
Chin. Phys. B Vol. 20, No. 2 (2011) 028502

Numerical analysis of In0.53Ga0.47As/InP single

photon avalanche diodes∗

Zhou Peng(周 鹏)a), Li Chun-Fei(李淳飞)a)†, Liao Chang-Jun(廖常俊)b),

Wei Zheng-Jun(魏正军)b), and Yuan Shu-Qiong(袁书琼)b)

a)Department of Physics, Harbin Institute of Technology, Harbin 150001, China

b)Laboratory of Photonic Information Technology, School for Information and Optoelectronic Science and Engineering,

South China Normal University, Guangzhou 510631, China

(Received 30 June 2010; revised manuscript received 19 August 2010)

A rigorous theoretical model for In0.53Ga0.47As/InP single photon avalanche diode is utilized to investigate the

dependences of single photon quantum efficiency and dark count probability on structure and operation condition. In the

model, low field impact ionizations in charge and absorption layers are allowed, while avalanche breakdown can occur only

in the multiplication layer. The origin of dark counts is discussed and the results indicate that the dominant mechanism

that gives rise to dark counts depends on both device structure and operating condition. When the multiplication layer

is thicker than a critical thickness or the temperature is higher than a critical value, generation–recombination in the

absorption layer is the dominative mechanism; otherwise band-to-band tunneling in the multiplication layer dominates

the dark counts. The thicknesses of charge and multiplication layers greatly affect the dark count and the peak single

photon quantum efficiency and increasing the multiplication layer width may reduce the dark count probability and

increase the peak single photon quantum efficiency. However, when the multiplication layer width exceeds 1 µm, the

peak single photon quantum efficiency increases slowly and it is finally saturated at the quantum efficiency of the single

photon avalanche diodes.
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1. Introduction

Single photon detectors are increasingly needed
in the emerging fields of quantum computation and
quantum cryptography, as well as in more traditional
fields that require single photon sensitivity. As in
the telecom wavelengths of 1.31 µm and 1.55 µm,
a separate absorption, grading, charge and multipli-
cation (SAGCM) In0.53Ga0.47As/InP avalanche pho-
todiode (APD) that is reverse-biased beyond break-
down voltage (VB) and operated in so-called Geiger
mode is regarded as one of the most practical sin-
gle photon detectors.[1] These APDs are also known
as Geiger mode avalanche photodiodes or single pho-
ton avalanche diodes (SPADs).[2] Most of the previ-
ous experimental research has focused on commer-
cially available APDs which are designed for use in
linear mode.[3−5] In recent years, to maintain higher
single photon quantum efficiency (SPQE) Es, lower

dark count probability (Pd) and better time response,
SPADs designed specially for single photon detection
have attracted much interest.[6−8]

SPADs are mostly concerned with single pho-
ton quantum efficiency Es and dark count probability
(Pd). In order to optimize structure design and oper-
ation of SPADs, it is necessary to clarify the mecha-
nisms that give rise to dark count and the dependences
of Es and Pd on structure and temperature. The ori-
gin of dark count in an In0.53Ga0.47As/In0.52Al0.48As
SPAD with a multiplication layer width (Wm) of
0.4 µm was investigated,[9] showing that band-to-band
tunneling in the multiplication layer dominated the
dark count in the structure with thin multiplication
layer. As for a thicker In0.53Ga0.47As/InP SPAD with
Wm of ∼1 µm, the most important mechanism of dark
count is the generation–recombination in the absorp-
tion layer when the SPAD operated at temperatures
above 240 K.[7]
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In the present paper, Es and Pd of SAGCM
SPADs are numerically analysed in a wide range of
multiplication and charge layers at different tempera-
tures. The SPADs are operated in gate-mode, which
is an effective method to avoid high dark count and af-
terpulse probability by adjusting the short gate pulse
delay to synchronize with the arrival of photons. In
the calculation, impact ionizations in the charge and
absorption layers are taken into account in order to
reflect their contribution to the avalanche breakdown,
which can only take place in the multiplication region.
The avalanche breakdown is analysed using a history-
dependent analytical impact ionization model.[10] The
history-dependent ionization coefficients with temper-
atures of InP[11] and In0.53Ga0.47As[12] are used.

