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Performance and design of InGaAsyInP photodiodes for
single-photon counting at 1.55 mm

Philip A. Hiskett, Gerald S. Buller, Alison Y. Loudon, Jason M. Smith, Ivair Gontijo,
Andrew C. Walker, Paul D. Townsend, and Michael J. Robertson

The performance of selected, commercially available InGaAsyInP avalanche photodiodes operating in a
photon-counting mode at an incident wavelength of 1.55 mm is described. A discussion on the optimum
operating conditions and their relationship to the electric field distribution within the device is presented.
© 2000 Optical Society of America
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1. Introduction

Time-correlated single-photon counting ~TCSPC! is a
idely used technique in many applications that de-
end on the detection of low-level and fast optical
ignals.1–7 The TCSPC technique has been used for

several years in applications such as quantum
cryptography,2,8–12 optical time-domain reflectom-
etry ~OTDR!,6,13,14 time-of-flight ranging,7,15 and
time-resolved photoluminescence ~TRPL!.3,16,17

Early TCSPC systems incorporated photomulti-
plier tubes ~PMT’s! to detect single photons. These
PMT’s required high operating voltages, were quite
fragile, and had relatively poor detection efficien-
cies.18,19 A ubiquitous example of a photocathode is
the S1 fabricated from AgOC.19 These photocath-
odes are photosensitive only at wavelengths below
1.1 mm. Recently produced PMT’s, for example, the
Hamamatsu R5509-72, are more rugged, and alter-
native photocathode materials enable operation up to
wavelengths of ;1.6 mm. The detection efficiency of
such PMT’s, however, remains low,20 whereas the
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operating voltage remains very high, ;1700 V for the
Hamamatsu device.20

Silicon avalanche photodiodes ~APD’s! operated in
the Geiger mode7,18,21 have shown much higher de-
tection efficiencies than PMT’s at wavelengths below
1.1 mm. A Geiger-mode APD, also known as a
single-photon avalanche diode ~SPAD! detector, is a
everse-bias diode that operates at fields above
reakdown, such that a single carrier can initiate a
elf-sustaining, and hence readily detectable, ava-
anche current. As a consequence of their enhanced
fficiency, silicon SPAD’s have been used at wave-
engths below 1.1 mm in applications including TRPL

icroscopy17,21 and time-of-flight ranging.7
The high-efficiency detection of single photons be-

tween 1.1 and 1.6 mm is not possible with silicon
SPAD’s because of the low absorption of this material
at these wavelengths. Two applications of TCSPC
are quantum cryptography and OTDR. The trans-
mission range of both a quantum cryptography
system and an OTDR system across a telecommuni-
cation network can be substantially increased when
photons of wavelengths 1.3 and 1.55 mm are used
because of the low absorption and scattering loss
within silica-based optical fibers at these specific
wavelengths. The detection of photoluminescence
at long wavelengths would allow the investigation of
carrier dynamics of a wider range of samples, notably
in the InGaAsyInP material system. A time-of-
flight ranging system based on a wavelength of 1.55
mm would allow eye-safe operation.

Extensive research carried out by several
groups1–3,8,22,23 has shown that germanium SPAD’s
are capable of detecting single photons with high
detection efficiency and low noise-equivalent power
~NEP! at 77 K at a wavelength of 1.3 mm. TRPL
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measurements on semiconductor material with ger-
manium SPAD’s have been used to study the carrier
dynamics at a wavelength of 1.3 mm with low pho-
togenerated carrier densities ~e.g., ,1015 cm23!.3,16

These devices required cryogenic cooling to limit
the effects of thermal noise in the device. The un-
fortunate consequence of this cooling was a shift in
the band edge of the material causing a drop in the
detection efficiency to ,1% at a wavelength of 1.55

m.22

The low detection efficiency of germanium-based
SPAD’s at a wavelength of 1.55 mm has led to re-
earch in detectors grown from alternative material
ystems. The separate absorption, grading, and
ultiplication ~SAGM! InGaAsyInP APD’s have

een shown to be capable of detecting single pho-
ons at a wavelength of 1.55 mm.4,13,24 The devices

characterized in Refs. 4, 13 and 24 were designed
for room-temperature, non-photon-counting opera-
tion; therefore the photon-counting performance of
these devices was found to vary significantly.

In this paper we concentrate on the comprehen-
sive characterization of a number of commercially
available InGaAsyInP APD’s which, although not
pecifically designed for single-photon detection,
re operated as single-photon detectors. Included
s a comprehensive study of the dark noise, detec-
ion efficiency, timing response, and NEP of these
ommercially available InGaAsyInP detectors at
emperatures between 77 and 225 K.

2. Avalanche Photodiodes

The SAGM InGaAsyInP APD has been commercially
available for several years now. A schematic of the
microstructure, the band structure, and the electric
field profile of a SAGM is shown in Fig. 1.

