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Abstract

Planar Ings;Gagp4As / InP Avalanche Photodiodes have been designed, fabricated and
characterised at a range of temperatures in analogue and in Geiger modes. Dark current,
dark count rates, detection efficiency and Noise Equivalent Power have been measured and
compared with commercially available III-V APDs. The preliminary results show a dark
count rate of ~30kHz and a detection efficiency of ~ 9% at 150K, giving the lowest NEP of ~
107" WHZ"?, which is comparable to the best available commercial APDs operated in Geiger

mode.

Keywords: Single Photon Detection, Impact Ionisation, Avalanche Photodiodes

Introduction

Internal gain provided by impact ionisation
in a low excess noise avalanche
photodetector (APD) can improve signal-
to-noise ratio of a receiver module. Hence
APDs sensitive to 1.55um lights are
commonly used in receiver modules of

long-range  fibre-optic = communication
systems.
These devices are wusually Separate-

Absorption-Multiplication (SAM) APDs
with an Ing 53Gag47As absorption region (of
bandgap, E, = 0.75¢V at room temperature
and lattice-matched to InP) and an InP
multiplication region (£, = 1.35eV). There
is also a doped InP between the absorption
and the multiplication layers to engineer
optimum fields across the absorption and
the multiplication layers. A thin InGaAsP
layer with appropriate bandgap is used to
smooth the bandgap discontinuities
between the narrow bandgap absorption
layer and the wide bandgap multiplication
layer.

Recently there has been increased interest
in operating these APDs in Geiger mode as
Single Photon Avalanche Photodetectors
(SPADs). Applications of interest include
quantum cryptography [1], single photon
counting techniques in spectroscopy [2] and
range finding [3].

While Si SPADs are  available
commercially, SPADs for 1.55um light are
unavailable at present. Much of the research
on near IR SPADs is focused on
Ing 53Gag47As / InP since it offers great
potential for achieving high quantum
efficiency [4]. Published work on 1550nm
SPADs focused on using a particular model
of commercial APDs, which are no longer
available, as SPADs.

In this paper, we present the design,
fabrication and preliminary analogue and
Geiger modes measurements of custom
built Il’lo,53Gao.47AS / InP APDs.
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APD / SPAD Design

Figure 1 shows a schematic diagram of a
planar device with a single floating guard
ring. The p’ region and the guard ring were
created by zinc diffusion into the uppermost
grown i-InP layer. 1.55,m light is absorbed
by the InGaAs layer and generates electron-
hole pairs. The InGaAs absorption layer has
to be fully depleted under operating
conditions to ensure efficient collection of
photogenerated carriers.

Floating Floating

Guard Ring . P" - Zinc Diffusion /" Guarq Ring

n-InGaAs Absorption Layer

n-InP Buffer Layer

n*-InP Substrate

Figure 1: Cross-sectional view of a planar
APD/SPAD

Four wafers (SPAD1, SPAD2, SPAD3 and
SPAD4) have been grown for this work.
The wafer structures are summarised in
Table 1. SPAD1 and SPAD?2 have identical
design  to  check  wafer  growth
reproducibility. Their bandgap grading
layer is made up of three thin layers with
different compositions. SPAD3 has only a
single InGaAsP layer for bandgap grading.
SPAD4 was identical to SPAD3, except for
the lack of the InGaAs absorber.

Material | Thickness | Doping Function
(nm) (cm'3)
Zn diffusion /
InP 3700 | Undoped |1 tiplication
InP 300 6XI;I(:)16 Field control
N:
InGaAsP 100 1x10'3 Quaternary
N: .
InGaAs 2500 1x10'3 Absorption
N: .
InP 500 1x10'® Field buffer
InP - N+ Substrate

Table 1: Summary of APD / SPAD wafers
grown
Fabrication

To pattern the sample for zinc diffusion,
silicon nitride was deposited on the samples
by Plasma Enhanced Chemical Vapour
Deposition. The silicon nitride was in turn
patterned using standard photolithography,
development and removal of photoresist as
well as dry etching of the silicon nitride.
Zinc diffusion was performed using a
MOVPE growth chamber. This was
repeated to a second diffusion process in
order to create a stepped p' region (see
Figure 1).

Indium Germanium and Gold alloy was
used to form the electrical contact to the
bottom of the n'-substrate. The gold/zinc
alloy provided metal contact to the p"
region. Titanium and gold were used for
bond pads to the p metal contact.

