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Abstract: In this paper a theoretical physics-based model of the waveguide avalanche photodiodes is presented.
This model is used to calculate both time and frequency responses of this APD's and to investigate the dependence
of the multiplication and absorption layer thickness on the 3-dB bandwidths of the waveguide-APD. It is shown that
introducing an undepleted absorption layer is effective in improving the 3-dB bandwidth without reducing efficiency.
The novelity of this method lies it's high capability in modeling WG-APD with undepleted absorption layer. The
gain-bandwidth characteristic of WG-APD is studied for different thicknesses of both the absorption and the
multiplication layers. the 3-dB bandwidth of the WG-APD based on the calculation results is over 20 GHz up to a
multiplication factor of 7.
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1. Introduction which includes a p-type gradient-doped layer was
In recent years, avalanche photodiodes have been utilized [12].
used for applications where high receiver sensitivity is In this paper a new WG-APD with undepleted
required. it is due to their internal gain property [1], absorption layer is analyzed. Also the theoretical
[2].  Two  important  characteristics of a calculation of the 3-dB bandwidth of the WG-APD
high-performance photo detector are its quantum with an undeleted absorption layer is described. The
efficiency and its bandwidth. This two characteristics effect of undepleted absorption layer on 3-dB
usually act inverse each other. Waveguide structure bandwidth was also investigated. The undepleted
(WG-APD) is presented as solution for tradeoff absorption layer includes a p-type gradient-doped
between the band with and quantum efficiency [3], layer. The doping density in the undepleted absorption
also APD’s with a p-type neutral absorption layer layer was linearly increasing toward the p -InAlGaAs

(NA-APD’s) has been developed by several groups layer from 5x 107 to 2 x10"™ cm”® to form a
[4]-[8]. Considering the similarity of NA-APD’s with quasi-electrical field. This layer can reduced the

unitraveling-carrier photodiode, this structure reduce carrier transit time, which is determined ordinarily by
carrier transit time and don’t degrade responsivity [9]. slow hole movement, without sacrificing the
In WG- APD the carrier transport in perpendicular responsibility. Because of the hole transit time in the
direction to the photon flux and causes the band with p-type gradient-doped layer is dominated by the
and the quantum efficiency are independent each other. dielectric relaxation time and negligible.

With using a wider band gap material for the In addition, the time and frequency responses of
multiplication layer and a narrow band gap material the WG-APD with an undepleted absorption layer are
for the absorption layer achieve a high gain-bandwidth developed and presented in section 2 and 3
product [10]. For high speed operation and hybrid respectively. For determination the relationships
integration on a planar light wave circuits (PLC), the between the performance and design parameters, these
waveguide structure is an appropriate candidate. so time and frequency responses have been studied for
WG-APDs are promising for next generation of different dimensions of the photodetector. The
high-speed long —distance communication system behaviour of the transfer function of this model is
[11]. discussed, showing the effects of the dimensions of the

In order to improve a maximum 3-dB bandwidth
and a GB-product, an undepleted absorption layer
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photodetector and its multiplication gain. Also the
circuit model of the WG-APD consist of all the

parasitics of the photodetector is presented in section 4.

also we present comparisons of results with the
WG-APD without undepleted absorption layer. The
results of this physical-modeling are compared to the
publish experimental work.

The effects of the dimensions of the
photodetectors and the thicknesses of both the
absorption and the multiplication layers on its
gain-bandwidth characteristics are studied in section 5.

P -InAlGaAs layer

primary
holes

primary -
electrons

signal light

secondary holes I

secondary
electrons

n* InAlGaAs layer

Fig.1.shematic of WG-APD model for calculations

Finally the conclusions are presented in section 6.
Also an appendix is added at the end of the paper for
easy reference.

2. Time Response of the Photodetector

Time response of the photodetector according to
fig.1 the WG-APD structure model for calculations is
shown. the primary electron-hole pairs are generated
by the lateral incident optical signal on the absorption
layer, the structure includes an In AlAs multiplication
layer, two step i-InGaAs absorption layer and
undepleted InGaAs layer. As the primary electrons
travel a dead space length ( &%m ) inside the
multiplication generate and they travel to the &~
layer and 7 layer under the effect of the electric
field. For moving photogenerated carriers at their
saturation velocities ¥ for electrons and & for
holes in i-InGaAs layer and Vot for holes
undepleted-InGaAs layer the electric field is suppose
to be enough high.