The device, which is intended for room-
temperature, non-photon-counting telecommunica-
tions use, is based around a heterojunction formed
between InP and InGaAs. Under reverse-bias oper-

Fig. 1. ~a! Schematic diagram of the InGaAsyInP SAGM APD.
~b! The band profile of the device clearly showing the valence-band
discontinuity at the heterointerface. ~c! The electric field of the
device at the breakdown point and at punch-through.
2

ation, a high electric field, large enough to induce
impact ionization, is present in the InP layer, which
forms the multiplication region in the device. Long-
wavelength photons ~1.2 mm # l # 1.7 mm! incident
on the device pass through the InP layer and are
absorbed in the narrower-gap InGaAs layer produc-
ing electron–hole pairs. The device is designed so
that, under normal operating conditions, the deple-
tion layer extends from the p1n junction in the InP
layer into the InGaAs layer. Photogenerated carri-
ers created in the InGaAs layer will undergo drift
because of the presence of the electric field. It has
been shown25 that, to obtain low multiplication noise,
the carrier with the higher-impact ionization coeffi-
cient should initiate the avalanche process. For
InP, holes have the higher-impact ionization coeffi-
cient,26 and so devices are designed to be p1n; hence
photogenerated holes are swept into the multiplica-
tion region.

An important feature of the band profile of the
device is the valence-band discontinuity between the
InP ~1.35-eV! and the InGaAs ~0.73-eV! layers. This

inders the transportation of holes from the narrow-
ap InGaAs material to the wider-gap InP material.
o increase the transition rate of the holes, one or
ore layers of the quaternary material, InGaAsP, are

laced between the InGaAs and InP layers. The
uaternary layer has an intermediate bandgap be-
ween that of the InP and InGaAs and hence grades
he valence-band discontinuity. As a result, the
oles can cross the barrier more efficiently, and the
andwidth of the device is increased.
For the device to possess a high quantum efficiency

nd high bandwidth, it is necessary for the electric
eld at the heterointerface between the quaternary
nd the InGaAs to be nonzero, i.e., the depletion layer
ust punch through into the absorption layer. The

xtent by which the depletion layer extends into the
nGaAs layer determines the electric field at the het-
rointerface. The magnitude of the field at the bar-
ier strongly influences the quantum efficiency and
he bandwidth of the device because of the effect the
eld has on the probability and rate of transport of
arriers across the barrier. The field at the hetero-
nterface also greatly affects the dark current; the
unneling current within the InGaAs layer will be too
arge if the field at this point is too high.

The tunneling current density in the InGaAs layer
s given by27

I
A

5 g exp~2um0
1y2εg

3y2yq\EI!, (1)

where u 5 a~m*ym0!1y2. a depends on the details of
the tunneling barrier, and it is usually assumed that
a > 1 and

g 5 ~2m*yεg!
1y2~q3EI Vy4p2\2!,

where m* is the effective tunneling mass of an elec-
ron, m0 is the mass of the free electron, εg is the

bandgap of InGaAs, EI is the electric field at the
0 December 2000 y Vol. 39, No. 36 y APPLIED OPTICS 6819
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heterointerface, V is the voltage drop across the de-
pletion region within the InGaAs layer, \ is Planck’s
constant divided by 2p, and q is the elementary
harge.

It is widely accepted that the current density at the
nGaAsPyInGaAs barrier should be less than 1 3

1024 A cm22.28,29 Above current densities of 1024 A
cm22, tunneling will contribute a large dark current
that would inhibit the performance of the device.
The upper limit of the electric field at the heteroin-
terface to satisfy the low tunneling current criteria
will depend on the specific device design. The dop-
ing density and thickness of the InGaAs layer and the
value of the field at the heterointerface will deter-
mine the electric field distribution within the InGaAs
layer and therefore the exact value of the voltage drop
across the layer. Generally, for an absorption layer
of doping ;1015 cm23 and of a thickness of 3 mm, the
maximum field at the heterointerface is between 150
and 200 kV cm21. However, there is also a lower
limit of the electric field, below which the holes will
traverse the barrier slowly, and so the bandwidth of
the device will be greatly impaired. This lower limit
cannot be determined directly because the character-
istics depend on the configuration of the valence-band
deformation at the heterointerface.28,30,31

For any given design of a SAGM it is therefore
necessary to determine accurately the electric field
profile of the depletion layer as it extends through the
device. To calculate this electric field profile it is
first necessary to determine the critical electric field,
at the p1n junction, at the point of breakdown. At a
given temperature, we can determine the critical
value of the electric field by considering the multipli-
cation of an electron in the multiplication region of
the APD. This can be defined by32

Me 5
1

1 2 *
0

W

a exp F2*
0

x

~a 2 b! dx9G dx

, (2)

where w is the width of the depletion layer, a is the
electric-field-dependent! impact ionization coeffi-
ient for electrons, and b is the ~electric-field-
ependent! impact ionization coefficient for holes.
From Eq. ~2! it is clear that at the breakdown point,
here M 3 `, the integral in the denominator must

qual 1, i.e.,

*
0

W

a expF 2 *
0

x

~a 2 b! dx9G dx 5 1. (3)

Solving Eq. ~3! for the breakdown condition will de-
termine the value of the critical electric field for the
given structure.

Once we obtain the value of the critical electric
field, it is straightforward to determine the electric
field profile throughout the device using Poisson’s
equation. At a low applied bias, the electric field
may well drop to zero within the multiplication layer,
i.e., the depletion region does not extend into the
820 APPLIED OPTICS y Vol. 39, No. 36 y 20 December 2000
absorption layer where all the photons are being ab-
sorbed. Under such biasing conditions, the quan-
tum efficiency of the device is effectively zero; no
photogenerated holes are swept into the multiplica-
tion layer. As the applied voltage is increased, a
point will be reached where the electric field becomes
nonzero at the heterointerface barrier. The voltage
value at which this occurs is known as the punch-
through voltage. Above the punch-through voltage,
carriers created within the InGaAs layer by photon
absorption can undergo drift because of the nonzero
electric field and can be swept into the multiplication
layer.

