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Performance of a large-area avalanche photodiode at low
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Abstract

We investigate the performance of a large-area ð13 mm� 13 mmÞ avalanche photodiode at temperatures ranging

from 4.2 to 77 K: We find that the gain, at a given bias voltage, increases with decreasing temperature down to 40 K;
below which a premature breakdown phenomenon occurs. The quantum efficiency of the device decreases with

decreasing temperature until approximately 40 K; at which point it drops abruptly to o15% of its room temperature

value. The sensitivity of the device above 40 K makes it a good candidate for detection of scintillation light in low-

temperature systems.

r 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Detection of scintillation light is a common and
important method used to characterize elementary
particle decay. For example, in an experiment to
measure the lifetime of a free neutron [1,2],
neutrons are confined in a bath of superfluid
helium by a large magnetic field and scintillations

are produced in the helium when the neutrons
undergo beta decay. The ideal detector for such a
system would be one that could operate at low
temperatures (in or near the helium bath) and high
magnetic fields ðE1 TÞ: At present, the commonly
available photomultiplier tube (PMT) is used.
PMTs however cannot, in general, be operated in
high fields or at low temperatures. Thus, the PMTs
used in the lifetime experiment must be placed at a
significant distance from the helium bath, thereby
reducing the overall light detection efficiency.

Compared to PMTs, large-area silicon ava-
lanche photodiodes (APDs) have higher noise,
lower gain and higher cost per unit area. Never-
theless, their high immunity to magnetic fields (due
to the short path traversed by charge carriers),
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high quantum efficiency, and compact size make
them an attractive alternative to PMTs in some
applications. APDs have been studied for liquid
xenon scintillation detection down to 168 K [3,4]
and for photon counting at 100 and 85 K [5,6].
However, their performance at lower temperatures
is not fully characterized. In this work, we set out
to find the temperature range at which APDs can
be operated and investigate certain noise proper-
ties of the device at low temperatures. We also
investigate the key parameters that impact on the
suitability of the APD for detecting neutrons in the
neutron lifetime experiment.

2. Experimental apparatus

In our tests, an APD is held in a liquid helium
cryostat. The cylindrical cryostat allows both
room temperature access and radial optical access
(see Fig. 1). The APD is mounted using a Teflon
collar onto a copper plate that is thermally

anchored to the inner wall of the helium bath
using beryllium-copper spring fingers. The tem-
perature of the copper anchor can be controlled
using a 1 kO heater mounted alongside the APD.
The temperature is monitored using a diode
thermometer3 that is mounted to the copper plate.
During cooldowns, helium buffer gas (which
provides a direct thermal contact between the
APD and the walls of the liquid helium bath) is
often introduced into the vacuum chamber to
reduce the cooldown time. Before biasing the
APD, however, the pressure in the inner vacuum
chamber must be reduced to below
13 Pa ð0:1 TorrÞ to prevent discharges between
the APD high-voltage lead and ground, which
would destroy the charge preamplifier.

The signal from the APD is transported to room
temperature using a cryogenic semi-rigid co-axial
cable chosen to minimize heat load.4 The signal is
amplified with a charge sensitive preamplifier5 and
then with a spectroscopy amplifier. The spectro-
scopy amplifier has a 1 ms shaping time, with the
output fed into either a 2048 channel multi-
channel analyzer (MCA) or a digital oscilloscope.

In all of our tests, the APD is operated in the
gain mode (below breakdown regime), with a
reverse bias below 1800 V at room temperature,
and lower voltages at lower temperatures. (For
example, at 77 K; the breakdown voltage of the
particular APD we tested dropped to 1390 V:) A
10 MO resistor in series with the APD (see Fig. 1)
limits the current at breakdown to prevent damage
to the APD and other electronics.

The sources used to test the APD are an 55Fe
source that produces 5:9 keV X-rays and a red
light emitting diode (LED) that emits 0:5 ms long
light pulses with a repetition rate of 1–8 kHz: The
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Fig. 1. A schematic of the liquid helium dewar used in these

measurements (not to scale). The components are discussed in

the text.

3Lakeshore model DT-470 diode thermometer. Certain trade

names and company products are mentioned in the text or

identified in illustrations in order to adequately specify the

experimental procedure and equipment used. In no case does

such identification imply recommendation of endorsement by

the National Institute of Standards and Technology, nor does it

imply that the products are necessarily the best available for the

purpose.
4Oxford Instruments cryogenic feed and superconductive 50

O semi-rigid co-axial cable.
5Amptek A250 charge sensitive preamplifier with InterFET

IF1801 input FET.
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X-ray source is placed 2 mm away from the APD
and the LED sits 50 cm away inside a light-tight
aluminum can (see Fig. 1).

