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Abstract: Planar semiconductor InGaAs/InP single photon avalanche diodes with high responsivity and low dark count rate are
preferred single photon detectors in near-infrared communication. However, even with well-designed structures and well-con-
trolled operational conditions, the performance of InGaAs/InP SPADs is limited by the inherent characteristics of avalanche pro-
cess and the growth quality of InGaAs/InP materials. It is difficult to ensure high detection efficiency while the dark count rate
is controlled within a certain range at present. In this paper, we fabricated a device with a thick InGaAs absorption region and
an anti-reflection layer. The quantum efficiency of this device reaches 83.2%. We characterized the single-photon performance
of the device by a quenching circuit consisting of parallel-balanced InGaAs/InP single photon detectors and single-period sinus-
oidal pulse gating. The spike pulse caused by the capacitance effect of the device is eliminated by using the characteristics of
parallel balanced common mode signal elimination, and the detection of small avalanche pulse amplitude signal is realized.
The maximum detection efficiency is 55.4% with a dark count rate of 43.8 kHz and a noise equivalent power of 6.96 x 10-"7
W/Hz'/2 at 247 K. Compared with other reported detectors, this SPAD exhibits higher SPDE and lower noise-equivalent power
at a higher cooling temperature.
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1. Introduction

Semiconductor avalanche single photon detectors have
great potential in engineering applications due to their low
cost, small size and no need for ultra-low temperature, such
as high-resolution spectroscopic measurementsl'], quantum
key distribution(2 31, non-destructive testing (NDT)™, biologic-
al imagingl!, eye-safe laser ranging (LIDAR)®, extreme ima-
ging scenariosl’), optical time-domain reflectometry (OTDR)®,
and so on. These applications require SPAD to have high
photon detection efficiency (PDE), low dark count rate (DCR)
and low noise equivalent power (NEP). To determine a
guantum state or distinguish a quantum bit in practical applic-
ations, SPAD usually works in Geiger mode.

As the core parameters to describe the performance of
SPAD, high detection efficiency and low dark count are the
main goals pursued by SPAD research, which mainly focus
on improving materials quality, optimizing the device struc-
ture of the SPAD, reducing the operating temperature, improv-
ing the peripheral control driving technology of single
photon detectors, and so on. For example, the well-de-
veloped SAGCM structure has achieved good results in redu-
cing the dark current of the devicel®. In improving the peri-
pheral control driving technology of single photon detector,
many approaches have been reported, such as two matched
delay linesl'?, a capacitance balance method that matches
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the value of SPAD capacitancel'. 12 self-differential
method!'3. 14, dual SPAD biased in parallel with differential de-
tection!'>-19, sine gating method!2% 2" and so on.

However, the performance of InGaAs/InP SPAD is still lim-
ited by the low growth quality of InGaAs/InP materials and
the uncertainty of avalanche process, even with well-de-
signed structure and excellent signal-to-noise ratio peripher-
al test circuits. It is difficult to ensure high detection effi-
ciency while the dark count rate is controlled within a cer-
tain range at present. Since the high dark count rate greatly
degrades the performance of InGaAs/InP SPADs, extensive re-
search22-25] has been undertaken to reduce the dark count
rate by improving the material growth quality of InGaAs/InP
SPADs, developing better and easier-to-control device fabrica-
tion techniques, and optimizing the device operating condi-
tions.

Furthermore, the single-photon detection efficiency
(PDE) of conventional InGaAs/InP SPADs depends on both ava-
lanche probability and external quantum efficiency. Even
with optimized structures, such as thick InGaAs absorber lay-
erl26], back-incidence with the reflection layer(2”], DBR-metal re-
flectori?8, a selective area growth (SAG) method,
InGaAs/InP SPAD could have very good external quantum up
to 90% or higher in both communication bands of 1550 nm
and 1310 nm effectiveness. The avalanche probability (AP) is in-
herently limited by the probability distribution of the gain in
the collision ionization process. The gain of avalanche
triggered by a single carrier has a very wide probability distri-
bution, but high gain events that are favorable for detect-
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Fig. 1. (Color online) Structure Diagram of the SPAD.

