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Frequency response analysis of photodiodes for optical

communications
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This paper presents in detail the computed results regarding the effect of the absorption layer width, bias voltage,
temperature, wavelength and direction of the incident light on the transit time limited frequency response of photodiodes for
optical communications. The simulation model is quite general and may be applied to photodiodes with an arbitrary electric
field profile and non-uniform illumination. The results were obtained for p-i-n structures with an absorption layer of
Ino53Gap.47As and they show that better bandwidths may be obtained for shorter devices, lower temperature and, when the

light incident on the p" side, for shorter wavelengths.
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1. Introduction

Photodiodes are  widely used in  optical
communication systems because they can easily be
fabricated and have good frequency response [1]. For the
1.0-1.6 Um wavelength range the basic device consists of
a p-i-n  heterostructure with absorption region of
Ing 53Gag47As and doped regions of lattice matched InP
[2].

The frequency response of p-i-n photodiodes may
determine the performance of the optical communication
system and therefore it is important to study in detail its
dependence on the device’s structural and operating
parameters. The frequency response of p-i-n photodiodes
has been investigated using several numerical techniques
under various assumptions [3-5]. Analytical solutions may
be obtained when the carriers’ drift velocities in the
absorption region are assumed to be constant which, in
general, is not the case for long devices and/or small
reverse bias voltages. For an arbitrary electric field profile
the frequency response has been computed very accurately
by considering that the absorption region is divided into an
adequate number of layers where the electric field, and
therefore the drift velocity of electrons and holes, is
constant [6].The calculation of the frequency response for
this multilayer structure is based on the response of each
layer using matrix algebra [7].

In this paper a very comprehensive account of the
effect of the absorption layer width, bias voltage,
temperature, wavelength and direction of the incident light
on the transit time limited frequency response of p-i-n
photodiodes is presented.

2. Device structure and modelling

The p-i-n structure under study is shown in Fig. 1.
The contact layers are of highly p and n doped InP

semiconductor. Between the contacts there is an
absorption layer of lightly n doped Ing s3Gag 47As.

The light may be incident from either side of the
device however, for the wavelength range under
investigation, the optical absorption is only significant in
the ternary semiconductor. The photodiode is assumed to
be reverse biased and the bias voltages are high enough to
deplete the whole absorption region. In this case the
resulting electric field extends throughout the absorption
region and is responsible for the transport of the optical
generated electrons and holes.

InP In0A53Gao,47As InP

Fig. 1. Schematic of the p-i-n structure used in this work.
The light (@) may be incident on the p* side or on the n*
side.

The numerical model used to compute the frequency
response of p-i-n photodiodes has been presented
elsewhere and it will be described briefly in the following
paragraphs [6].

The absorption region is first divided into a certain
number of layers where the electric field is assumed to be
constant. The continuity equations are then solved for each
layer, with analytical solutions for the electron and hole
current densities. Each layer may then be characterized by
four linear response coefficients which, by following a
simple set of rules, can be combined to give the
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coefficients for the whole structure. The device’s
frequency response is derived from these coefficients. This
staircase approximation of the electric field in the
absorption region enables us to obtain the device’s
frequency response with the required accuracy for any
electric field profile, by the proper choice of the size and
number of layers.

In the frequency domain the continuity equations for
electrons and holes in the i layer may be written as:

1o 3 x)=3In%D e ) M
Vin n e dX 1 )
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v ‘]Ip (x,0) = dx +G; (x,0)

p

where Jin(X,0) and Jjp(X,®) are the electron and hole
current densities respectively, Vi, vj, are the electron
and hole drift velocities respectively and G; (X,) refers

to the electron-hole generation rate due to optical
absorption in the i layer which, for light incident on the
n*-side, is given by

Gi(x.o)=qage ™ (X, <X<X) ()
and , for light incident on the p*-side, is given by
Gi(xo) =qage @™ (x,<x<x) “)

The parameter « is the absorption coefficient, q is the
magnitude of the electron charge and ¢ is the amplitude

of the sinusoidal input optical flux component.
The i® layer may then be represented by a set of linear

response coefficients Tj, §i’ ﬁi and D;. The coefficients

Ti, §i are related to the electron and hole current densities
through the equations

[Jip(xi)}z_ﬁl:Jip(XH)}_gi %)
Jin (%) Jin(Xi1)
with
Ti:ripp Tipn} and §i:{sip} (6)
Tinp inn in
The coefficients ﬁi and D; are obtained from the
equation
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The coefficient D; is a scalar whereas gr ~[Rp Rl

The frequency response I(®) may then be expressed
as:

I (@)=(D—-R:Sy)/(Tanla) )

where D, R,, S,, T., are quantities derived from the
coefficients for the whole structure which may be obtained
following a simple set of rules

Tini =Tint Ty
Siani = Sia +TintSi

. . N (10)
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Dii = RTH §i +Di, + D

with subscripts (i), (i+1) and (i+1,i) referring to the i®
layer, (i+1)™ layer and the union of the two layers
respectively.