3. Device characterization

3.1. Gain

To characterize the gain of the APD, the device
is initially set to a reverse bias of 200 V: At this
voltage, the electric field in the depletion region is
insufficient to cause carrier multiplication6; the
output signal in fact varies less than 10% for
reverse bias voltages between 100 and 300 V: The
intensity of the red LED and the gain of the
spectroscopy amplifier are adjusted to produce an
easily readable pulse height on the oscilloscope
(approximately 22,000 photoelectrons). The re-
verse bias voltage is then raised and the pulse
height at a given voltage is recorded. The ratio of
this value to the pulse height at 200 V determines
the gain at that voltage. To avoid saturation of the
amplifiers at higher gains, the light from the LED
must be attenuated. This is done by lowering the
bias voltage on the LED. To accommodate the
change in intensity incident on the APD, two
measurements are taken at a fixed APD gain—one
measurement for each intensity—and a scaling
factor is calculated to relate the data taken at the
different intensities.

Measurements of the gain as a function of the
reverse bias voltage were taken at 300, 77, 40, and
14 K: This data are shown in Fig. 2. At 300 K; the
APD we tested reached maximum gain of 103:
Measurements at 77 K show an enhancement in
gain at a fixed voltage, consistent with that
reported in Ref. [5]. We also see a continued
steepening of the gain versus voltage curve at
40 K:

The dependance of the gain on temperature and
reverse bias voltage does not agree with the model
given in Ref. [3]. In that model, the gain is taken to
be a function of the ‘‘effective voltage’’, Veff ¼
Vapplied � aT ; where a is a constant and T is the
temperature. The authors show that their data

between 170 and 300 K agree well with the model.
However, our measurements show that this linear
model is insufficient for the 14–77 K temperature
range.

Below 40 K; the apparent onset of breakdown
(as determined by observing the preamplifier
output) is observed at a much lower bias voltage.
At 14 K; this breakdown behavior appears at a
reverse bias of 500 V: Note that the current
through the APD during these ‘‘apparent break-
downs’’ was not measured and thus one cannot
definitively conclude that they are avalanche
breakdowns. The apparent breakdown lasts until
the reverse bias voltage is set to low voltage
ðE200 VÞ and the device is allowed to settle down
for a few seconds.

3.2. Relative quantum efficiency

The relative quantum efficiency (RQE) is the
ratio of the pulse height at a reduced temperature
to the pulse height at room temperature. The RQE
is measured by applying a reverse bias of 200 V to
the APD, thus producing a unity gain signal (no
multiplication). The LED signal is set to a
constant amplitude and the pulse height spectrum
is taken with the MCA. The center channel of the
peak in the spectrum is recorded as the pulse
height. The APD is then cooled and the pulse
height is recorded as a function of temperature.
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Fig. 2. Measurements of the gain of the APD as a function of

the reverse bias voltage for four temperatures. Experimental

conditions are described in the text.

6RMD Inc., Watertown, MA (private communication).
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Measurements of the RQE were taken in the
temperature range 4.2–300 K and are shown in
Fig. 3. The RQE slowly decreases by approxi-
mately 20% between 300 and 50 K: Between 50
and 35 K; the RQE drops quickly to approxi-
mately 15% of the 300 K value and continues to
drop as the APD reaches lower temperatures. We
attribute this dramatic drop in RQE to hard
carrier freezeout [7]. This drop limits the usefulness
of silicon avalanche photodiodes for low-intensity
optical photon detection at temperatures below
40 K:

3.3. Sensitivity of the APD at low signal levels and

temperatures

As stated earlier, our interest in APDs arose
from the possibility of using them to detect pulses
of 20–30 photons arising from scintillations in
liquid helium. After determining that the APD
cannot be used for this purpose below 40 K due to
premature apparent breakdown and poor quan-
tum efficiency, sensitivity measurements were
performed at 77 K:

An absolute calibration of the detection electro-
nics is initially performed using two different
methods. First, the APD is operated at a known
gain and illuminated with 5:9 keV X-rays from the
55Fe source. The energy required to produce an
electron–hole pair in Si is 3:6 eV; therefore a total

of 1:6� 103 photoelectrons are produced. These
electrons are multiplied in the gain region of the
APD and sent to the detection electronics. A pulse
height spectrum is recorded using the multi-
channel analyzer, with the peak arising from the
X-ray source. The X-ray source is then replaced
with the LED and its output is adjusted so that the
peak of the spectrum coincides with the peak from
the X-ray source. In this way, the number of
photons absorbed by the APD is known. The light
from the LED can then be attenuated using
neutral density filters to reduce the number of
photons per pulse to the desired number.

In the second calibration method, a series of
square voltage pulses of either 1 or 2 mV with a
period much longer than the 300 ms decay time of
the charge preamplifier is applied to a 2 pF
capacitor which is connected to the input of the
charge-sensitive preamplifier. The channel at
which the pulses appear on the MCA coupled
with the known charge input determines the
calibration of channel number to electrons input
into the preamplifier. These two calibration
methods agree with each other to within 10%.