For calculating the photocurrent of the WG-APD
the time response of this carriers in this analysis be
computed. for the primary photo generated electrons
N, (8 and holes () are expressed in (1) and (2)
respectively.
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Where *z and *m are the thicknesses of the
absorption and multiplication layer, as they are
described in fig.1.

Xy is the total thickness of the charge and the
graded layers between the absorption and
multiplication layers. First part of (1) explains the
generation and drift of the photogenerated electrons.
the second part describe that these carriers at the
contact of the photodetector. A proof of the time
response of primary holes is shown in the appendix.

(1)

7 is expressed as the quantum efficiency of the
waveguide photodetector that can be shown [13].

G)

Where K is the coupling efficiency, R is the
reflectivity of the photodetector, a is the absorption
coefficient of the absorption region, I' is the
confirement factor of the absorption layer, / is the
length of absorption layer.

When all the primary electrons traversed the dead

n=k(1-R)1—exp(~all) )

space length (4@m) of the multiplication layer, they
are experiencing lumped multiplication process that
cause to generation of the secondary electrons and
holes. By  convoluting the term exp

[-t/((My— Dt)l/Tm  with the number of the
primary electrons that have travelled.

Adwm in multiplication layer, the avalanche build
up process is achieved. That M, is the multiplication

gain and Tm is avalanche build up time. [14]

An expressions for the numbers of the secondary
generated electrons and holes as a function of time is
shown in equations (4), (5).
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N, ()= P, The time response of the secondary holes is
s@)=n, -1) - . . :
hv photogenerated in equation (4). the generation of the
{[ vii—(x, + Ao )J secondary carriers is expressed by the first term in the
« P ¢ m

. first bracket, the drift of these secondary carriers

a

toward the contacts of the photodetector is expressed
y {u[ P )HA“’mJ _ u[ P WH by the second term while the collection of these
v, v, carriers is expressed by the third term also expresses

the convolution operation. In (5) we suppose that

Y —Aw primary holes travel during absorption layer with two
( x, j different velocities that shown with *» in i-layer and
X, +x, X, +x, +Aw, V51 in undepleted layer. In (5) *au is thickness of
1 v, T v, the undepleted absorption layer and *zi is thickness
o odx —vt of the i-absorption layer.
+ ( Yo T X ¥ I = Vs j By using the time respone of the photogenerated
x(l

carriers and the expression of the photogenerated
N { ([ X,+x,+Aw, j ([ X, +x,+x, H } current the time response of the photocurrent of the
|t - ——-"F——"-""|-u| t - —F"—-—"

photodetector is  obtained. s the intrinsic
photocurrent of device is expressed as (6)

|- (w(Ml)zl)f ) “

1= Wit b, (Vo4 N, 0)+v, (p, 0+ by (0)]

(6)
Plt)=nM, 11?
A0)=rt 0_)%, Where ©@: is total thickness of photodetector as
defined in fig.1.
3. Frequency response of the photodetector
{Vﬂl ~fx +A@“)jx We obtain the frequency response of the
X photogenerated primary and secondary carriers by
calculating the fourier transform of their time
X +A, P responses in (1) - (5'). U1n equation (7)—r (10) the
! v Ut v frequency responses ‘\9(“"}, F(w) , Ns(w)
and (@) is expressed. in (10) " m " is
multiplication gain factor and €% is [1(],, in Fig.1.
x, +x . +x +Am x A x 4+x +Am  x
I P s m|_ [_( c 4 "ai T m | Tau
|}{ Vn j “{ Va vp VI’IJ:| .
ox,
vl{l—ex{—] ”]J
p |1 Vp
py(@=n_" ot pe ®)
xau[l+ Vn ]+(xai+xc+Amm{l+v”]—vnt / *a
A4 A4
pl P
+
xa
p.
N (o)=n—
Jo)=n
N {u[t _[xc +Aw, X, +tx,+Ao, x, ]] B y (l—ex{—ij" ] p(_ja)(xc +xm)j
v, v v " v v
' " S n ) " )
| et e +Ao, +x, X, +x,+A0, Jo x,0
" v, v,
exp | - !
U, -,
® (5)
(M o 1)‘[7 m
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(Mﬂ'])/(] +jw(M0'1)Tm)};

