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Abstract Based on the newly proposed temperature
dependent dead space model, the breakdown voltage and
bandwidth of InP/InGaAs avalanche photodiode (APD)
have been investigated in the temperature range from
—50°C to 100°C. It was demonstrated that our proposed
model is consistent with the experimental results. Our
work may provide a guidance to the design of APDs with
controllably low temperature coefficient.

Keywords optical communication, separate absorption,
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1 Introduction

InP/InGaAs separate absorption, grading, charge, and
multiplication avalanche photodiodes (SAGCM APDs)
have been widely applied in optics communication
systems [1]. Moreover, there continues to be a strong
interest in the application of the APD in the fields of
quantum key distribution (QKD), national defense, and
astrosurveillance, as so-called single photon avalanche
diodes (SPADs) used in Geiger mode [2-6]. It is
fascinating to notice that the design philosophy of APDs
for the optical communication systems and that of SPADs
for the quantum information applications, especially the
QKD systems, are quite different [7]. Nevertheless, there is
no doubt that the temperature dependence characteristics
are crucial for APDs applied in the field of traditional
optical communication, as well as SPADs in quantum
communication systems. From the point of view of
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application, APDs immune to the change of temperature,
i.e., APDs with low temperature coefficient is strongly
designed, which has been drawn a lot of attention in recent
years [8—11]. An empirical equation for temperature
coefficient of APD was first reported in 1997 [8], but
without considering the dead space effect. A simplified
approach to time-domain modeling of avalanche photo-
diodes considering the dead space effect was reported in
1998 [9]. And then an improved empirical formula was
proposed in 2010 [11].

In this work, based on static Poisson’s equation and
carrier transport equation, we developed a temperature
dependent model for APDs taking dead space effect into
account. A comparison of simulation with experimental
results for the breakdown voltage and bandwidth of InP/
InGaAs APD has been performed in the temperature range
from —50°C to 100°C. It is shown that the temperature
dependent dead space model is consistent with the
measurements. Our work may provide a guidance to the
design of APDs with controllably low temperature
coefficient.

2 Physical model

The physical model was derived in the frequency domain
by taking the Laplace transform of the current continuity
equations, and the detail can be found in our previous work
[12]. For the region without ionization (e.g., absorption
layer, charge layer and grading layer), the analytic
expression of carrier density can be derived according to
the boundary conditions and the carrier transport equa-
tions. While for the multiplication layer, the avalanche
region was divided into a number of spatial segments with
equal energy spacing and the discrete expression can be
deduced. Due to the dead space effect, it is thought that
carriers must travel a fixed number of segments before
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reaching the threshold energy. Therefore, the carriers can
be divided into two types: 1) carriers with energy lower
than their ionization threshold, which cannot ionize;
2) carriers with energy above their threshold, which can
ionize. For simplicity, as our previous report [12], it is
assumed that the excess energy after ionization is zero,
which means that, after ionization, three carriers (including
the initial one carrier and the second electron and hole)
with zero initial energy will be accelerated by electric field
to reach the threshold energy and then ionize again. The
carriers in the multiplication region are identified both by
their space position and energy state.

The total current density J in the APD is calculated by

PECIRRCY "
where ¢ is the electronic charge, L is the thickness of the
depletion region in APD. For the reach through type APD,
L = xp, + X + Xg1 + X,, Where xp,, X, X1 and x, are the
thickness for multiplication layer, charge layer, grading
layer and absorption layer, as shown in Fig. 1. In Fig. 1, the
electric field distribution is also demonstrated, which was
calculated from static Poisson’s equation, as shown in our
previous work [13].(Sv), indicates the product of the
integration of electron density over the thickness L and the
velocity of electrons. Similarly, (Sv),represents the
corresponding product of holes. The detailed expression

for S,(S,) can be found in the following part, i..,

Sn(Sp) = SNm(Spm) + SNcg(Sch) + SNab(SPab)s and the
details can be found in the following part.

Assuming that the absorption layer is completely
depleted, electrons and holes move with saturation
velocities, and there is no recombination, the current
continuity equations for electrons and holes are given by
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Fig. 1 Schematic structure of a InP/InGaAs SAGCM APD as
well as its corresponding electric field distribution

Oop(x.1)/0t=v, {op(xt)/ox} = g, 3)

where v,,1(v,1) is the saturation velocity of electrons (holes),
n (p) is the volume density of electrons(holes), and g is the
generation rate of electron-hole pairs. Under the lateral
illumination condition, the generation rate g can be given
by the spatial distribution, g = g(d(¢)[1 —exp(—rx,)] [14],
where gy is the number of photons incident per unit
distance, r is the absorption coefficient of the absorption
region, x, is the length of the absorption layer. Taking the
Laplace transform of Egs. (2) and (3), we obtain that
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According to the boundary conditions N(xo,s) =
0, P(xg +x,,8) = 0 and xg = X,y + X + Xg. The expres-
sions of carrier density are given by

