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Abstract This paper presents a new method to increase
the speed of the separated absorption, grading, charge, and
multiplication avalanche photodiode (SAGCM-APD).
This improvement is obtained by adding a new thin charge
layer between absorption and grading layers, with
assuming the non-uniform electric field in different regions
of the structure. In addition, a circuit model of the proposed
structure is extracted, using carrier rate equations. Also, to
achieve the optimum structure, it is tried to have trade-offs
among thickness of the layers and have proper tuning of
physical parameters. Eventually, frequency and transient
response are investigated and it is shown that, in
comparison with the previous conventional structure,
significant improvements in gain-bandwidth product,
speed and also in breakdown voltage are attained.

Keywords separated absorption grading charge multi-
plication avalanche photodiode (SAGCM-APD), electric
field nonuniformity, additional charge layer

1 Introduction

Avalanche photodiodes (APDs) are crucial components for
long wavelength optical communication systems (OCS). In
the past decade, the performance of APDs has been
improved by amending the quality of applied materials and
improvement of device structure [1]. In contrast to the
positive-intrinsic-negative (PIN) photodiodes, APDs have
an internal gain which causes higher detection sensitivity.
For this reason, APD has become an efficient device with
broad applications in long distance fiber OCS [2]. The
gain-bandwidth product (GBP) is a key parameter. The
large quantities of GBP enable APDs to work in high bit
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rates and provide them further future development. But,
the randomness of the multiplication process produces
excess noise and decreases device bandwidth. High
performance APDs can be achieved by using separated
absorption, grading, charge and multiplication (SAGCM)
layers [3]. The APDs fabricated in this structure exhibit
lower noise and higher bandwidth in comparison to other
structures.

An equivalent circuit model was mostly used to evaluate
the performance and to investigate the characteristics of an
APD. Nowadays, several researches have been performed
in order to model APDs [4-9]. But only a few of them have
used SAGCM structure in their circuit modelings [10—15].

El-Batawy and Deen [10,11] introduced one of the
earliest circuit models for SAGCM- APDs. But, the
utilized transfer function for the gain computation of this
model was difficult to be applied in opto-electronic
integrated circuit (OEIC) software, and a uniform electric
field was considered within the devices regions.

Uniformity assumption of the electric field in the
multiplication region has a negative impact on modeling
of real APDs [4,5]. Unfortunately, almost all presented
models are based on uniform electric fields while the real
electric field is not uniform.

Banoushi et al. [12] presented an alternative model for
SAGCM-APDS that included dead space effect but
ignored the non-uniformity of the electric field within the
device regions. Wu and Wang [13,14] introduced circuit
models of SAGCM-APD based on small signal and circuit
elements. The models incorporated main bandwidth-
limiting factors, such as carrier transit time, avalanche
buildup time and external parasitic elements. But these two
models also involved uniform electric field in the different
regions of structures. Zhao and Mo [15] proposed an
equivalent circuit model for resonant cavity enhanced-
separated absorption grading charge multiplication ava-
lanche photodiode (RCE-SAGCM-APD). They also con-
ducted a detailed comparison among RCE-SAGCM-APDs
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with different materials. But this model ignored the dead
space effect and assumed uniformity of electric field in
devices.

In this work, utilizing a basic high quality SAGCM
structure, it is tried to improve its performance by adding a
thin charge layer between absorption and grading layers in
order to obtain a new structure. To properly model the
device, the nonuniform electric field is assumed based on
real inherent nonuniformity of the structure in different
regions. Then a circuit model is extracted wherein,
different aspects like, proper transfer function, dead
space effect, carrier transit time, avalanche buildup time,
external parasitic elements are considered. By simulating
the model and analyzing different aspects influential on the
device performance, it is tried to achieve the best widths of
new charge layer and multiplication layer.

In the following sections, the details of the work are
presented. The structure and the electric field profile, the
carrier rate of different layers and extracted circuit model
of the proposed SAGCM structure are presented in
Sections 2, 3 and 4 respectively. Simulation results and
comparisons with other conventional SAGCM structures
are shown in Section 5 and the concluded remarks are
presented in Section 6.