able signals occur only in a fraction of the probability distribu-
tion. At the same time, the avalanche probability caused by
multiple dark carriers is concentrated in a large gain range,
which leads to the fact that the dark count probability rises
faster with the electric field than that the probability of a
single photon triggering a detectable signal in the multiplica-
tion region. This makes it difficult to obtain a single photon de-
tector with more than 50% PDE and a reasonable low DCR[3,

In this paper, we fabricated a 20-um-diameter APD with
a thick (2.2 um) InGaAs absorption layer and an anti-reflec-
tion layer to improve its external quantum efficiency. At
room temperature, the bulk dark current of the APD associ-
ated with dark counts was 23 pA, and at 1550 nm, the device
external quantum efficiency is larger than 80%. The single-
photon performance of the device was characterized by us-
ing a quenching circuit consisting of parallel-balanced In-
GaAs/InP single photon avalanche diodes and single-period si-
nusoidal pulse gating. The parallel balanced 20-um-diameter
InGaAs/InP single photon avalanche diodes operated in a
single period sinusoidal pulse gated mode with a data trans-
mission rate of up to 1 MHz, its maximum detection effi-
ciency is 55.4% with a DCR of 43.8 kHz and a NEP of 6.96 x
1017 W/Hz"/2 at 247 K . Compared with other reported detect-
ors, this SPAD exhibits higher SPDE and lower noise-equival-
ent power at higher temperature.

2. Device fabrication

In this paper, we fabricated a single photon avalanche di-
ode (SPAD) with separate absorption, grading, charge, and
multiplication (SAGCM) structure ,the structure of SAPD is
shown in Fig. 1. The device is a front illuminated planar
Ing53Gag 47As/INP APD with a diameter of 20 um, and it is
grown by metalorganic chemical vapor disposition (MOCVD).
The chip structure of the device has an N-type InP buffer lay-
er on an N-type InP substrate, a 2.2 um intrinsic InGaAs absorp-
tion layer, three intrinsic InGaAsP grading layers with a thick-
ness of 40 nm, an N-type InP charge layer with a thickness of
200 nm, and a 3.5 um intrinsic InP cap layer!3'l. In the intrins-
ic InP cap layer, a shallow and deep diffusion of Zinc form a
double p-type heavily doped diffusion. The double Zn diffu-
sion is generated by two processes. The former diffusion
forms a shallow central junction and a floating guard ring
(FGR), and the latter diffusion forms the deep central junc-
tion which controls the thickness of the multiplier layer to

1.0 um and the diameter of the active area to 20 um. The diffu-
sion step formed after these two diffusion processes is 400 nm.
A layer of 215 nm SiN, AR film optimized for 1550 nm is depos-
ited on the surface. The anode metal (Ti/Pt/Au) is sputtered
on a part of the deep diffusion region at the top of APD and
made the ringlike electrode, which makes the actual photo-
sensitive diameter to 16 um.

Aiming to reduce SPAD dark count rate without lower-
ing PDE, it is essential to optimize the vertical layer structure
of the detector and its diffusion profile. Therefore, we adjus-
ted the order of the double Zinc diffusion in the SPAD diffu-
sion process. The first step is to diffuse the central shallow dif-
fusion junction and the guard ring, and the second step is to
diffuse the central deep diffusion junction based on the cent-
ral shallow diffusion with the diffusion step of 400 nm. As
shown in Fig. 2(a), such a diffusion sequence finally forms a dif-
fusion pattern with a gentle transition from the edge of the
central deep diffusion region to the shallow diffusion region,
so that the edge breakdown effect of the device can be well
suppressed, Fig. 2(b) shows the simulated electric field distribu-
tion along the red dot line in Fig. 2(a) when the reverse ex-
cess bias voltage (V) is 0.5 V above breakdown voltage. We
found that the relative position of the maximum electric field
shifted to the center as the device diffusion window size de-
creased by simulation and experiment. For smaller size
devices, the vertical position of the maximum electric field co-
incided with the path of incident photons entering the
device, which consequently increases the avalanche break-
down probability of photo-generated carriers that generated
in the absorber and injected into the high field region when
the diode is biased above breakdown, thereby improving the
detection efficiency of the device. At the same time, due to
the concentrated distribution of the high electric field
strength of the device, the average breakdown probability of
bulk dark carriers generated in the SPAD is reduced, so as to
improve the overall signal-to-noise performance of the
device. The diffusion profile characteristics of the diffusion
mentioned in this paper and a quantitative analysis of the
edge breakdown effect under different diffusion window
sizes have been described in details in our published
paper3',