2. Model

Figure 1 shows an SAGCM SPAD to be cal-
culated. This SPAD consists of a 2-µm n−-doped
In0.53Ga0.47As as an absorption layer with a dop-
ing density of 1 × 1015 cm−3, a multiplication layer
width ranging from 0.2 µm to 3 µm, n−-doped at 1×
1015 cm−3 and a charge layer doped at 1×1017 cm−3,
which is needed to reduce the electric field from the
InP multiplication layer to the In0.53Ga0.47As as an
absorption region. The valence-band discontinuity be-
tween the wider gap InP (1.35 eV) and the narrow gap
In0.53Ga0.47As (0.73 eV) restricts the transportation
of holes. Therefore, a quaternary material, InGaAsP,
which has an intermediate bandgap between bandgaps
of the InP and In0.53Ga0.47As, is grown between the
In0.53Ga0.47As and InP layers to grade the valence-
band discontinuity. As a result, the transition rate of
the holes is increased. For simplicity, the InGaAsP
grading layer can be regarded as a part of absorption
layer in the calculation.

Fig. 1. Schematic of simulated SPAD structure.

Under Geiger mode operation, a high electric
field, large enough to cause avalanche breakdown,
is present in the InP multiplication layer. A sin-
gle photon injected into the SPAD passes through

the InP and the InGaAsP layers, is absorbed in the
In0.53Ga0.47As absorption layer and converted into
an electron–hole carrier pair. Then, the photon-
generated hole undergoes drift due to the action of
the electric field, thereby depleting the In0.53Ga0.47As
absorption layer. It may increase its population be-
cause of the field-induced impact ionizations in the
absorption, grading and charge layers during the way
to the InP multiplication layer, thereby leading finally
to breakdown there. A macroscopic current pulse is
then present, indicating the arrival of the single pho-
ton.

The widths of the charge layer and the absorp-
tion layer are represented as Wc and Wa, respectively.
Let Pe(x) denote the probability with which an elec-
tron generated at location x triggers an avalanche
breakdown. Similarly, Ph(x) represents the probabil-
ity with which a hole generated at location x triggers
an avalanche breakdown. The Es is commonly defined
as the probability with which a photon-generated car-
rier rather than a dark carrier triggers an avalanche
breakdown in the SPAD.[13,14] When the error rate
due to afterpulse is relatively low, Es can be approxi-
mated by[13]

Es =
(1− Pd)Pph

Po
, (1)

where Pph is the probability with which the photon-
carrier starts the breakdown and Po is the probability
with which an incident optical pulse contains at least
one photon. Assume that the Poisson statistic Po can
be expressed as

Po = 1− exp(−No), (2)

where No is the average number of photons contained
in the photo pulse. Similarly, Pph is assumed to be
able to be represented as

Pph = 1− exp(−ηNoPh(Wm)), (3)

where Ph (Wm) is the pure hole injected breakdown
probability, η is the quantum efficiency of the SPAD,
which is the probability with which an incident photon
is absorbed and converted to an electron–hole pair in
the absorber. By ignoring the incident light loss due
to reflection,

η = 1− exp(−αW ′
a), (4)

where α is the absorption coefficient of the
In0.53Ga0.47As absorber, it is 0.68× 104 cm−1 for the
absorber thickness 1.55 µm,[15] and W ′

a is the depth
of absorption layer depleted by electric field.
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In order to obtain a single photon with high prob-
ability, No should be much smaller than 1. Therefore

Es = (1− Pd)ηPh(Wm). (5)

To detect a dark count, two statistically independent
events should happen: (i) no less than one dark carrier
created in the SPAD due to different mechanisms and
(ii) dark carriers undergo drift, under the action of
the electric field, to the multiplication layer and cause
breakdown. By following the Poisson statistics as-
sumption, the dark count probability Pd is commonly
presented as

Pd = 1− exp(−NdPb), (6)

where Nd is the average number of dark carriers in-
jected into the multiplication layer and Pb is the
breakdown probability initiated by dark carriers.

However, we should note that due to the location
where the initial dark carrier is created, Pb should be
in different forms at different locations. Carriers gen-
erated in the charge layer and the absorption layer
will be injected into the multiplication layer due to
field induced drift, so that we can assume that they
have the same breakdown probability as that of photo
carriers, that is, Pb = Ph(Wm). On the other hand,
carriers created in the multiplication layer may be ran-
domly distributed in the whole region. Therefore the
breakdown probability should be[14]

Pb(x) = 1− (1− Pe(x))(1− Ph(x))

= Pe(x) + Ph(x)− Pe(x)Ph(x). (7)

Another fact that should be noted is that dark
carriers generated outside the multiplication region
must be subjected to the multiplication effect when
carriers drift through the route to the multiplication
region. Therefore, dark count probabilities, owing to
carriers created inside and outside the multiplication
layer, should be respectively represented as

Pd,m = 1− exp
(
−

∫ Wm

0

dxGd(x)Pb(x)A·∆t

)
, (8)

Pd,c−a = 1− exp
(
− Ph(Wm)A ·∆t

×
∫ y

Wm

dxGd(x)M(x)
)

, (9)

where Gd(x) is the generation rate of the dark carri-
ers, ∆t is the duration of the gate pulse, A is the area
of multiplication layer, M(x) is the distributed multi-
plication factor and y denotes the location where the
carriers are generated.