It is expected that to utilize these detectors suc-
cessfully to count single photons, the detectors will
have to be cryogenically cooled to limit thermally
excited dark events ~see Subsection 5.D!. It is im-

ortant therefore to consider the operation of these
AGM devices at low temperatures.
As the temperature of the APD is decreased, the

ritical electric field and breakdown voltage also de-
rease because of the reduced carrier scattering by
ptical phonons. For a cooled device, the breakdown
ondition for the InP layer can be reached at a voltage
elow that of punch through, which is relatively un-
ffected by temperature ~unless a freeze out of the
unction dopants occurs!. That is, breakdown occurs
n the InP but there is no depletion layer present in
he absorption layer, and hence few photogenerated
oles will drift into the multiplication layer. There-
ore, the position of the breakdown voltage with re-
pect to the punch-through voltage at the desired
perating temperature is of crucial importance.
The reduction in the critical electric field with tem-

erature also reduces the electric field at the valence-
and discontinuity; therefore holes may start to be
mpeded by the barrier. The two detectors discussed
n this paper were designed for room-temperature
peration; hence it is assumed that the electric field
t the heterointerface was optimized so as to limit
ark current and increase quantum efficiency and
andwidth at or near room temperature. At cryo-
enic temperatures, the electric field at the hetero-
nterface may be zero, resulting in a device with low
etection efficiency.

3. Description of a Time-Correlated
Single-Photon-Counting System

A schematic of the TCSPC system, which we used to
measure a fast or weak laser pulse, is shown in Fig.
2. The time-to-amplitude converter ~TAC! mea-
sures the time difference between a start and a stop
event. In the configuration shown in Fig. 2, the start
event is coincident with the laser pulse, and the stop
event is coincident with the detection of a single pho-
ton by the SPAD. The TAC is fundamentally a ca-
pacitor, which is linearly charged by a constant
current source after the receipt of a start signal.
Upon receiving the stop pulse, the capacitor stops
charging, and the voltage across the plates of the
capacitor is then proportional to the time difference
between the start and the stop event ~if no stop pulse
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arrives, the TAC resets in readiness for the next start
signal, i.e., the next laser pulse!. The measured
TAC output voltage is digitized by an analog-to-
digital converter and relayed to a multichannel ana-
lyzer ~MCA!. The MCA consists of 4096 channels,
overing the entire range of TAC outputs, each chan-
el representing a finite voltage ~time! range.
Measurement of the time difference between start

nd stop events ~i.e., the arrival time of the single
hoton! is repeated typically several thousand times;

each time the MCA stores the measured voltage
value in the relevant channel. After a large number
of repetitions, the probability distribution of the TAC
output voltage is obtained. We can convert these
voltage values to times by calibrating the timing elec-
tronics using an accurate pulse generator. The time
per channel of the MCA in this system was 7.9 psy
channel.

An important feature of the TCSPC system in Fig.
2 is the active quenching circuit ~AQC!. The AQC
has two functions. The first is to control the applied
bias to the SPAD. The voltage source, shown in Fig.
2, applies a constant reverse-bias voltage to the p1

side of the SPAD to bias the device above breakdown.
The voltage applied to the n side of the device is
controlled by the AQC and can be either 0 V or 26 V.
If 26 V is applied, the potential difference across the
SPAD is reduced by 6 V. Provided that the SPAD is
biased less than 6 V above breakdown, the applica-
tion of 26 V by the AQC will cause the bias to drop
below breakdown. When the bias is below break-
down, a self-sustaining avalanche is not possible; the
SPAD is essentially switched off.

The AQC output can be modulated by use of a gate
pulse generator. The duration and frequency of the
SPAD above breakdown is determined by the gate
generator. For the majority of the measurements
presented in this paper, the SPAD detectors were
gated on ~i.e., above breakdown! for a time of 162 ns
at a repetition rate of approximately 1 kHz. At this
low repetition rate, the contribution to the overall

Fig. 2. Schematic of a TCSPC system. ADC, analog-to-digital
converter; TAC, time-to-amplitude converter; MCA, multichannel
analyzer; AQC, active quench circuit.
2

dark count rate caused by the influence of previous
avalanche effects ~see Subsection 5.D! is negligible.
During gated operation, the arrival time of the single
photons is time correlated to the SPAD being above
breakdown.

The second function of the AQC is to quench a
self-sustaining avalanche. When the SPAD is held
above breakdown, a self-sustaining avalanche can be
caused by either a photon or dark event. During a
self-sustaining avalanche, a potentially damaging,
large current flows through the device. To avoid
damage to the device and the filling of trap centers
within the material, the avalanche is quenched by the
AQC superimposing 26 V onto the n side of the
SPAD, hence lowering the applied bias to below
breakdown. Simultaneously with the application of
the quench pulse, a 21-V pulse is outputted from the
AQC to stop the TAC. After quenching an ava-
lanche, the AQC holds the SPAD below breakdown
until the next gate pulse is received. Another pop-
ular quenching technique is that of passive quench-
ing; a description of this technique has been widely
published ~see, for example, Ref. 33!.