3. Performance

3.1. Linear mode performance characteristic

Fig. 3(a) shows the typical dark current versus bias
voltage (I-V) of a 20 um diameter SPAD at temperatures from
235 to 298 K and the photo-current at 298 K when the SPAD
was flood-illuminated with a 1550 nm continuous-wave laser
with the power of 640 nW. The dark current of the SPAD at
90% of the breakdown voltage was 0.67 nA at 298 Kand 13 pA
at 235 K, respectively. From the photo-current curve we can
see that the punch through voltage of the SPAD is 454 V.
At room temperature, the responsivity of the SPAD at punch-
through voltage is 1.04 A/W, giving an external quantum effi-
ciency of 83.2%. This indicating that the upper limit of
photon detection efficiency of the device is 83.2%.

Fig. 3(b) shows the relationship between breakdown
voltage (estimated as current reaches 10 uyA) and temperat-
ure. It can be seen that the breakdown voltage varies linearly
with temperature. This happens because higher temperature

T T He et al.: High photon detection efficiency InGaAs/InP single photon avalanche diode at 250 K
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Fig. 2. (Color online) (a) Edge of double diffusion profile of the optimized device observed by SEM. (b) Simulated optimized device electric field dia-

gram after breakdown (V,, = 0.5 V).
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Fig. 3. (Color online) (a) Dark current versus reverse bias voltage at different temperatures and the photo current versus reverse bias voltage at
298 K. (b) Breakdown voltage versus temperature data (symbols) and linear fitting (line).
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Fig. 4. (Color online) Dark current versus multiplication factor and its lin-
ear curve fit at 298 K.

could increase the scattering effect of the lattice and reduce
the mean free path of the carriers. To make the carriers ob-
tain sufficient energy to cause ionization and further gener-
ate electron-hole pairs in a short distance, a higher electric
field is required. The temperature coefficient of breakdown
voltage of the device is about 118 mV/K.

To investigate the source of dark current, the dark cur-
rent of APDs can be divided into two parts: bulk dark current
and surface leakage current. The former is from the carriers
generated by thermal excitation of the avalanche photo-di-
ode junction region, the carriers generated by the tunneling
effect and the carriers trapped by the material defects. These

carriers are also accelerated by the high electric field and multi-
plied by the avalanche effect. Surface leakage current is de-
termined by factors such as surface defects, cleanliness, bias
voltage, and surface area, and is little or not affected by ava-
lanche gain. Consequently, the dark current is also separated
into primary multiplied dark current and unmultiplied dark cur-
rent, which can be expressed as:

lg = lagmM + lgum,

(1)

where Iy, means the bulk dark current (primary multiplied
dark current), M is the gain of multiplication, and Iy, repres-
ents the unmultiplied dark current. Fig. 4 shows the relation-
ship between dark current and the gain of multiplication. At
298 K, the bulk dark current of the device extracted by linear
fitting is only 23 pA, and the unmultiplied dark current is
649 pA. This indicates that the dark current of the device is
dominated by the surface leakage current. By adopting the
guard ring structure, the surface leakage current can be effect-
ively reduced. In addition, the surface dark current can be re-
duced by growing high-density passivation masks to reduce
surface defects, and improve cleanliness, and so on.