2 Structure and its electric field profile

A schematic structure of the APD under a typical
illumination through p* side and its related electric field
throughout the device are illustrated in Fig. 1. In this work,
it is supposed that adding the new charge layer can cause
an increase in primary transport speed of generating optical
carriers from absorption layer (A) to multiplication layer
(M) so that can improve the device performance compared
to its predecessor. The new charge layer is referred to as
(Cy) and the charge layer between grading and multi-
plication layer as (C,).

In APDs, the primary carriers are produced by light
absorption and then the secondary carriers are produced by
the impact ionization effect. Both carriers contribute to the
photocurrent. The electric field in absorption, first charge
layer and grading regions are considered to be non-
uniform. Second charge region and multiplication region
are assumed to be fully depleted and the electric field of
them is modeled by consecutive progressive steps. This
assumption can simultaneously provide nonuniformity of
the field, simplify the equation solution and make circuit
model extraction easier. Impact ionization phenomena are
considered to happen in multiplication and second charge
layers due to their strong electric fields. The electric field
profile, based on structural parameters and length of
different layers can be described by following equations
where ¢ is the electron charge, ¢ is the permittivity and Ny
is the doping concentration in X region, in which X can be
M, A, Cy, G, C,.
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To consider the spatial dependence of the electric field in
an equivalent circuit model, a staircase approximate
model, as shown in Fig. 2, can be beneficial. The electric
field in multiplication region and the second charge region
are modeled by consecutive progressive steps. To proceed,
one needs to know the exact profile of the electric field in
all regions. The electric field profile in the second charge
region and multiplication region are supposed to be
divided into four constant sections with equal steps.
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where (n,,7,,,) and (py,, 7, ) are the total numbers of excess
minority carriers and recombination lifetimes in the p* and

n* regions, and ( m(aﬂl»g,Cz)’Tprrn(a,cl,g,Cz)’Tptm@,cl,g,Cz)) are
the total numbers of holes and their corresponding
recombination lifetimes and transit time in M or A or C;
or G or C, region respectively. Rates of the electron—hole
pair photo-generation in these regions are shown by
NGp3PGa7PGCI ,PGgr,PGCZ,PGm,PGn. A]SO, In, Ip are the
minority electron and hole currents in p* and n™ regions,
(Vam»>Vpm) and (Vne,,vpe,) are the electron and hole drift
velocities in the M and C, regions respectively. The
dependence of the carrier drift velocities into field is given
in Ref. [9]. a and f are the electron and hole impact
ionization rates, respectively. To take the effects of dead
spaces for carriers in our circuit modeling, the simple
method introduced in Ref. [7] is used. The dead space of
carriers is defined as below, where Ey,..n) indicates the
ionization threshold energy of the electron (hole).
The first formula for dead space is

Eth;e,h

d =
e,h q r

(15)

But by considering E, (initial energy before starting
dead space), the dead space formulas are

_ Enen—Eo

d., = 16
eh qF > ( )

a(x) = a(F)u(x—d.), (17)

Px) = p(F)u(x—dy). (18)

Ey, of electron and hole are defined as below, where E is
the initial energy of the carrier.

d;
Epe—Eg = fF(x)dx>
0

(19)
dy

Enn—Eo = f F(x)dx. (20)
Win—dy

The electron and hole ionization coefficients are defined
as below [16-19];

a(F) :anexp<l;;>cn, @2n
b\ %
P(F) = ayexp (%) , (22)

where a, and a,, b, and by, ¢, and ¢, are the constant
parameters of material.

4 Circuit model

To achieve an equivalent circuit model for the device, first,
the physical quantities should be converted to the
corresponding circuit quantities. In this regard, a constant
capacitor value, Cy, is used to convert the charge into
corresponding voltage. By dividing the carrier charge of
each region into Cy, the equivalent voltage of the carriers in
each region can be obtained [13]. The equivalent resistors
of each region can be calculated by considering the
different voltages, the catrier’s combination process and
also the photo generation rate in the different regions. The
resistor values can be obtained from Eqs. (34) to (38).
Obtained circuit model of this structure is shown in Fig. 3.