Gd(x) varies with the mechanism responsible for
the creation of initial dark carriers. The mecha-
nisms generally considered are[16] diffusion from quasi-
neutral regions, generation–recombination in the de-
pletion region, tunneling and surface leakage. The
diffusion and the leakage components are very small
and can be neglected, thus dark counts arising from
the tunneling and generation–recombination will be
included in the calculation. As these two types of
carriers are generated in independent locations, their
dark count probabilities can be rewritten correspond-
ingly as

Pd,m = 1− exp
(
−Nd,m

1
Wm

∫ Wm

0

dx(Pe(x)

+Ph(x)− Pe(x)Ph(x))
)

, (10)

with Nd,m = Gd ·A ·Wm ·∆t,

Pd,c−a = 1− exp
(
−Nd,c−aPh(Wm)

1
y −Wm

×
∫ y

Wm

dxM(x)
)

, (11)

with Nd,c−a = Gd · A · (y −Wm) · ∆t. Expression of
Gd depends on mechanism that gives rise to it. In a
reverse-biased SPAD, the generation rate of dark car-
riers from tunneling can be represented as[17]

Gd,t = γ exp(−θm
1/2
0 ε3/2

g /q~Em). (12)

For band-to-band tunneling

γ =
(

2m∗

εg

)1/2

q2EmV/(4π2~2), (13)

where m0, m∗, εg, q, ~, and Em are free electron mass,
tunneling effective mass, band gap, electron charge,
reduced Planck constant and maximum junction elec-
tric field, respectively; θ depends on the shape detail of
the barrier. For the In0.53Ga0.47As absorber, θ = 0.3
is chosen according to the experimental data,[18] and
for InP multiplication layer,

θ =
π

2
√

2

(
m∗

m0

)1/2

(14)

with the parabolic barrier assumed as an approxima-
tion.

Gd due to the generation–recombination via traps
near the middle of the band gap is[19]

Gd,gr =
ni

τ
=

(NcNv)1/2

τ
exp

(
− εg

2kT

)
, (15)
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where ni, Nc, Nv, W and k are the intrinsic carrier
concentration, effective densities of the states in the
conduction and valence bands of the semiconductor,
the depletion region width and the Boltzmann con-
stant, respectively. The temperature dependences of
the band gap of InP in Ref. [20] and In0.53Ga0.47As in
Ref. [21] are used.

Therefore the total dark count probability can be
represented as

Pd = 1−
∏

i

(1− Pdi), (16)

where i indicates the type of mechanism and region
where the dark carriers are generated in the SPAD.

3. Calculation and results

Figure 2 shows the calculated dark count prob-
abilities when Es is 40%, the temperature is 223 K
(−50 ◦C) which can be easily achieved by thermoelec-
tric cooling. Total dark count probability Pd, dark
count probability due to generation–recombination
from absorption layer (Pdgra), probability due to tun-
neling from multiplication (Pdtm) and probability due
to tunneling from the charge layer (Pdtc) are illus-
trated each as a function of multiplication layer width.
Dark count probabilities from other mechanisms are
too small and they are not included. In order to avoid
significant tunneling in the In0.53Ga0.47As absorption
layer and to make a point of all photon-generated car-
rier drift into the multiplication layer with their satu-
ration velocities, charge layer width Wc is controlled to
ensure that the maximum electric field in the absorp-
tion layer Ea reaches 1.5 × 105 V/cm. For Wm rang-
ing from 0.2 µm to 3 µm, Wc decreases from 0.33 µm
to 0.14 µm. As shown in the figure, the Pd decreases
sharply with the increase of multiplication layer width
when Wm < 1.2 µm; as Wm is over 1.2 µm, its decrease
becomes very slow. In another model,[11] Pd rises with
Wm slightly when Wm > 3 µm.

At this temperature, when Wm is increased from
0.4 µm to 1.25 µm, dark count probability from tun-
neling in the multiplication layer is much higher than
those from other mechanisms. As Wm < 0.4 µm,
due to the high field and relatively thick charge layer,
Pdtc is considerable. In addition, when Wm is over
1.25 µm, Pdgra becomes larger than Pdtm, generation–
recombination in the absorption layer is the dominant
mechanism of dark counts. It can also be seen in the
figure that to maintain the same Es, the total dark

count rate of a SPAD with thin multiplication layer
is much higher than that with thicker multiplication
layer. This is because of the large tunnelings in the
multiplication layer and the charge layer of the SPAD.
A previous experimental study[9] has proven that the
dark count of a SAGCM SPAD with 0.4 µm originates
from the tunneling effect in the multiplication layer,
which accords well with the calculation.