The two primary mechanisms for the generation of bulk
dark carriers are thermal generation and tunneling. Thermal
generation is primarily determined by the Shockley-Read-
Hall (SRH) process. For SRH generation-recombination, typic-
ally, the activation energy is approximately half the bandgap
of the material; that is, 0.38 eV for InGaAs and 0.67 eV for InP.
Tunneling processes include direct band-to-band tunneling
and trap-assisted tunneling. For a well designed SAGCM struc-
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Fig. 5. (Color online) Natural logarithm of Iy /T2 versus e/kT at differ-
ent reverse voltages.

ture APD, the electric field in the absorber is designed to be
low enough to prevent tunneling in the small bandgap In-
GaAs. In the multiplication layer, because InP has a much lar-
ger bandgap, band-to-band tunneling is normally negligible,
but trap-assisted tunneling can become dominant at low tem-
perature with lower energy threshold than for thermal genera-
tion['5],

To further investigate the source of bulk dark current, ac-
tivation energies were extracted from their temperature de-
pendence. Thermal noise is the transition of electrons from
the valence band to the conduction band in the junction re-
gion due to thermal excitation. They obey the Boltzmann distri-
bution and can be greatly decreased by lowering the temperat-
ure. Theoretically, the relationship between the thermal gener-
ation component of the dark current (ly), and temperature (7)
can be expressed as:

I o< (mi/Te) oc T'exp(—E,(T)/KT), (2)

in which n; is the intrinsic carrier density, 7, is the effective life-
time, k is the Boltzmann constant and E,(7) is the activation en-
ergy, which can be extracted by fitting In(ly/T*)versus 1/kT us-
ing linear regression. As shown in Fig. 5, an activation energy
of 0.33 eV was obtained from 233 to 300 K at different re-
verse-bias voltages below breakdown (-45 to -54 V). This activ-
ation energy is close to half the bandgap (0.38 eV) of the In-
GaAs absorption layer, suggesting that thermal noise mainly
dominated by the thermal generation recombination in the ab-
sorber layer for a broad range of voltages above the punch
through voltage.

3.2. Gated mode performance characteristics

The performance of a SPAD is primarily characterized by
the PDE, the dark count rate (DCR), and the NEP. We character-
ized dual InGaAs/InP SPADs with an active area diameter of
20 um operated in gated mode with a parallel balanced cir-
cuit, as shown in Fig. 6. The APD1 is reverse DC biased at 1V
below the breakdown voltage (V,;,51) and pulse biased above
breakdown with a single period sin signal through a 2.2-nF ca-
pacitor. The APD2 is DC biased at =15 V (V,;,52) and the gate
pulse 180° out of phase with a single sinusoidal pulse (V)
through a 2.2-nF capacitor. When the positive gate pulse
passes through APD1, a positive spike noise is generated at
the output port. The negative gate pulse passes through
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Fig. 6. (Color online) The test system diagram of dual-balanced single-
photon detectors.
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Fig. 7. (Color online) Dual SPADs balanced detector with fiber-coupled
package.

APD?2, a negative spike noise will be generated at the output
port. Since the amplitude and pulse width of the two gate
pulses are the same, when the two APDs have the same capa-
citance characteristics and the two lines that generate posit-
ive and negative spike noise are symmetrically matched, after
the two lines of spike noise are superimposed at the output
port, the positive and negative noises can cancel each other
out, which results in a very small noise floor. At this time, a use-
ful avalanche signal can be captured without loss, and a high
signal-to-noise ratio is guaranteed. The bias tees shown in
Fig. 6 consist of a 20 kQ resistor and a 2.2 nF capacitor. Both
diodes are biased with excess bias pulses (3 to 6 V) superim-
posed on the DC voltage. The amplitude, pulse width, and
time delay of the AC voltage pulses are adjusted to achieve
the best noise cancellation, which yields minimum dark
counts and maximum photon counts. The optical pulse is at-
tenuated to 0.1 photon per pulse and with a width of 700 ps
at 1550 nm. The counter is a SR400 photon counter having a
maximum synchronization counter rate of 200 MHz.

