiPM responsivity measurement
as a function of the incident optical power from hundreds of
nanowatts down to sub picowatts, at λ = 632.8 nm, monitoring
the device package temperature. We found that responsivity
exhibits a flat region whose extension depends on the applied
reverse bias voltage. The linear behavior of the device extends
up to about 10 nW for the lowest applied bias (28.3 V),
while it is reduced when the reverse bias voltage increases.
We demonstrated that, up to a bias of 33.5 V, the responsivity
decreases because of the limited number of cells that are fired
by the photon rate and the dark rate. At higher biases other
phenomena occur, thus further reducing the linear range.

The maximum responsivity was measured at a reverse bias
voltage of 35.3 V and reaches a value of about 2.9·109 mA/W.
This result shows the outstanding performances of the fab-
ricated SiPM even at very low photon fluxes and low bias
voltages. Moreover, responsivity measurements on a broad
spectrum and at different reverse bias voltages were shown:
we found the responsivity peak around 669 nm.

A physical interpretation of all the responsivity results was
also provided.
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