(10)
By substituting (7) — (10) in fourier transform of given by
equation (6) the frequency response of the qP,
photocurrent {22(%) is given by opt Ty (12)
Ji ( ) _ q[vn (]\]p(a))+M(w))+vp(,pp(w)+pv(w))J (1 1)
= 1, (w)
Y H(w)=—"—==H (0)+ H (o) (13)
1, (a)) )
Lint
pr— AANN RO And describe the transfer function (H) according
R, L l’m to equation (7) — (11). by (13)
I {.'H Where Hp and Hg are the primary
ph ph . p
é ) photogenerations the secondary photogenerations
t t —C, R, respectively.

The material and the thicknesses of the different
layers of the WG-APD are listed in table 1, and the
values of the parameters of the photodetector are in the
table 2. in fig.3. the transfer function of the circuit
model for different values of the multiplication gain is
shown in fig.3, we see that the bandwidth of the
photodetector decrease for higher multiplication gain
(My). This happening is because of the avalanche build
up process that depands on the value of M.

Fig. 2. Equivalent circuit model of the WG-APDs.

4. equivalent circuit model of WG-APDs

In order to the conventional model of PIN-PD
presented in [15], [16] and the circuit model of the
WG-APD in [17], fig.2. shows the circuit model of

this WG-APD. It is the optical current and it is
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Table 1
Layer |Material Thickness (nm)
Xq InGaAs 370
Xau Undepleted-InGaAs 200
Xai 1-InGaAs 170
Xe1 InAlGaAs 50
Xe2 InAlAs 50
Xm InAlAs 100
Table 1. Materialas and Thicknesses of the

Different Layers of the WG-APD that is presented in
[18].

Table 2
Parameter Value
Vi 6x10cm/s
Vo 4x10°cm/s
Vp1 5x10°cm/ s
A 1.55um
& 13.94
a 1.15x10*cm™

Table 2. Parameters of the WG-APD

Transfer Function H{w)

Frequency (GHz)

Fig.3. Transfer function of the circuit model for this
photodetector.

1 Nnﬂizyers & . ( )
—= —, whereC, =——"— (14
C, = G Tx

By considering the parasitics of the photodetector
in fig.2. Cj is the junction capacitance of the
photodetector consist of series capacitances of the
different layars that is shown.

Where J is the number of the layers, Cj is layers
capacitance that depends on the depleted layer
thickness and its area, Rs is contact resistance, L is the
pad inductance.

With mixing the photogenerated carriers and the
parasitics elements, the extrinsic responcse of the

64

photodetector is expressed as

L o)=1,He)H, (o) (15
H, () ! (16)

1+ joC,R,, —w*C,L

s

Where Hext (%) is the transfer function of the
circuit implementation of the parasitic effects of the
photodetector as expressed.

The value of #:, L, Ri that is derivated from
experimental paper [18], as shown.
R, =102 L =100 pH
=308

5. Effect of the undepleted absorption layer on the
bandwidth

In this part, the effect of the undepleted
absorption layer on the bandwidth of the photodetector
is discussed. When the multiplication factor is low the
response time is depended on the carrier transit time in
the depleted absorption layer because of using the
undepleted absorption layer, the hole traverse the
layers with large velocity. The holes in the undepleted
layer are the majority carriers and can respond quickly
so that the transit time of a hole becomes negligble.
The electron transit time needed to get through the
layer can be shortened by varying the p-doping
concentration along the layer thickness that cause the
electron velocity be over shoot. [19], [20]

In this analysis the total absorption layer

thickness (*s) is 0.37 #M and electron overshoot

velocity is 2% 10" cm/s In undepleted absorption
layer [20].

in fig.4. the theoretical 3-dB bandwidth as a
function of the undepleted absorption layer thickness

(¥au) for different multiplication factors is shown. As
shown in fig.4. first the 3-dB bandwidth increases by
increasing of the undepleted absorption layer then of

the (¥au) is ~ 0.3 #M the 3-dB bandwidth gradually
decreases because the junction capacitance increase
for thinner (¥ai). (¥ai = ¥a — Xay ),

Also in fig.4. is shown that the 3-dB bandwidth
could be maintained over 20GHz wup to a
multiplication factor of 7 for WG-APD with a 0.17 —

M _thick i-InGaAs and a 0.20 — #M-thick p-type
gradient-doped InGaAs absorption layers. thus this
WG-APD can be used for the 25-Gb/s transmission
rate up to a My=7.