N(xs) = 21— exp(~sr—x0)/v)l. (6)

P(xs) = 2201 - exp(—s(xo +x -2/l ()

To calculate holes and the electron’s contribution to the
current density, N(x,s) (or P(x,s)), is integrated over the
length of the absorption layer. Therefore, we obtain that

Xo+X,
SN (xars) = fx() N (x,8)dx

= 0, v {exp(—sn/r) -1} /s}. - ®
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In the charge and grading layers, there is only carrier
drift, no contribution from absorption of photons and
without any impact ionization of carriers due to low
electric field. Taking the Laplace transform of the current
continuity equations, we obtain that

ON
ONS) | 5 Nivs) =0, (10)
ox Vi
OP(x,s) s
-—FP =0. 11
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If electrons move a distance / from the location x, the
carrier density in frequency domain shows a delay.
Therefore, we obtain that
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The sum of the carrier density in the charge and grading
layers are given by
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The avalanche region is divided into a number of spatial
segments with equal energy spacing, and the carriers are
divided into two types: 1) carriers with energy below their
ionization threshold, 2) carriers with energy above their
threshold. And the relation between the whole carriers and
the carriers which can ionize in one spatial segment are
shown that

SN, (Fegss) = N(xm,s)vsil{l —exp (vi(xc xg + xa)> } P(x,5) = P(x + Ax)exp(—sAx/v,)

(15)

where N (x,,s)is the electron density at position x,,, and
the detailed expression for N (x,,,s)can be found in the
following part. And P(x,s) is the hole density at position
X, which is given by the following equation
8
P (xo:5) = =H1-exp(=svo/v)l.  (16)
Similarly, for holes, P(x,,s)is the density of holes

arriving at the boundary of the multiplication layer, and is
given by

P(,5) = P(x0,5)exp (vi(xc +xg1)).

pl

(17

The electric field in the multiplication layer is high
enough to make carriers ionize, where the electrons and
holes must satisfy the current continuity equations

on(x,t) /ot + v, {0on(x,t)/ox}

= ang(x,t)v, + fpe(x,t)v,, (18)
Op(x.,t) /0t —v,{Op(x.1) /ox}
= a”e(x:l)vn +ﬂpe(xat)vp’ (19)

where v, (or v,) is the saturation velocity of electrons (or
holes) in the multiplication layer, a (or f) is the ionization
coefficient of electrons (or holes), and n,(x,t) (or p.(x,t))
are the electrons (or holes) (per unit volume) capable of
initiating impact ionization. Taking the Laplace transform
of Egs. (18) and (19), we obtain that
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As mentioned above, we assume that the energy of
carriers after ionization is zero. Therefore, the discrete
expressions of Eq. (22) are given by

Pil) =2 3" P(i+ 1, )exp(—sAx/v,)

x {1—exp(-p(i + 1)Ax)}
i, 3 NG )
1 —exp(—a(i)Ax—sAx/v,—sAx/v,)
(a(i) +s/v, +5/v,)v,

, (24)

P(i, j) = P(i+ 1, j—1)exp(—sAx/v,). (25)

Equation (25) shows that the holes cannot ionize and
only be accelerated by the electric field. If j— 1 reaches the
threshold energy, then the first term of Eq. (25) will be
multiplied by exp(—f(i + 1)Ax). Similarly, the discrete
expressions of Eq. (23) are given by
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N(ij) = N(i—1j-1)exp(—sAx/v,). 27

And if j—1reaches the threshold energy, then the first
term of Eq. (27) will be multiplied by exp(—a(i—1)Ax).
Where i and j are space position and the energy state of the
carriers, j;,nn 1S the value of j corresponding to the threshold
energy level of holes, and j,,,cis the value of j
corresponding to the threshold energy level of electrons.
The sum of the carrier density in the multiplication layer

are given by
 (Xm»S) Z Z P(ij)Ax
- (Xm»S) Z Z N(ij)Ax

According to the boundary conditions, the loop itera-
tions of Egs. (24), (25), (26) and (27) are carried out until
convergence. The procedure for computing P(ij) and
N (i) is the same as that in Ref. [15]. There is a difference
in the boundary conditions, which are N(1,/) =0, P(Knax,1)
= P(x1,S), and P(K .x,7) = 0 for other j.

The dc gain is calculated from the ratio of the dc current
(/) with ionization to that without ionization. The
expression is given by

Gdc = [(O)ionization/](O)withoutfionizations

where “0” presents that the frequency is zero.

To get a more reasonable relation for the frequency
response of the detector, it is necessary to consider the
parasitic effects, and then we have

1 s
B = 20log;, (l(ﬂit}g

(O)ionization

(28)

29

(30)

G

where f represents 3-dB bandwidth of the whole device
when B is equal to —3, and H is the transfer function of the
parasitic network, and then we have

1
~ 1+j2nfRC
In Eq. (32), R is the sum of the series resistance and the

load resistance. Also C, the junction capacitance of APD,
is given by

(32)

_ i,
C Z (oh X; 4, (33)
while C;is the capacitance of a specified layer i, whose
thickness is x; and has a relative permittivity of &;in
depletion layer, 4 is the area of the APD.