Fig. 2. Dark count probabilities each as a function of mul-

tiplication layer width at a temperature of 223 K, with Es

being 0.4.

Both Es and Pd vary with the applied voltage,
since a high electric field enhances breakdown prob-
ability and tunneling in the SPAD. Figure 3 shows
dark count probabilities each as a function of Es, with
Wm and Wc being 1 µm and 0.2 µm, respectively. As
shown in the figure, Pd exponentially increases with Es

and Pd is found to be 5.1×10−4 at Es of 0.5. When Es

is lower than 0.14, the dark count probability caused
by generation–recombination is larger than that from
other mechanisms, while as Es is over 0.14, Pdtm be-
gins to exceed Pdgra, which indicates that band-to-
band tunneling becomes the dominative mechanism
of the dark counts.

Fig. 3. Dark count probabilities each as a function of Es

at temperature of 223 K, with Wm and Wc being 1 µm

and 0.2 µm, respectively.

Dark carriers from generation–recombination
increase exponentially with temperature, so does
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the dark count probability from generation–
recombination. Figure 4 shows the dark count prob-
abilities, each as a function of temperature for the
SPAD with Wm of 1 µm which achieves good Es and
dark count performance.[6,7] Pdtm is over 20 times
higher than Pdtc in a temperature range from 200 K
to 300 K. When the temperature is below 233 K,
Pdtm is higher than Pdgra and the tunneling in mul-
tiplication layer is the dominative mechanism of dark
counts; when the temperature is above 233 K, Pdgra

begins to exceed Pdtm and when the temperature is
above 240 K, generation–recombination from absorp-
tion layer dominates the dark counts. In Ref. [7],
an SAGCM In0.53Ga0.47As/InP SPAD with an ab-
sorber layer of ∼2 µm and a multiplication layer of
∼ 1 µm was grown and tested, and the experimen-
tal results showed that when the temperature was
increased from 160 K to 240 K, tunneling in the mul-
tiplication layer is the dominative mechanism. When
the temperature was increased from 240 K to 297 K,
generation–recombination from the absorber became
the most important mechanism. Our calculations are
in agreement with the experimental results.

Fig. 4. Dark count probabilities each as a function of

temperature, with Wm and Es being 1 µm and 0.4 respec-

tively.

The thickness of the charge layer greatly affects
Es and Pd, and should be carefully designed. As
shown in Fig. 5, the calculated Es and Pd of a 1-µm
SPAD are each plotted as a function of Wc, with the
maximum value of electric field Em in the multiplica-
tion layer fixed to be constant. When Wc is less than
0.120 µm, Pb is close to 1 because the electric fields
in charge and absorption layer are too high, causing
strong tunneling in these layers. Therefore, the Es is
close to 0. As Wc increases from 0.120 µm to 0.164 µm,

Pd decreases sharply, while Es rises to 0.4. When Wc

further increases to 0.270 µm, the Es is saturated at
0.4, although Pd still decreases quickly for a while and
then stays at 3.5× 10−4. This is because Ph (Wm) is
constant and the absorption layer is fully depleted.
Therefore, η is invariable and Es is a constant. When
Wc is increased from 0.270 µm to 0.290 µm, the ab-
sorption layer is not fully depleted and η drops to 0.
Thus Es drops to 0, and Pd also decreases because
the dark carrier created in the absorber cannot drift
into the multiplication layer. To maintain a consider-
able Es and relatively low dark count, Wc should be
optimized, for SPADs with Wm of 1 µm and Wa of
2 µm, the value could be in a range from 0.164 µm to
0.270 µm.

Fig. 5. Es (right) and Pd (left) of SPAD with 1-µm mul-

tiplication layer versus width of charge layer, with an op-

erating temperature of 223 K.

Figure 6 shows Pd increasing with operating volt-
age. The Es remains small because the breakdown
probability is low and the electric field does not fully
deplete the absorption layer when voltage is less than
78 V. When the voltage exceeds 78 V, the absorber
is fully depleted and the Es rises further due to the
increase of breakdown probability, but with a smaller
slope. As the voltage further increases, the Es de-
creases because the increase of the breakdown proba-
bility has a less significant effect on Es than that for
the case of Pd. With the optimization of Wc, the max-
imum value of Es with Wm of 0.6 µm reaches 0.6129
at a temperature of 223 K. We refer to this maximum
value of Es as the peak Es.