It is also possible to use a photon-counting system
without a quench circuit. In such a system a voltage
source is used to bias the SPAD at a voltage just
below breakdown, and a negative pulse is superim-
posed to increase the bias above breakdown. The
duration of the pulse is kept deliberately very short
~e.g., ,10 ns! so that the SPAD is only above break-
down for a very short time. A self-sustaining ava-
lanche can only flow for the remainder of the short
gate pulse, at which point the avalanche will cease
when the SPAD is restored below breakdown.
Other groups10,11 use this technique successfully in
quantum cryptography because photons arrive
within a small time window, so the gate pulse can be
restricted to a short duration. The time for which an
avalanche is permitted to flow determines the maxi-
mum gate frequency at which a SPAD can be oper-
ated ~explained in Subsection 5.D!. In applications
such as TRPL and OTDR, the photons have a much
wider range of arrival times and so the gate pulse will
often be required to be in excess of 100 ns. With
such a long gate pulse, it is imperative to use some
form of quenching ~whether active or passive! to re-
trict the amount of time the large avalanche current
ows through the device.

4. Experimental Methods

In this paper we concentrate on the characterization
of a range of commercially available InGaAsyInP

AGM Fujitsu APD’s. From a sample of 12 APD’s,
wo were chosen for more detailed investigation.
he first device, a Fujitsu FPD13U81SR, 80 mm in
iameter, was selected because it is punched through
i.e., the breakdown voltage exceeds the punch-
hrough voltage! by ;23 V at 77 K. This device is
eferred to here as device A. The other device, a
ujitsu FPD13W31RT, has a diameter of 30 mm and
as selected because it is not punched through at
7 K. This device is referred to here as device B.
0 December 2000 y Vol. 39, No. 36 y APPLIED OPTICS 6821
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These devices were characterized at temperatures
between 77 and 225 K by the system shown in Fig. 3.

The laser used is a passively Q-switched laser di-
ode with the saturable absorber formed by heavy ion
bombardment.34 The laser produced short pulses of
35-ps full width at half-maximum ~FWHM! ~mea-
sured independently by a streak camera!. A 60-dB
ttenuator was used to reduce the number of photons
er pulse to 0.1. This low photon level ensures that
he probability of two or more photons reaching the
PAD is negligible, which is important for detection
fficiency measurements ~see Subsection 5.B!. The
assively Q-switched laser diode was coupled into one

of the two inputs of the 50:50 coupler. To align the
photons from the Q-switched laser with the APD in
the cryostat, a white-light source and imaging optics
were used to image the APD on an infrared vidicon
camera. A 1.55-mm wavelength continuous-wave
laser source was connected to the other input arm of
the fiber coupler. This laser was used to illuminate
the APD during measurements of the photocurrent
current–voltage ~I–V! characteristic ~see Subsection
5.A!.

5. Experimental Results

A. Current–Voltage Characteristics

The most useful starting point in SPAD character-
ization is to measure the I–V characteristic of the
device over the range of desired temperatures. To
obtain the photocurrent I–V characteristic, the exper-
imental setup shown in Fig. 3 was used; however, the
cw laser source was used rather than the Q-switched
laser. A Hewlett-Packard semiconductor parameter
analyzer ~Model HP4145b! was used to measure
the I–V characteristic of the SPAD. The photo-
current I–V characteristic will give the breakdown
and punch-through voltage, thereby determining
if the device is capable of detecting photons at the
desired temperature. The punch-through voltage
can be easily identified on the photocurrent I–V
characteristic. At the punch-through voltage there
is a sudden jump in the photocurrent caused by

Fig. 3. Schematic of the system used to characterize the free-
space Fujitsu devices. A 60-dB attenuator was used to reduce the
105 photonsypulse coupled into the fiber to the appropriate level of
0.1 photonypulse.
822 APPLIED OPTICS y Vol. 39, No. 36 y 20 December 2000
photogenerated holes in the InGaAs being swept into
the multiplication layer ~see Figs. 4 and 5!.

Device A ~the 80-mm-diameter device! was chosen
because the device punches through by a consider-
able amount, ;23 V, at 77 K. Figure 4 shows the
I–V characteristic obtained for this device both at
room temperature and at 77 K. Figure 4 also shows
the I–V characteristic for both dark operation and
with incident 1.55-mm wavelength light at the two
temperatures. The punch-through can clearly be
seen in the 77 K photocurrent curve to be at ;34 V,
and the breakdown voltage of this device at 77 K is 57
V. This device is therefore capable of detecting pho-
tons at a wavelength of 1.55 mm at all temperatures
between 77 K and room temperature because, even at
temperatures as low as 77 K, the depletion layer ex-
tends into the absorption layer. Holes created in
this layer by photon absorption can be swept into the
multiplication region by the electric field.

Device B was selected as a comparison because it is
not punched through at 77 K. This can clearly be
seen from the I–V trace in Fig. 5. The punch
through is at ;33 V whereas the breakdown voltage
at 77 K is 30.1 V. To identify the temperature where

Fig. 4. Dark current and photocurrent of the 80-mm-diameter
Fujitsu APD, device A, at 77 and 293 K. The punch-through po-
sition can clearly be seen at ;34 V. The I–V tracer used for these
experiments could not resolve below 1 pA, therefore the current
looks erratic below this value on the 77 K dark curve.