A top view photo of one of the completed
devices is shown in Figure 2. The device
(with 40um diameter of active area) has
double floating guard rings, step diffused p"
cladding and a optical access window at the
centre of the active device area.
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Figure 2: Top view of a successfully fabricated
SPAD

Electrical Characterisation

Reverse dark current characteristics of the
fabricated samples were measured. The
data of room temperature dark current and
photocurrent due to 1520nm laser
illumination are compared in Figure 3.
Breakdown voltages and dark current
magnitudes before breakdown of SPADI,
SPAD2 and SPAD3 were similar,
indicating that the different InGaAsP
grading layer designs in these wafers did
not contribute much to the overall dark
current. Room temperature dark current
tests of devices from the four samples
showed that approximately 95% of the
fabricated devices were working. A sharp
increase in the photocurrent was observed
at the punch-through voltage, V,. This was
the point where the InGaAs absorption
layer became fully depleted.

Typical reverse dark current and
photocurrent (due to 1.52um laser
illumination) characteristics of a 40um
diameter device of SPAD2 as functions of
temperature are shown in Figure 4. The
breakdown voltage of the device decreased
with temperature, which is consistent with
the  expected increasing  ionisation
coefficients for decreasing temperature for
InP, the multiplication material. It can be
observed that the value of V,, which is
determined by the doping profile only, was
unaffected by the change in temperature.
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Figure 3: Room temperature dark current and
photocurrent  (1.52um laser illumination)
characteristics of SPADs 1, 2 and 3.
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Figure 4: Dark current and photocurrent
(1.52um laser illumination) characteristics of a
40pm diameter device of SPAD?2 as function of
temperature.
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The room temperature breakdown voltages
of SPAD1, SPAD2 and SPAD3 (~110V)
were however larger than the intended
value of 85V. SPAD4 also had a
breakdown voltage of ~80V, instead of the
65V intended. The simple wafer structure in
SPAD4 allowed us to conclude that the
actual diffusion depth was shallower than
intended. It was expected that this also
happened in the other three wafers.

Geiger Mode Characterisation

Dark counts and photon counts at over bias
of 10% breakdown voltage were measured
as functions of temperature (100K to
225K). Data of dark count rate versus
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temperature for several SPAD2 devices are
compared in Figure 5. The decrease of dark
count rates with decreasing temperature
may be partly attributed to lower dark
currents at lower temperature. The smallest
device (diameter of 10um) was found to
give the lowest dark count rate and it is
compared with the Fujitsu and the Epitaxx
devices. It was also observed that dark
count rate increased with applied overbias
for all temperatures (not shown here). This
was expected since the avalanche
breakdown probability increases with
overbias.

Dark count rate data obtained from
commercial Fujitsu and Epitaxx APDs
(selected to be used as SPADs) are also
reported to provide reference for data of the
Sheffield devices, as shown in Figure 6.
The Epitaxx APDs, which are no longer
available = commercially, had  been
extensively characterised by different
research groups and companies elsewhere
and currently have the lowest Noise
Equivalent Power (NEP) value, the most
commonly used parameter for comparing
different SPADs, for 1.55um applications.
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Figure 5: Dark count rates of five SPAD2

devices versus temperature.
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Figure 6: Comparison of dark count rates of a

SPAD2 device with the Fujitsu and Epitaxx

APD.

Detection efficiencies of the five SPAD2
devices were deduced from photon count
rate measurements. It was found the 10pum
diameter device had the highest overall
detection efficiency as function of
temperature, among the five SPAD2
devices tested. The detection efficiency of
this device is compared with the Fujitsu and
the Epitaxx in Figure 7. Detection
efficiency is the product of absorption
efficiency, transition efficiency and
avalanche breakdown efficiency, which
vary with temperature in different ways.
This results in a complicated temperature
dependence of the detection efficiency.

20
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Figure 7: Comparison of detection efficiencies
of SPAD?2 with the Fujitsu and Epitaxx APD.

Using the data of dark count rate and
detection efficiency, NEP of a device can
be obtained using
NEP = (2xdark count rate) "> x photon
energy/detection efficiency.
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The NEPs of the five SPAD2 devices are
plotted versus temperature in Figure 8. Due
to the lower dark count rate and higher
detection efficiency of the 10um devices
compared to the other four 20um devices
tested, the lowest NEP was achieved by the
10um device. Its NEP is compared to the
Fujitsu and the Epitaxx devices in Figure 9.

-13

10

—e—SPAD2_A_s7p8d20
—v—SPAD2_B_s8p8s20
B SPAD2_B_s8p8s20
o SPAD2 B s8p5d20
10779| —o—SPAD2 B s8p5d10

Noise Equivalent Power (WHZ‘I 2)

100 120 140 160 180 200 220 240
Temperature (K)

Figure 8: Comparison of NEPs as functions of

temperature of five SPAD2 devices.
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Figure 9: Comparison of NEPs of a SPAD2
device with the Fujitsu and Epitaxx APD.

Summary

We have successfully designed and
fabricated a working planar Ings3Gag47As /
InP APD for single photon detection at
1550nm. Devices with low dark count rates
and reasonable detection efficiencies have
been obtained without anti-reflection
coating. The good performance of these
devices is reflected in their NEP values
comparable to the best commercial devices
reported in the literature for 1.55um
applications.
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