Figure 7 shows the peak Es as a function of Wm

at temperature of 223 K. The peak Es greatly rises
with Wm increasing, when Wm < 1 µm. As Wm fur-
ther increases, the slope is reduced and the Es is fi-
nally saturated at a quantum efficiency (η) of 0.7433.
This phenomenon indicates that an SPAD with Wm
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thicker than 1 µm is unnecessary. After all, increasing
Wm will lead to a larger time jitter.

Fig. 6. The Es and Pd of SPAD with 0.6-µm multiplica-

tion layer versus V at 223 K.

Fig. 7. Peak Es as a function of multiplication layer width

at a temperature of 223 K.

4. Discussion

Single photon detections with a high repetition
rate have attracted considerable interest recently. In
the detection, SPADs are operated at a relatively
high temperature, typically −30 ◦C (243 K).[3] At
higher temperatures, the lifetime of trapping carriers
is shorter, so the afterpulsing is lower. At higher tem-
peratures, generation–recombination in the absorp-
tion layer is the primary dark count mechanism for
SPADs with Wm around 1 µm, especially when re-
verse bias is relatively low, because the field depen-
dence of dark count from tunneling is much stronger
(exponentially increased).

In order to avoid significant tunneling in absorp-
tion layer, the charge layer width Wc should be con-
trolled to ensure that the maximum electric field in
the absorption layer Ea is not too high. On the other
hand, the minimum electric field inside the absorber

should be higher than that for all photogenerated car-
riers to drift into multiplication layer with their satu-
ration velocities. We calculated the total dark count
probability over the range of Ea from 1.0× 105 V/cm
to 2.5 × 105 V/cm. As shown in Fig. 8, Pd is al-
most the same when Ea = 1.0 × 105 V/cm and
Ea = 1.5 × 105 V/cm. But Pd increases abruptly
when Ea > 1.5 × 105 V/cm, and it even exceeds the
Es when Ea = 2.5 × 105 V/cm. This is because the
tunneling effects in the charge layer and absorption
layer become considerable.

Fig. 8. Curves for Pd versus Wm for various Ea values at

temperature of 223 K, with the Es being 0.4.

In order that Es is kept unchanged and Ea varies
with temperature for a given SPAD, the variation of
Ea should increase with the decrease of Wm. An SPAD
with a good dark count performance at low tempera-
ture may abruptly attain significant a dark count be-
cause of the large tunneling in heterojunction when
operating at higher temperatures. As an example, an
SPAD with Wm of 1 µm and Wc of 1.9 µm achieves Pd

of 3.8×10−5 at 200 K, but Pd reaches 0.026 at 300 K.
So we suggest that the SPADs, especially those are
employed in the high repetition rates needed to oper-
ate at relatively higher temperature, are designed for
temperature.

The primary origin of dark counts depends
on both device structure and operating condition.
Thicker SPADs achieve better Es and dark count per-
formance but with higher time jitter.[9] Thus, an ap-
propriately thick multiplication layer width around
1 µm is recommended to achieve a lower dark count
rate and better time performance.

5. Conclusion

A rigorous model is utilized to analyse the Es and
the dark count performance of In0.53Ga0.47As/InP
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SPADs operated in the gate-mode. It is revealed
that Pd decreases with the increase of multiplication
layer width, but the slope decreases gradually and be-
comes smaller with Wm. The origin of dark count
is investigated. The results indicate that the pri-
mary mechanism of dark count depends on both de-
vice structure and operating condition. At a temper-
ature of 223 K, band-to-band tunneling in the mul-
tiplication layer is the most important mechanism of
dark count when 0.2 µm < Wm < 1.25 µm. As Wm

is over 1.25 µm, the generation–recombination in the
absorption layer is the dominative mechanism. For an
SPAD with 1-µm multiplication layer, when the tem-
perature is higher than 233 K, the dark count from

generation–recombination in the absorption layer be-
gins to exceed that from tunneling in the multipli-
cation layer. In addition, when temperature is over
240 K, the generation–recombination in the absorp-
tion layer dominates the dark counts.

The charge layer, also called the field control
layer, greatly influences the performance of the SPAD
by controlling the tunneling and the depletion depth.
The peak Es increases with Wm and is finally satu-
rated at a certain value of η. The results are heuristic
on optimizing the operation of linear APDs used in
Geiger mode, as well as on designing and fabricating
SPADs specifically for single photon detection at tele-
com wavelengths.
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