Fig. 7 shows the dual SPADs balanced single photon de-
tector with fiber-coupled package that was used in this pa-
per. In this package, dual SPADs are connected in parallel, ther-

T T He et al.: High photon detection efficiency InGaAs/InP single photon avalanche diode at 250 K
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Fig. 8. (Color online) Oscilloscope output under different conditions. (a) The external single period sinusoidal pulse gating signal. (b) Capacitive

spike pulse responses of the individual APD1 in the dark with a single sinusoidal signal biased. (c) Output in the absence of incident photons,

two SPAD sinusoidal bursts biased. (d) Output when a photon is incident and an avalanche pulse is generated.

moelectric cooler (TEC) is selected as the refrigeration equip-
ment for SPADs temperature performance test, which can
achieve cooling with a temperature difference of 90 °C. Us-
ing a negative temperature coefficient thermistor (NTC) to
monitor the device operation ambient temperature. Measure-
ments were carried out from 300 to 240 K.

Fig. 8 shows the oscilloscope output of the dual-bal-
anced single-photon detectors in different operation situ-
ations. Fig. 8(a) shows the external single period sinusoidal
pulse gating with 12.5 ns pulse width and 1 MHz gating repeti-
tion, the excess bias voltage (V,,) is 0.5 V. Fig. 8(b) shows that
in the absence of photon irradiation, only APD1 is biased by
an external single period sinusoidal pulse gating to produce
a capacitor spike pulse output. Fig. 8(c) is the output when
both SPADs are biased with single period sinusoidal signal in
the absence of incident photon. It can be seen that the parasit-
ic capacitive transient is well eliminated; the residual signal
amplitude is less than 1.5 mV. Fig. 8(d) shows the output
when a single photon enters APD1 and both SPADs are
biased with single period sinusoidal signal. The amplitude of
avalanche signal is 27.5 mV in this case. Compared with oth-
er published balanced detection methods('5-19, the detec-
tion method used in this paper has the advantages of a
simple circuit that is easy to setup, it is relatively independ-
ent and it has high synchronization of two parallel gated sig-
nals. Therefore, in the elimination of common mode signals,
adjusting the amplitude and phase of the pulse signal match-
ing the APD2 achieves good cancellation of common mode sig-
nals without the need to ensure that APD1 and APD2 have ex-
tremely high consistency in capacitance characteristics. As
shown in Fig. 8(c), the local noise amplitude is less than 1.5
mV, which is less than the reported values!'5-19, Since the de-

tection efficiency and dark count are related to the discrimina-
tion level of the subsequent counters, better spike noise can-
cellation can ensure higher detection efficiency and lower equi-
valent noise power.

The PDE is the product of the probability that an incid-
ent photon will create an electron-hole pair and the probabil-
ity that the carrier injected into the high field region will trig-
ger an avalanche event!Z3, This indicate that the PDE of SPAD
is much less than the external quantum efficiency. When the
SPAD is operated in gating mode, it usually use Egs. (3) and
(4) to calculate the DCR and PDE:

DCR x 7, = — In(1 - Py), (3)
1, [1-Py
_ Ny
d~ tfg, (5)

in which 7, is the effective pulse width, Py is dark count prob-
ability, P, is total count probability, and u is the mean photon
number per pulsel2' (about 0.1 in this paper), Ny is the num-
ber of dark count during the count time ¢, f; is the gating fre-
quency . Dark count probability is the measured dark counts
per second divided by the gating frequency, while the total
count probability is calculated by dividing the total count per
second by the gating frequency!2'.

Fig. 9 shows the DCR versus the SPDE at 1550 nm with dif-
ferent test temperatures. At 247 K, the dark count rate is
5.9 kHz and detection efficiency is 21%. At room temperat-
ure, the dark count rate is 94 kHz with a detection efficiency

T T He et al.: High photon detection efficiency InGaAs/InP single photon avalanche diode at 250 K
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Table 1. Comparision of our detector with similar detectors recently described in literature.