The current components shown in Fig. 3 can be written
as below:

1%
Iy = o=+ Iy, + fuPun (23)
nd
P, av, v
Iop = qNGp = R—T = CP"d—tl +R_:1+In’ (24)
P, av, Vv, V.
I, = =h_c 24242 25
0, 4dPGa R2 @y +Ra +Rta n» ( )
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where Py, is the optical power, R is the reflectivity, and Av

is the photon energy. ay is the absorption coefficient and
Wy is the width of the X (M or A or C; or G or C,) region.

5 Simulation result, comparison and
discussion

To verify the accuracy of the model, the InP/InGaAs APD
of Ref. [12] has been improved by additional charge layer
and then the results of the proposed model have been
compared with its conventional predecessor. The para-
meters for simulation have been taken from Refs. [20-22]
and some of them listed in Table 1.

To examine the response speed of the device, some
simulations have been performed. The response to a
Gaussian pulse with 10 ps width and 100 uyW power is
shown in Fig. 4. This curve is compared with different
probability functions, such as Lognormal, Rayleigh,
Maxwell, Gamma (Erlang). Finally, it was found that, the
curve has been mostly compatible with the Lognormal
probability distribution function. The property of Lognor-
mal function has been employed to reach the highest peak
with the lowest rising time. Fulfilling this criterion, has
given us the optimum value for w, = 39.8 nm.

In this figure, a comparison between the proposed
structure time response with different new charge layer
widths and the conventional one with w, = 0 has been
drawn. It is shown that the rising time will decrease with
the growth of w, until a certain value, where afterwards
the trend is inverse. As it can be easily seen, the device
performance has improved due to additional layer and the

parameter value parameter value
N,/em 1.5x10" a, 2.1x10°
Nifem? 7x10" b, 1.77
N,/em 1x10" & 1.15
W,/nm 50 Ey,p/eV 3
W/nm 200 Egnc/eV 2.8
W,/nm 50 vep/lem-s ™) 0.33x10’
ayfom’! 3.5%10* Ven/(cm-s 1) 0.67x107
Op/cm ! 1x10* C/pF 0.31
apfem ! 3.5x10* R/Q 20
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best performance has been achieved in 39.8 nm thickness.

In addition to the effect of w. on rise time decreasing,
Fig. 4 shows that, the output current has the largest
amplitude in optimum value of w,. By increasing the
width of the C; layer up to 39.8 nm, gain increases and
afterwards has a falling trend.

Figure 5 shows the detector response to step pulse with
1 uW input power in various thickness of the C; layer in
order to examine the device slew rate. In fact, slew rate is
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the ratio of output changes to the time changes and mainly
obtained from step response of the device.

Figure 6 is an inset of the curves in the zoomed region of
Fig. 5. The zoomed region depicts 14 percent of the slew
rate increment at the optimum thickness comparing to
conventional SAGCM.

It can be seen in Fig. 6 that, the thicker C, layer is, the
more output current we have, which means higher gain.
Also in higher widths of added layer, the output current has

10F

pulse response/a.u,
(=2l
T

W, = 0 nm
> w, =15 nm
w, =25 nm
<
W, =39.8 nm
X—w, =45 nm
Wi 60 nm

200

time/ps

Fig. 4 Gaussian pulse response in various thicknesses of w. (Wy, = 200 nm, w, = 60 nm)

16| w, =0 nm
%—w, =15nm
[ W, = 25 nm
14F % w, = 39.8 nm
r w,, =45 nm
Mo W, = 60 nm
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oo
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120 140 160

180 200 220 240 260 280 300 320 340 360 380

time/ps

Fig. 5 Step pulse response for various charge layer thicknesses (wy, = 200 nm, w,, = 60 nm)
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L w, =0nm
: *—qw.!'=15nm
] W' =25 nm
sk %—w.=39.8 nm
- . w.' =45 nm
e = 60 nm

step response/a.u.

120

140 160
time/ps

Fig. 6 Inset of the curves in the zoomed region of Fig. 5

faster response due to more photo carrier’s generation in a
specific time span that can be explained by slew rate. It
should mention that the same optimum value is repeated
here because after this value, slew rate decreases.