Fig. 5. I–V dark characteristic of the 30-mm-diameter Fujitsu
APD, device B, at 77 and 293 K and also the photocurrent curve
taken at 293 K using 1.55-mm wavelength light. The punch-
through position can clearly be seen at ;33 V. The I–V tracer
used for these experiments could not resolve below 1 pA, therefore
the current looks erratic below this value on the 77 K dark curve.
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the breakdown voltage exceeds the punch-through
voltage, the breakdown voltage was recorded at var-
ious temperatures between 77 K and room tempera-
ture. This relationship is shown in Fig. 6. Device
B does not punch through until a temperature of
138 K is reached.

B. Detection Efficiency

The detection efficiency of a single-photon detector
can be defined as the probability that a single photon,
incident on the device, will trigger a self-sustaining
avalanche. The detection efficiency of a SPAD is
defined as the product of the quantum efficiency and
the trigger probability.4 The quantum efficiency of
the detectors discussed in this paper is the probabil-
ity of a photon being absorbed in the InGaAs layer
and the subsequent photogenerated hole being swept
into the InP multiplication region. The trigger prob-
ability is defined as the probability that a hole, once
inside the multiplication region, will initiate a self-
sustaining avalanche. The trigger probability has
been shown35 to be dependent on the relative excess
bias, i.e., the voltage above breakdown relative to the
actual breakdown voltage.

To perform single-photon-counting measure-
ments with a pulsed laser, it was necessary for us to
attenuate the optical pulse to reduce the number of
photons coupled into the fiber ~typically 105! to the
single-photon level. To perform detection effi-
ciency measurements, the attenuation must be high
enough to ensure that a maximum of one photon per
laser pulse reaches the SPAD. This is a require-
ment of the single-photon-counting system because,
after receiving a start signal from the laser driver,
the TAC begins to charge. After receiving the first
stop signal ~whether it be from a photon event or
dark event!, the TAC shuts off and remains off until
he next start pulse. Therefore in any single laser
ulse the TAC can record only a maximum of one
hoton ~or dark! event. To achieve the required
ow photon level, a 60-dB attenuator is used to re-
uce the average number of photons, from each
aser pulse, reaching the SPAD to just 0.1. At this
educed level, the probability of two or more pho-

Fig. 6. Graph of breakdown voltage versus temperature for de-
vice B. The temperature at which punch-through occurs, 138 K,
is indicated.
2

ons from any single laser pulse reaching the SPAD
s negligible.

The measurements of detection efficiency as a func-
ion of temperature for the two devices, operated at
-V excess bias ~i.e., 3 V above breakdown!, are shown
n Fig. 7. There is a definite peak in the detection
fficiency at 135 K for device A and at 170 K for device
. The increase in detection efficiency with temper-
ture arises because of the increase in quantum effi-
iency, i.e., the probability increases that a photon
ill be absorbed and the subsequent photogenerated
ole will drift into the multiplication region. Also
he rise in temperature increases the amount by
hich the device punches through, thereby increas-

ng the electric field at the heterointerface between
he InP and the InGaAs layers.

As mentioned above, the product of the quantum
fficiency and the trigger probability determines the
etection efficiency, and the trigger probability is de-
endent on the relative excess bias. Both devices A
nd B were kept at a constant 3-V excess bias when
he temperatures were varied, so because the break-
own voltage increases with temperature, 3 V consti-
utes a lower relative excess bias at higher
emperatures. The trigger probability therefore de-
reases with increasing temperature when a constant
xcess bias is applied. The results for both devices
t 3 V above breakdown indicate that the detection
fficiency is dominated by the low quantum efficiency
t low temperatures and by the low trigger probabil-
ty at higher temperatures. At low temperature, the
rigger probability is high whereas the quantum ef-
ciency is low. As the temperature rises the quan-
um efficiency begins to increase whereas the trigger
robability begins to fall.
The efficiency of device B can be seen to be approx-

mately zero below 150 K. This is a consequence of
he device not being punched through below 138 K.
bove 150 K there is a rise in the detection efficiency

Fig. 7. Detection efficiency of both devices A and B as a function
of temperature. At each temperature the devices were operated
at an excess bias of 3 V. The detection efficiency of device B is
effectively zero at temperatures less than 150 K because the device
is not punched through. Curves are drawn between the mea-
sured points to aid the reader.
0 December 2000 y Vol. 39, No. 36 y APPLIED OPTICS 6823



j

i

m
i
o

6

until 170 K, at which the efficiency begins to fall
again because of the reduction in trigger probability.

To illustrate the effect of keeping a constant rela-
tive excess bias, we repeated detection efficiency mea-
surements for device B, over a range of temperatures
between 150 and 225 K, while we maintained the
SPAD at 5% relative excess bias. In this situation,
the trigger probability will be constant. The results,
shown in Fig. 8, indicate a rise in detection efficiency
with temperature up to 190 K where the detection
efficiency begins to level off. We believe that the
efficiency rises because of the increase in quantum
efficiency which is attributable to the increase in the
electric field at the valence-band discontinuity as dis-
cussed above. The efficiency is believed to level off
because the device becomes sufficiently punched
through so that the holes have a high probability of
successfully crossing the heterointerface. On reach-
ing this condition, if the temperature is increased it
will not increase the probability of hole transition any
further, and hence the quantum efficiency will be-
come constant. With a constant trigger probability,
the detection efficiency of the device will also become
constant.