For the i"™ layer and light incident on the n-side,

Ti, Si, R; and D; are given by:
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with  7jn =0/ Vi, Tin =/ Vin being the hole and
electron transit time in the i layer respectively and

f0)=a1 —e“’)/e . When the light is incident on the p'-

side the expressions for T; and ﬁi do not change but §i
and D;j are given by [8]
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The electric field in the absorption region may be
approximated by [9]

E()= 2;" x+[7u *Ud] (U >Uyq) (16)

a éa
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with U the reverse bias voltage and Uy the punchthrough
voltage given by U, = aN4; , where N is the residual donor
2¢,

concentration in the absorption region and &, its dielectric
constant.

The electron and hole drift velocities in the
Ing 53Gag 47As are calculated, for each value of the electric
field, from two empirical expressions that show very good
agreement with experimental results [4]:

v, (E) :(ynE+ﬁvMEV)/(1+ﬁE7)
Vp(E) = vy tanh (4, E /vy )

a7

with 4y, pp the electron and hole mobilities respectively
and Vv,,, Vv the electron and hole saturation drift

velocities respectively; 8 = 7.4x10™" (m/V)*%; y =2.5.
The temperature affects the drift velocities because
the mobilities and the saturation drift velocities change
with temperature. For the InGaAs we consider that, at T=
300 K, = 1.05 m*V's™ and 4= 0.042 m*V''s" and that,
for the range of temperatures under consideration,

M C T [10]. The saturation drift velocities may be
related to the absolute temperature by [10]

Vo =77x10% =537 (mss) (18)

Vo= 6.59x10% ~53.4T  (mvs)

The drift velocity for electrons and holes as a function
of the electric field, at T=273 K, 300 K and 350 K, is
shown in Fig. 2. An increase of temperature is seen to
decrease the drift velocity, the effect being more important
for the electrons at low electric fields.

T
Ing 53Gag47As 1

Drift velocity (x10° m/s)

Electric field (MV/m)

Fig. 2. Electron and hole drift velocity versus electric
field for Inys3Gag 47As at several temperatures.

The absorption coefficient depends on temperature
mainly due to changes in the energy band gap, Wg. For
Ing 53Gag 47As it may be expressed as

Z 19
-0 [T )
G

with hf representing the energy of the incident optical
radiation and Wg(T) given by [2]

W, (T)=0.812-3.26x10°T + (20
+331x107T? (V)

The absorption coefficient also depends on the
wavelength of the incident radiation which, for T = 300K
and A in um, may be given by [11]:

a(h) = exp(3.935—3.524% + 0.472.%) x10° (m™) 210

and is represented in Fig. 3 for T= 273 K and 350 K. The
absorption coefficient decreases when the wavelength
increases and the temperature decreases. From Fig. 3 it is
clear that the absorption coefficient is more sensitive to the
wavelength than to the temperature.

1.0 1.1 1.2 13 1.4 15 16
A (um)

Fig. 3. The absorption coefficient versus wavelength for
Ing.53Gag 47AS at several temperatures.

3. Results and discussion

The p-i-n structure under study is assumed to have an
absorption region of n-type lightly doped Ings;Gag43As
with impurity concentration N= 10*'m™. The light is
assumed to be incident on the p' side unless stated
otherwise. The calculations were based on absorption
regions divided into 10 equally spaced layers because the
results did not differ from those obtained with 100 or more
layers [6].

Fig. 4 shows the computed frequency response of p-i-
n photodiodes at T= 300 K and A= 1.55 um for Ea =15

pm and 3 pm and U= 6 V and 10 V. These results show
that the frequency response is more sensitive to the
absorption region width than to the bias voltage. Better
frequency response is obtained for shorter devices, which
is related to the decrease of the carriers’ transit time. A
slight increase of the frequency response for lower
voltages may be explained in terms of the drift velocity-
electric field type of dependence for the electrons which,
for incidence on the p* side, are the dominant carriers. For



Frequency response analysis of photodiodes for optical communications 919

incidence on the n* side the holes are the dominant carriers
and, for the same reasons, the results should be reversed as
it has already been reported [8]. The fact that the electrons
have higher drift velocities than the holes also explains
why the frequency response is better for incidence on the
pside [8].

0.0 ——

-2.0

-3.0

Frequency response (dB)

A=1.55um
T=300K
N=10"m"

-4.0]

30 35 4.0 45
IOg( f / f(l)

Fig. 4. Computed frequency  response of p-i-n

photodiodes at T=300K and A=1.55um for

f,=15umand3umand U=6Vand 10V (f=1
MH?z).

The computed frequency response of a p-i-n
photodiode with ¢ a=3 umand U= 6V for T= 300 K and

350 K and A= 1.0 pm and 1.55 pm is shown in Fig. 5. For
a fixed temperature long wavelength optical radiation is
seen to give worse frequency response, which agrees with
other published results [3]. When the wavelength increases
the absorption coefficient decreases, i.e., light is absorbed
deeper into the absorption region. For light incident on the
p" side the observed results may be explained in terms of
an increasing contribution of holes to the photocurrent,
which have lower drift velocity than the electrons. The
frequency response is also seen to improve when the
temperature decreases. These results indicate that the
effect of temperature is more important on the drift
velocity than on the absorption coefficient.