Ref. Active area diameter (um) Temperature (K) Photon wavelength (nm) DCR (kcps)@ PDE (%) NEP (107 W/Hz'/2) Year
[33] 16 238 1550 59.32@48% 9.2b 2020
[27] 25 233 1550 340@60% 17.6 2020
[26] 10 225 1550 20@50% 5.13b 2021
[28] 12 233 1550 0.665@30% 1.56b 2022
[29] 70 225 1550 55@43% 9.89b 2022
This work 20 247 1550 43.8@55.4% 6.5 2022

aCalculated from dark count probability and 150ps pulse width. PCalculated from DCR and PDE.
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Fig. 9. (Color online) The photon detection efficiency versus dark
count rate at different temperatures.
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of 21%. The DCR increases with the PDE exponentially and de-
creases rapidly with the temperature down to 247 K. The max-
imum detection efficiency is 55.4% with a DCR of 43.8 kHz.

NEP is the core performance of single photon detectors.
The reason is that it takes into account both detection effi-
ciency and dark counting rate. The NEP is defined as the sig-
nal power required to achieve a unified signal-to-noise ratio
within 1 s integration time. The formula for calculating NEP is
as followsB30,321;

v_\HBeR, (6)

NEP = 5BE

where h is Planck’s constant, v is the frequency of the
photons, PDE means the photon detection efficiency of the
SPAD, and DCR is the dark count rate per second.

Fig. 10 shows the relationship between the NEP at 1550 nm
and the excess bias voltage at different temperatures. As the
excess bias voltage increases, the NEP gradually decreases
and it also decreases with the temperature decrease. The low-
est NEP achieved is 6.96 x 10-1° W/Hz'/2 at 247 K with an SP-
DE of 31%. This value is almost one order of magnitude lower
than the reported valuesB32,

3.3. Comparison of performance with the literature

The avalanche probability (AP) is inherently limited by
the probability distribution of the gain in the collision ioniza-
tion process. The gain of avalanche triggered by a single carri-
er has a very wide probability distribution, but high gain
events that is favorable for detectable signals occur only in a
fraction of the probability distribution. At the same time, the
avalanche probability caused by multiple dark carriers is con-
centrated in a large gain range, which leads to the fact that
the dark count probability rises faster with the electric field
than that the probability of a single photon triggering a detect-
able signal in the multiplication region. This makes it difficult
to obtain an overall high single-photon detection efficiency
with reasonably low dark count rate. Table 1 lists the cur-
rently reported single-photon detectors that achieve high de-
tection efficiency at 1550 nm. We compared the perform-
ance of our InGaAs/InP SPAD with similar detectors recently de-
scribed in literatures: our detector achieves high perform-
ance comparable to the literature but does not require very
low cooling temperatures. The device described in Ref. [28]
has the best equivalent noise power, but this device is at the
expense of high detection efficiency by using a thin ab-
sorber layer (1.1 um) and small active area. The overall
quantum efficiency of the device is only 58%, which means
that it is difficult for the device to achieve detection effi-
ciency greater than 50%.

4, Conclusion

In this paper, we fabricated a InGaAs/InP APD with a thick-
er (2.2 um) InGaAs absorption region and a SiN anti-reflec-
tion(AR) layer on the device. The calibrated results on the fab-
ricated sample SPAD devices show that the external
quantum efficiency at 1550 nm is higher than 80%. By adjust-
ing the order of the double zinc diffusion in the SPAD diffu-
sion process, the edge breakdown effect of the device is bet-
ter suppressed. We demonstrate parallel balanced 20-um-dia-
meter InGaAs/InP single photon avalanche diodes operated
in a single period sinusoidal pulse gated mode for a data trans-
mission rate of up to 1 MHz. The common-mode signal cancel-
lation realized with the parallel balanced configuration en-
abled detection of small avalanche pulses. Through oscillo-
scope measurement, the background noise of the entire test
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system is less than 1.5 mV, while the avalanche pulse is in the
order of tens of mV. For a laser repletion rate of 1 MHz at 247
K, the maximum detection efficiency is 55.4% with DCR of
43.8 kHz and NEP of 6.96 x 10-7 W/Hz'/2, Compared with the
other reported results, this SPAD exhibits lower DCR and high-
er SPDE at higher cooling temperature. The high PDE with
lower DCR is attributed to the device structure, good crystal-
line quality, and low bulk dark current, even a well operated
spike noise cancellation circuit.
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