C. Instrumental Response Time

The instrumental response time of a photon-counting
system is a measurement of the maximum sensitivity
of the TCSPC system and is usually expressed as a
FWHM. It is the convolution of the shape of the
laser pulse and the response of the photon-counting
apparatus.36 To determine the instrumental re-
sponse, an attenuated pulse from the Q-switched
1.55-mm wavelength laser was focused into the active
area of the SPAD. The measured probability distri-
bution on the MCA is the instrumental response time
of the entire system, including the detector, the tim-
ing electronics, and the laser pulse.

Fig. 8. Detection efficiency versus temperature for device B at a
constant 5% excess bias. With a constant relative excess bias, the
trigger probability of the device is the same for each temperature.
The detection efficiency initially increases because of the large
increase in quantum efficiency caused by an increase in the prob-
ability of photogenerated holes that surpass the heterointerface
barrier as the device becomes more punched through. The detec-
tion efficiency levels off above 190 K. At this point it is assumed
that the quantum efficiency reaches a maximum value; and, be-
cause the trigger probability remains constant, the detection effi-
ciency also remains constant.
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An actual MCA probability distribution recorded
with this 35-ps FWHM laser pulse is shown in Fig. 9.
Two instrumental response times are shown for de-
vice A biased at 5 V above breakdown and at 1 V
above breakdown at 77 K. The FWHM values were
measured to be 253 and 1120 ps for 5 V above break-
down and 1 V above breakdown, respectively, both of
which are considerably longer than the 35-ps FWHM
of the laser pulse. There is a contribution to jitter
from the timing electronics in the system; however,
previous studies21 indicate that this contribution is
low ~approximately tens of picoseconds!. Most of the
itter must therefore originate from the SPAD itself.

The timing jitter found in SPAD detectors can orig-
nate from at least four sources: ~1! the timing dif-

ference arising from photon absorption at different
depths and the subsequent variance in drift time; ~2!
the slow emission of holes across the heterointer-
face35; ~3! the stochastic nature of the multiplication
process itself25; and ~4! the lateral movement of the

ultiplication across the detector active area, which
s strongly influenced by the location of the seed point
f the avalanche.37 In the latter three cases an in-

crease in the excess bias reduces the jitter; however,
we show that increasing the excess bias also has the
effect of increasing the dark count probability.

The instrumental response times of the two devices
were measured at temperatures between 77 and
225 K at 3-V excess bias. These results are shown in
Fig. 10. The response time of device A can be seen to
increase slightly with temperature, whereas the re-
sponse time for device B decreases with temperature.
Device A is punched through by ;23 V at 77 K; if the
temperature is increased, it will further increase the
amount the breakdown voltage exceeds the punch-
through voltage. For a device punched through by
this amount, it is believed that the holes encounter
little resistance when they cross the heterointerface
barrier, even at 77 K, and that there is little variation
of transit times of carriers that cross the barrier.

As the temperature is increased, the electric field
at the heterointerface also increases. This in-
creased electric field usually decreases the jitter in
the transit time of the carriers that cross the barrier;

Fig. 9. MCA probability histograms showing the timing response
of device A at two different bias settings above breakdown. There
is a noticeable decrease in instrumental response time at higher
excess bias.
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however, it is believed that, because the field at the
heterointerface is so high even at low temperatures,
the increase in temperature has little effect on the
jitter.

The instrumental response time of device B shows
a dramatic improvement as the temperature is in-
creased above 150 K. The instrumental response
time continues to shorten up to 190 K at which point
it levels off. At this point, the field at the heteroin-
terface of the device is now believed to be sufficient to
minimize the variation in time that holes take to
surpass the heterointerface barrier. Any increase in
the temperature will not further decrease the jitter.
The main factor that contributes to the instrumental
response time of device B up to 190 K is the voltage by
which the device is punched through. Below 150 K
the device is not punched through; at 150 K the de-
tection efficiency becomes nonzero, and hence the
value of the instrumental response time can be mea-
sured. At 150 K the instrumental response time is
very high ~10 ns!; this is expected because the electric
field at the heterointerface of the device will be very
small ~,,150 kV cm21!, hence holes will encounter a
large obstacle at this barrier as they are swept to-
ward the InP layer. With each increment in tem-
perature the device is punched through by a greater
voltage, thus increasing the field at the heterointer-
face and assisting the transition of holes across the
heterointerface barrier. The device is still only
punched through by ;7 V at breakdown at 225 K
~compared with a punch through of ;40 V for device
A at the same temperature!.

D. Dark Counts

A dark count is a recorded count that originates from
a noise event rather than a photon event. The TC-
SPC system cannot distinguish between self-
sustaining avalanches caused by photon absorption
or those caused by dark events. An understanding
of the origins of dark counts and the limit to which
they restrict the detection of single photons is there-
fore vital. Dark counts in a single-photon detector
are caused by three separate phenomena: ~1! ther-
mal noise, ~2! tunneling, and ~3! trap release.

Thermal noise is caused by thermal excitation of

Fig. 10. Instrumental response time ~FWHM! versus tempera-
ure for both device A and device B at an excess bias of 3 V.
2

electrons into the conduction band from the valence
band and can therefore be significantly reduced when
the detectors are cooled. However, it was shown in
Subsection 5.C that it can be beneficial to work at
temperatures above 77 K to increase the detection
efficiency of the device, even, as shown below, at the
expense of a higher dark count rate.