The sensitivity measurements proceed as fol-
lows. The APD is biased at 200 V to produce a
unity gain at 300 K: The LED is biased such that
the center channel of the peak on the MCA is well
above the device noise. The calibrations described
above combined with the manufacturer’s room
temperature absolute quantum efficiency specifica-
tion (65% in the green and 75% in the near infra-
red) allows the number of photons per pulse to be
determined. The APD is then cooled to 77 K and
pulse height spectra are taken on the MCA for
various levels of light input. Due to the non-linear
response of the LED to bias voltage, the intensity
of the light was varied using neutral density filters.
Spectra were taken using filters with optical
densities of 1.0 (10% attenuation), 2.0 (1%), and
3.0 (0.1%). To optimize the system for pulse
detection, the noise in the detection electronics is
minimized and then the reverse bias voltage (and
hence the gain) is increased until the dark current
noise is approximately equal to the noise from
other sources.

Pulses of approximately 30 photons were
generated by the LED using a bias supply which
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Fig. 3. The relative quantum efficiency of the APD as a

function of temperature.
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produced 0:5 ms long pulses at a repetition rate of
5 kHz for 10 s: Measurements taken at 77 K
determined that the RQE is ð7971Þ% (again,
relative to the 300 K value). The error arises from
the uncertainty in pulse height measurements.
Combining this value with an estimate of the
absolute quantum efficiency in the red at
300 K from the manufacturer’s specifications
ðð7075Þ%Þ results in an absolute quantum
efficiency of ð5574Þ% at 77 K: From uncertainties
in data acquisition, temperature, and applied
voltage, we estimate a 10% systematic uncertainty
in the APD gain used in this measurement
ðE1000Þ:

A typical pulse height spectrum is shown in
Fig. 4. The peak corresponds to ð3074Þ
photons incident on the detector and ð1672Þ
photons detected. In this graph the APD is
operating at a gain of 10007100: Pulses of
ð3074Þ photons at a 5 kHz repetition rate
can be discriminated from the background with
approximately 50% efficiency and a signal-to-
noise ratio of 15. Higher discrimination thresholds
yield even higher signal-to-noise ratio. For exam-
ple, a signal-to-noise ratio of over 300 is achieved
when the efficiency of detection is reduced to
10%. Higher efficiencies can also be achieved
if the discrimination level is chosen to be
lower, but inconsistencies in our dark count data
prevent meaningful analysis at these lower
discrimination levels.

4. Discussion

The type of APD we tested is manufactured
through deep diffusion of p-type silicon onto n-
type substrate. Its proper operation relies on the
ability of its depletion region to sustain high
electrical field without breaking down. A break-
down occurs when the internal gain of the APD
reaches infinity. At high temperatures X100 K; all
dopant impurities are thermally ionized. The
multiplication process begins only when an initial
carrier gains enough energy ð3:6 eVÞ to create
additional electron–hole pairs in the silicon lattice.
As the temperature of the device is lowered, the
mobility of carriers increases as phonon scattering
is reduced. At the same reverse biasing, the carriers
gain more energy before they collide with lattices.
As a result, the breakdown voltage decreases with
temperature [8]. At even lower temperatures, when
carriers start to freeze out at impurity sites, the
width of the depletion region grows thicker and
neutral impurities begin to form in the depletion
region. For typical dopants, the impurity ioniza-
tion energies are on the order of 0:05 eV: Although
the electrical field is decreased, the carrier multi-
plication process begins at considerably lower
reverse biasing, which explains the premature
breakdown phenomenon we observed.

The abrupt changes in relative quantum effi-
ciency at the same temperature regime suggest that
it could be closely related to the carrier freeze-out.
A possible explanation is the increase in hole–
electron recombination probability as the deple-
tion zone becomes thicker. In order to have a
complete understanding of the APD behavior at
these low temperatures more experimental inves-
tigations are needed.

In general, carrier freeze-out is a problem
for all silicon-based APDs at very low tempera-
tures. The exact behavior will depend on the
type of dopants and the amount of doping. To
alleviate the problem, one can use dopants with
shallower impurities levels. APDs fabricated with
Ge or InGaAs will be less affected by carrier
freeze-out, because of their shallower impurity
levels. However, the gain achieved by existing Ge
or InGaAs APDs are considerably lower than
silicon APDs.
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5. Conclusion

For temperatures around 77 K; large-area
APDs can be used to discriminate scintillation
pulses of approximately 30 photons from the
background with high efficiency and low back-
ground rate. In experiments where the detection of
scintillation in cryogenic liquids is involved, such
as the neutron lifetime experiment, they are a
viable option. APDs are not effective below the
carrier freeze-out temperature ðE40 KÞ:
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