To show the effect of the new charge layer on the gain-
bandwidth characteristics of the proposed structure, the
device is simulated in different first charge layer widths
(we,) from 0 to 60 nm, in constant thickness of 200 nm for

multiplication layer and 60 nm for the second charge layer.
The result is plotted in Fig. 7, which illustrates the
maximum gain-bandwidth product occurs in w, =39.8 nm
with a growth of about 11% in comparison with w,
0 nm.

In fact, the control of the layer thickness, which in turn
would result in corresponding changes in electric field, can
lead to this result. It is obvious that the higher thickness can

2

45F
w,, =0 nm
15k A, = 15 nm
i w,, =25 nm

& — w,, = 39.8 nm
g ——— W, =45 nm
3 He—— w, =60 nm
=
=
2 25F

1.5 il Ll i I I S T TN T N N TN TN SN 0 N ST T T [ ' 1

10 20 30 40 50 60
gain

Fig. 7 Bandwidth versus gain in various thicknesses of we, (Wm

=200 nm, w,, = 60 nm)
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increase transit time and the higher electric field can
accelerate the carrier. Accordingly, there is interaction
between thickness and electric field. This interaction for
thicknesses up to 39.8nm is in a way that GBP has
upwards trend and afterwards the trend is downwards.

Since, the role of the additional charge layer has been
proven in the improvement of the bandwidth character-
istics of the APD, a natural question comes to mind;
whether this proposed structure can exhibit an improve-
ment in breakdown characteristic or not.
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As multiplication is the cause of breakdown phenom-
enon, the effect of the M layer has been investigated in
breakdown voltage performance. The results are presented
in Fig. 8. It can be easily inferred that the breakdown
voltage is in direct proportion with multiplication layer
thickness.

To investigate the effect of w, presence and its changes
on breakdown voltage, some simulations have been done
that is presented in Fig. 9. In this regard, to the SAGCM
with 400 nm multiplication layer thickness that is intro-

100
90 z se—0 W, =200 nm
5 W, = 150 nm
80:' %— W, =70 nm
70F
60 F
§ sof
) [
40F
30F
20F
10F
(1} T TR P TR RN PR TR YT FE TR AT C AT TR N TN IR Y T TN YN U TR T UL FA PR TR R SY R ARUTE RYRU TR ANS I
18 20 22 24 26 28 30 32 34 36 38
bias voltage/V
Fig. 8 Breakdown voltage based on different widths of multiplication layer
10F
9F x— w, =0nm
F ><_u-cl=I5nm
8: (o - 1!'cl=25 nm
L S w, =39.8 nm
7E
SE
af
3F
2F

25 30

35 40 45 50

bias voltage/V

Fig. 9 Changes of breakdown voltage in different thicknesses of C; charge layer
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duced in Ref. [12] with a breakdown voltage of about 48.3
V, a C; layer with thickness of 39.8 nm has been added and
a significant improvement achieved.

The breakdown voltage has been around 36.3V in
comparison with 48.3 V. It also shows that by changing the
width of C; from 5 to 39.8 nm, the breakdown voltage has
remained clearly unchanged. As a result, it can be said that
the presence of first charge layer is very important to
improve breakdown voltage but its variation has negligible
effect on its value.

Finally, all the presented results show that the simulation
of optimized proposed structure has provided better
performance in comparison with the conventional
SAGCM.

6 Conclusions

In this paper, the advantages of adding a thin charge layer
in a non-uniform electric field SAGCM-APD structure has
been investigated in order to achieve a high performance
structure. Also, using carrier rate equations, a circuit model
has been extracted. Then, the effects of additional layer on
transient criterion, such as slew-rate, rising and falling
times, have been examined. It has been shown that the time
response curve is more compatible with the Lognormal
probability distribution function. To achieve optimum
values of the layer thicknesses, that are influential on band
width, GBP and breakdown voltage of the proposed
structure, some tradeoffs have been done based on
performed simulations. In this regard, it has been shown
that controlling the widths of new additional layer beside
multiplication layer can cause a significant improvement in
breakdown voltage and GBP. Finally, all results show that
the proposed structure exhibits a superior performance in
comparison with the other conventional SAGCMs.
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