The effect of the width of the absorption region on the
bandwidth for T= 300 K and 350 K and U=6 V and 10 V
is shown in Fig. 6, when A= 1.3 um. The bandwidth
decreases about 8 GHz when the absorption region width
increases from 1.5 um to 3.0 um. When the temperature
increases from 300 K to 350 K the bandwidth decreases
more than 1 GHz for U= 6 V and less than 1 GHz for U=
10 V. The bandwidth is about 2 GHz and 3 GHz higher for
U= 6 V than for U= 10 V when ¢,= 1.5 and 3.0 pm

respectively. Shorter devices at lower bias voltages have
larger bandwidths. However they are more sensitive to
temperature.

Frequency response (dB)
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Fig. 5. Computed frequency response of a p-i-n
photodiode with fa =3 umand U=6V for T= 300 K
and 350 K and A= 1.0 zm and 1.55 um (f, = 1 MHz).
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Fig. 6. Computed bandwidth of a p-i-n photodiode as a
function of the absorption layer width for T= 300 K and
350Kand U=6Vand 10V, 1= 1.3 um.

Fig. 7 shows the bandwidth dependence on 7, for

several values of the wavelength at T=300 K and U= 6V,
when the light is incident on the n” or p* side. The best
bandwidth values are obtained for light incident on the p*
side. For incidence on the p* side the bandwidth is seen to
decrease when the wavelength increases, the effect being
more important for longer devices. However, as predicted,
if the light is incident on the n* side an increase of the
bandwidth is observed when the wavelength increases. For
A= 1.55 um, the bandwidth is about 4 GHz and 8 GHz
higher when light is incident on the p” side than when light

is incident on the n' side, for /.= 1.5 ym and 3.0 pm

a
respectively.
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Fig. 7. Computed bandwidth of a p-i-n photodiode as a

function of the absorption layer width at T= 300 K and

U=6YV, for A=1.0 gm, 1.3 um and 1.55 zm and light
incident on the p* or on the n* side.

For long devices, £,= 3 pm, and U= 10 V the
bandwidth does not seem to change for the wavelength
range of 1.0-1.2 pum, Fig. 8, because optical generation
takes place mostly in the absorption region close to the p*
contact.
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Fig. 8. Computed bandwidth of a p-i-n photodiode as a
function  of  wavelength when U=10V for

T=273 K, 300 K and 350 K and fa =15 gmand 3 ym.

For longer wavelengths the increasing contribution of
holes to the photocurrent is responsible for the observed
decrease in the bandwidth. The wavelength range, for
which the bandwidth saturation is observed, decreases
when the bias voltage decreases, Fig. 9. Devices biased at
U= 6 V seem to be more sensitive to changes in the
absorption coefficient than those biased at U= 10 V, which
may be due to the electron drift mobility-electric field type
of dependence.
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Fig. 9. Computed bandwidth of a p-i-n photodiode as a
function of wavelength at T= 273 K for U=6 V and 10 V

and faz 1.5 ym and 3 gm.

The bandwidth as a function of temperature is shown
in Fig. 10, for devices biased at U= 6 V with /,=1.5 um

and 3.0 um at A= 1.3 pum and 1.55 pm. When the
temperature increases from 273 K to 350 K the bandwidth
decreases about 2 GHz. For a fixed temperature and low
bias voltage longer devices seem to be more sensitive to
wavelength changes than shorter devices.
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Fig. 10. Computed bandwidth of a p-i-n photodiode as a
function of temperature when U= 6V for A= 1.3 4m and

155 mand ¢, =15 ymand 3 zm.

4. Conclusions

This paper investigates the effect of the absorption
region width, bias voltage, temperature and wavelength on
the transit time limited frequency response of
InP/InGaAs/InP p-i-n photodiodes. In this simulation
model, valid for an arbitrary electric field profile and non-
uniform illumination, the absorption region is divided into
a certain number of layers where the electric field is
assumed to be constant. Each layer may then be
represented by a set of linear response coefficients that can
be combined, by a simple set of rules, to give the linear
response coefficients for the multilayer structure which are
then used to obtain the device’s frequency response. The
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bandwidth of p-i-n photodiodes is strongly dependent on
the absorption region width due to its effect on the
carriers’ transit time. An increase of the absorption region
width increases the carriers’ transit time and therefore
decreases the bandwidth. An increase of temperature is
seen to decrease the drift velocity and increase the
absorption coefficient. The reported decrease of
bandwidth, when the temperature increases, shows that the
effect of temperature is more important on the drift
velocities than on the absorption coefficient. The device’s
bandwidth is higher for light incident on the p" side than
for light incident on the n" side. For light incident on the
p" side, the bandwidth increases when the wavelength
decreases because the photocurrent is mostly determined
by the optical generated electrons. However, if the light is
incident on the n* side, the bandwidth increases when the
wavelength increases due to an increasing contribution of
electrons to the photocurrent. The bias voltage also affects
the device’s bandwidth due to the drift velocity-electric
field type of relationship for electrons and holes in the
absorption region. For light incident on the p* side lower
bias voltages give better bandwidths however they seem to
be more sensitive to temperature and wavelength changes.
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