Tunneling, where an electron tunnels into the con-
duction band from the valence band, can occur at high
fields. This tunneling can be suppressed when the
device is designed to have low doping in both InP and
InGaAs layers and when the amount of excess bias is
limited. The origin of tunneling in InGaAsyInP
SAGM APD’s was discussed above.

Trap centers within a device are caused by defects
in the material. During a self-sustaining avalanche,
the large charge flow through the device causes these
trap centers to fill. After the avalanche is quenched
and the SPAD is restored below breakdown, the trap
centers begin to release the trapped carriers. If the
gate repetition rate, at which the SPAD is being op-
erated, is sufficiently high, the SPAD may be restored
above breakdown while the traps from the previous
avalanche are still emptying. These released carri-
ers can potentially activate another self-sustaining
avalanche, thus causing the system to record a dark
count. The frequency at which the SPAD is gated
must be sufficiently low to allow all the traps to
empty. Traps that empty while the SPAD is below
breakdown cannot initiate a self-sustaining ava-
lanche.

Silicon devices are relatively free from defects, and
so trapping contributes little to the dark counting
rate. However, InGaAs-based detectors cannot cur-
rently be produced with the same material quality as
silicon detectors. InGaAsyInP detectors are also
formed around a heterostructure and are expected to
contain more defects. As a consequence of this, the
InGaAsyInP devices must be operated in a gated
mode. The effect of traps on the dark count proba-
bility is highly dependent on excess bias. It has
been shown1,4 that the greater the charge flow
through the device during a self-sustaining ava-
lanche, the greater the number of carriers that are
trapped. The charge flow through the device is
strongly dependent on the excess bias voltage, there-
fore high values of excess bias can severely limit the
maximum gate frequency of the system. The length
of time between the onset of the self-sustaining ava-
lanche and the pulse from the quench circuit reaching
the device is also a key factor in the limitation of
traps. During this time between the onset of ava-
lanche and quenching, a large current is able to flow
through the device, filling trap states. In the system
used in this paper it is estimated that the charge
flows for approximately 15 ns before the SPAD is
quenched. Part of the reason for the long quenching
time is the transit time of the quenching pulse to the
SPAD through a long length of cable ~;1.5 m in this
case! which was necessary to connect the active
quench circuit ~described above! to the SPAD in the
liquid-nitrogen cryostat.
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The dark count probability is defined as the prob-
ability that the SPAD will breakdown, in the absence
of any photons. Figure 11 shows a graph of dark
count probability ~in a 50-ns window! versus a repe-
tition rate for device A at temperatures between 77
and 200 K. At each temperature, the SPAD was bi-
ased at a relative excess bias of 1%. The same sys-
tem that is used to measure the detection efficiency,
shown in Fig. 3, is used to measure the dark count
probability; however, the laser pulse is now blocked
to ensure that the SPAD is in total darkness. All the
dark count probabilities quoted in this paper are per
50 ns of the gate pulse.

The dark count probability ~in a 50-ns window! of
evices A and B as a function of temperature is shown
n Fig. 12 with both devices operated at a constant
xcess bias of 3 V. The repetition rate of the system
as restricted to approximately 1 kHz to ensure that

he trap centers are emptied before the SPAD is re-
tored above breakdown. Figure 12 shows that de-
ice A has a higher dark count probability than
evice B for a given temperature. There are many
actors that could explain this; however, two of the

ost probable reasons are that device A is punched
hrough by a considerably further distance than de-
ice B at each temperature and that the dark counts
ill, generally, be higher for the larger-area device.
rom the data obtained for both detection efficiency

Fig. 11. Dark count probability ~within a 50-ns window! per cycle
versus a repetition rate of the gate pulse for an 80-mm-diameter
Fujitsu device biased at 1% relative excess bias at different tem-
peratures.

Fig. 12. Dark count probability ~within a 50-ns window! per cycle
of both devices A and B as a function of temperature. At each
temperature the devices were operated at an excess bias of 3 V.
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and dark count rate, the NEP of the two devices was
then calculated. These results are shown in the
next subsection.

E. Noise-Equivalent Power

The NEP is the most useful of the figures of merit for
photon-counting detectors because it incorporates
both detection efficiency and dark count probability.
The NEP is defined as the signal power required to
attain a unity signal-to-noise ratio within a 1-s inte-
gration time.4 The equation used to calculate the
NEP is4

NEP 5
hn

DE
Î2 R, (4)

where DE is the detection efficiency of the device, R is
the dark count rate integrated over 1 s, h is Planck’s
onstant, and n is the frequency of the photons.