In fig.4. the theoretical 3-dB bandwidth as a
function of the undepleted absorption layer thickness
X4, for different multiplication factors is shown that
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firstly the 3-dB bandwidth increases by increasing of
the undepleted absorption layer then of the x,, is ~
0.25 um the 3-dB bandwidth gradually decreases
because the junction capacitance increase for thinner
Xaio ( Xai = X4 - X4 ). This results is adopted to the
experimental data from [1].

42r —%—Multiplication factor = 5
40 ——M=7

W 36§

! !

1 1 1 1 1
0 0.05 01 015 02 0.25 03 035
Undepleted absorption layer thickness: xau [nm]

Fig.4. Theoretical 3-dB bandwidth as a function of
undepleted layer thickness for different multiplication
factors.

Fig.5. shows 3-dB  bandwidth  versus
multiplication factor, when the undepleted absorption
layer was introduced the 3-dB bandwidth is improved
in the low multiplication factor range.

Fig.6. shows the effect of the thickness of the

multiplication layer *m. by increasing *m because
of the decrease of the photodetectors capacitance the
3-dB bandwidth increases.

- -Xau=0.23um
—Xau=0um
+—Exprimental
+—Xau=0um

+—Xau=0.2um

Bandwidth(GHz)
~
S

10' 10’
Multiplication Factor(Mo)

Fig.5. Theoretical results on 3-dB bandwidths as a
function of multiplication factor for the WG-APD with
the undepleted absorption layer (xau=0.2 um) and
without the undepleted absorption layer (xau=0pum)

Fig.6. Gain-bandwidth for WG-APD with
different multiplication layer.

6. Conclusion
In this paper, we studied on the WG-APD with
undepleted absorption layer that improve the 3-dB

04

bandwidth without degrading responsibility by using
the circuit model a new transfer function for this
structure was presented.

The frequency and time responses where
analysed  that caused the  gain-bandwidth
characteristics where investigate. this undepleted

absorption layer was effective in increasing the 3-dB
bandwidth. Also the influence of thickness of the
absorption and multiplication layer was illustrated for
a multiplication factor of 7 the 3-dB bandwidth was
obtained over 20Ghz.

By comparing this results against another
photodetector, we conclude that the WG-APD with
undepleted layer is appropriate for use in the
high-speed long-haul communication.

Appendix:

secondary holes:

x, +Aw,

For o<t< Vn no secondary holes are
generated because no photogenerated primary carriers
have reached the effective multiplication interface
plane in the multiplication layer.

X, +Aw,,

Then for o< t< Vi

NORY

X, +Aw, i<

()

Xy +X,;H X, +Aw

For

Vi Vi

[ e

pl)=N,(M, M, 1),

0

@

) (v,.t—(% +Awn,)j

'xa

X, +x,+x, +Aw i< xC+Aa;+xm.+xC+Aa; X

for

v, v, Vp Vi

The number of secondary holes will be

o o)
O, -1),

p,(t)=N, (M, -1)® (3)

x,tx.+Ae x
+
v, Vp Vo1

+x,.+Aw, X

au

X, +tAw N

<t<

for

X .+ X

ai an au

tAw, +x, x,
+

Va v, V1

All secondary holes are generated. the number of
the secondary holes at this time period is expressed as
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Plt)=rtM,-) @

P
hv
Vnt_(xn‘ +M)m)
XX ————m X
X
t xL +M)m t xau +xm' +xc +M)m
VVI VVI

n ’{t xau+xai+xc +Mgﬂj_ t—( 'XL+M%1 ani+xc +M;n +@ :|
V v, v, Vi

After that, all secondary holes get collected in the

.
P contact layer. thus for

Xt X tA@, +x, X, +x, +Ao, X

au

t> +

v, v, Vot
The number of the secondary holes are zero. The
number of the secondary holes as a function of time is

expressed:

\% \%
xm(1+ » ]+(xm. +x(,+Aa)m{1+”]v“t
\% \%

pl P

e et
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