Taking account of temperature dependence for dead
space theory, we adopt a temperature dependent ionization
coefficient from the work of Okuto and Crowell [16] and
the related work [17],

- ﬂ E 1.14
of = <Ei )exp <0.217(Er>
/2
EN' 2 E \? 1
{{0.217<E> } +<qm> . (39
where

E Erotanh( r0/2KT) A= Aotanh(Ero/zKT) (35)

In Egs. (34) and (35), F denotes electric field, K denotes
Boltzmann constant, 7 denotes temperature in Kelvins, A
denotes the mean free path, E, denotes the average energy
loss from scattering of each phonon, and E; denotes the
ionization threshold energy of carriers. £,y and 4, denote
the corresponding parameters under the temperature of
0 K. The relationship between the ionization threshold
energy and the temperature is shown as follows.

E(T) = £ i T (6)

where the change of the band gap with the temperature can
be expressed as following

3.63 x 1074712

E,(T)=1.421-
«(T) T+ 162

G37)

3 Results and discussion

Figure 2(a) shows the simulation on basis of the proposed
temperature dependent dead space theory, and the solid
line denotes the linear fit. In contrast, in Fig. 2(b), it is
demonstrated our previous reported experiments [18] and
corresponding linear fit of the breakdown voltage changing
with temperature for the InP/InGaAs SAGCM-APD. It is
revealed from Fig. 2 that the theoretical temperature
coefficient is 87.39 mV/K, while the temperature coeffi-
cient deduced from the experimental measurement is 90
mV/K [18].

An empirical formula for temperature coefficient has
been reported [11], which is shown as following
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Fig. 2 (a) Simulation of breakdown voltage on basis of the proposed temperature dependent dead space model, and the solid line denotes
the linear fit; (b) experimental data and the linear fit of breakdown voltage vs temperature
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where X, denotes the width of the multiplication layer, and
w denote the width for the whole depletion layer.

According to the empirical formula, the calculated
temperature coefficient is 114.39 mV/K, which is much
larger than our experiment, 90 mV/K as discussed above.
A comparison of temperature coefficient from temperature
dependent dead space theory, the empirical formula and
experimental data reveals that the proposed temperature
dependent dead space theory is believable, at least to our
experimental results.

Figure 3(a) shows the 3 dB bandwidth for the InP/
InGaAs SAGCM-APD vs multiplication. And the varia-
tion of the bandwidth with temperature at gain of 10 is also
illustrated in Fig. 3(b). In Fig. 3(a), as expected, the
bandwidth decreases as gain increases. The gain of the

6
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APD, as shown in Fig. 3(a), due to the thin multiplication
layer (0.4 pm or so), is too low to be used as a SPAD. It is
an inherent trade-off between gain and bandwidth for
APDs, which is a bottleneck preventing APDs from being
applied in traditional high speed communication and
quantum communication simultaneously. In Figs. 3(a)
and 3(b), the blue open circles denote the experimental
data, which are consistent with the theory prediction. As
revealed in Fig. 3(b), the bandwidth at a gain of 10
decreases with the increase of temperature, and shows a
linear characteristic at a higher temperature region, and a
small deviation in the low temperature region. This
indicates that the decrease of the temperature in the high
temperature region can effectively increase the bandwidth,
but when the temperature drops to a certain value, the
bandwidth tend to be saturated. The fitting coefficient of
the relationship between bandwidth and temperature is
11.02 MHz/K. This may result from ionization coefficient,

m simulation
—— linear fit
O experimental data

wn
h

ABIAT=11.02 MHZ/K

3 dB bandwidth/GHz
=S
N
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temperature/°C
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100

Fig. 3 (a) Simulation of 3 dB bandwidth vs multiplication on basis of the proposed temperature dependent dead space theory;
(b) simulation of 3 dB bandwidth vs temperature on basis of the proposed temperature dependent dead space model, and the blue open

circles denote the experimental data
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band gap and drift velocity changing with temperature.
The consistence of simulation with measurements further
prove that our proposed model is reliable.

4 Conclusions

Based on the temperature dependent dead space model, the
breakdown voltage and bandwidth of InP/InGaAs APD
have been investigated theoretically and experimentally.
The low temperature coefficient of 90 mV/K, as well as its
consistence of the proposed model with experiments
results, prove that the fabricated APD and our proposed
temperature dependent dead space model are reliable. It is
a trade-off between gain and bandwidth for APDs, which is
a future work to pave a way for APDs applied in traditional
high speed optical communication and SPAD for quantum
communication simultaneously.
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