The dark count rate R defined above is the total
number of dark counts recorded per second for a de-
tector that is operated continuously ~i.e., not gated!.
f, however, the detectors are gated ~as is the case in
his paper!, the dark count rate has to be scaled ap-
ropriately. For example, consider a detector that is
ated on for 50 ns at a frequency of 1 kHz and has a
ark count rate of 10 Hz; as this detector is only above
reakdown for 50 ms ~50 ns 3 1000! in any 1 s, we
ust then scale the dark rate to continuous opera-

ion. We did this by assuming that the expected
ark count over 1 s is 10 Hz 3 ~1 sy50 ms!, i.e.,
00 000 Hz. From the detection efficiency and dark
ount results obtained for devices A and B, the NEP
or both devices at 3-V excess bias was calculated over
he range of temperatures from 77 to 225 K. The
raphs of NEP versus temperature for the two de-
ices are shown in Fig. 13.
Calculations reveal that the NEP for device A is a
inimum at 77 K whereas the minimum NEP for

evice B is at 162 K. The effect of excess bias on
he detection efficiency, instrumental response,

Fig. 13. NEP versus temperature for both device A and device B.
At each temperature the device was operated at an excess bias of
3 V.
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dark performance, and NEP of device A was then
investigated at 77 K, the optimum temperature for
the operation of this device. The detection effi-
ciency and dark count probability per cycle of device
A can be seen in Fig. 14, the calculated NEP is
shown in Fig. 15, and the instrumental response is
shown in Fig. 16.

The NEP is relatively constant at all values of ex-
cess bias; however, the instrumental response time of
the device reduces considerably at higher values of
excess bias. For use in photon-counting applica-
tions, it would be beneficial to operate this detector at
5-V excess bias at 77 K to exploit both the fast time
response and the low NEP.

Fig. 14. Detection efficiency and dark count probability versus
excess bias for device A at 77 K.

Fig. 15. NEP versus excess bias for device A at 77 K.

Fig. 16. Instrumental response versus excess bias for device A at
77 K.
2

6. Performance of Several Commercially Available
Single-Photon Avalanche Diodes

The detection efficiency of several SPAD’s grown
with different material systems is shown in Fig. 17.
The detection efficiency of the InGaAsyInP device
device A! was measured in the Geiger mode at a
avelength of 1.55 mm. To determine the spectral

esponse, published data of the quantum efficien-
y38 of this Fujitsu device were used. The detec-

tion efficiency, as stated above, is the product of this
quantum efficiency and the trigger probability.
There is no reason that the trigger probability,
which depends on the relative excess bias, should be
affected by a change in wavelength35 in this spectral
range, and so the Geiger-mode detection efficiency
will be proportional to the quantum efficiency. We
determined the spectral response by scaling the
published quantum efficiency to the Geiger-mode
detection efficiency, measured at a wavelength of
1.55 mm.

A similar method was used by Fancey22 to deter-
ine the detection efficiency of the germanium device

hown in Fig. 17. The quantum efficiency, below
reakdown, was determined, and the Geiger-mode
etection efficiency was measured at a wavelength of
.3 mm. We again determined the spectral response
y scaling the quantum efficiency results to the mea-
ured Geiger-mode value.
The InGaAsyInP-based detector has clearly the

ighest detection efficiency at a wavelength of 1.55
m and also has a higher efficiency than the germa-
ium device at a wavelength of 1.3 mm. The rela-
ionship between the NEP and the wavelength for
hese detectors is shown in Fig. 18. The InGaAsy
nP SPAD has the lowest NEP at a wavelength of
.55 mm. However, the germanium SPAD has the
owest NEP at a wavelength of 1.3 mm. It should be
oted that the germanium SPAD has a diameter of 30
m compared with the 80-mm-diameter of the In-
aAsyInP device.
The Hamamatsu R5509-72 PMT, operated at

93 K, has a relatively poor detection efficiency and
EP compared with the InGaAsyInP and germa-
ium devices. The NEP of the Hamamatsu PMT
as calculated with data from the Hamamatsu data

Fig. 17. Detection efficiency versus wavelength for various single-
photon detectors.
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sheet20 where the dark count rate was quoted to be
200 kHz and the detection efficiency as a function of
wavelength was published. The detection effi-
ciency at 1.55 mm is only ;0.5%. However, this
detector can be operated at far higher repetition
rates than the InGaAsyInP and germanium de-
ices, does not require gated biasing, and can be
perated over a wider range of wavelengths.20 As
n additional comparison, an EG&G SLiK silicon
PAD has a measured NEP of 2 3 10217 W Hz21y2

at a wavelength of 840 nm.36 This is at least an
order of magnitude lower than the lowest NEP of
InGaAsyInP, germanium, and Hamamatsu devices;
however, because of the large bandgap of silicon,
such devices have detection efficiencies of ,,1% at
wavelengths above 1.1 mm.

7. Conclusion

We have described the performance of selected, com-
mercially available InGaAsyInP SAGM avalanche
photodiodes operating above avalanche breakdown in
a photon-counting mode. These devices were de-
signed for linear multiplication at room temperature.
We have related the photon-counting performance in
terms of an electric field profile. We have shown the
effect of punch-through and dark current on photon-
counting performance and have given some indica-
tors for selection of APD’s for photon-counting
operation. We have compared InGaAsyInP SPAD’s
to alternative photon-counting diodes and PMT’s and
found that the InGaAsyInP devices have the highest
detection efficiency and lowest NEP at a wavelength
of 1.55 mm. However, in the longer term it is clear
hat to make significant progress toward higher-
fficiency, lower-noise, photon-counting APD’s at
.55 mm, it will be essential to design and to fabricate

devices specifically for that application. These de-
vices would exhibit clear punch through at the oper-
ating temperature, utilize small-area devices for
minimal leakage, and have the maximum possible
trigger probability.
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Fig. 18. NEP versus wavelength for various single-photon detec-
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