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The Influence of Nonstationary Carrier
Transportion the Bandwidth of p-i-n Photodiode
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Abstract—The influence of nonstationary carrier transport on
the bandwidth and the bandwidth-quantum efficiency product
of p-i-n photodiodes is analyzed using the complete phenomeno-
logical model for two-valley semiconductors. The analysis has
been made for various submicron and micron dimensions, for
different bias voltages and for several energies of incident pulse
excitation, including the variation of the active area of the p-i-
n photodiode. The analysis shows that, as the thickness of the
absorption layer varies, the bandwidth could have more than
one maximum, especially for smaller bias voltages. The optimal
thickness of the absorption layer versus bias voltage and device
area is determined, providing maximal bandwidth and maximal
bandwidth-quantum efficiency product.

Index Terms—Charge carrier processes, integrated optoelec-
tronics, optical communication, p-i-n photodiodes, semiconductor
device modeling.

I. INTRODUCTION

T HE photodetectors bandwidth is one of the most critical
factors for new high bit rate optical communication

systems. Many papers deal with the bandwidth or frequency
response of p-i-n photodiodes. In a number of these papers,
models of p-i-n photodetector and the transport equations
of photogenerated carriers are based on many questionable
assumptions.

Lucovsky [1] calculated the frequency response of the
silicon p-i-n photodetectors by solving linear equations for
the carrier concentrations and photocurrent density in the
intristic region of the p-i-n photodiode, assuming constant
values for carrier velocities. The expression of the frequency
response provided in [1] by Lucovsky cannot be used for
two-valley semiconductor devices, because the velocities in
these semiconductors cannot be assumed constant, due to their
considerable variation with the applied electric field.

Bowers et al. [2] estimated the detector bandwidth, by
assuming that in high electric fields (above 50 kV/cm) all
carriers travel at the saturation velocity. This estimate is good
for thin absorption layers (submicron dimension) and in the
case of RC-limited bandwidth, but is not quite correct for
larger absorbtion layer thickness (micron dimension) and for
transit time limited bandwidth.

Sabellaet al. [3] presented an analytical model of an InGaAs
p-i-n photodetector, operating up to moderate illumination

Manuscript received August 14, 1996; revised August 4, 1997.
The authors are with the Faculty of Electrical Engineering, Belgrade

University, Belgrade 11000 Yugoslavia.
Publisher Item Identifier S 0733-8724(97)08893-2.

intensities. This model does not properly take into account
the influence of the RC constant on the bandwidth.

Dentanet al. [4] have studied the nonlinear response of p-i-
n InGaAs photodiode, induced by space charge effects due to
photogenerated carriers. However, this paper does not take into
account nonstationary effects caused by electron intervalley
transfer, that can influence the bandwidth even for absorption
layer thickness in the micron range.

The nonstationary and nonlinear response of a p-i-n photo-
diode made of a two-valley semiconductor has been studied
in [5]. However, this paper analyzed the nonlinearity but
neglected the change of the bias voltage and the influence
of the RC-constant.

In this paper, the bandwidth of p-i-n GaAs photodiode
is analyzed, using an extended phenomenological model of
transport equations [5]. This model is able to take into account
the change of the electric field caused by space charge of
photogenerated carriers and also the influence of bias volt-
age variation and nonstationary effects caused by electron
intervalley transfer. The complete phenomenological model
of transport equations allows for electron intervalley transfer,
which can be very important in submicron and micron devices
[6]. Using this model, we show that, as the thickness of
the absorption layer varies, the bandwidth can have more
than one maximum, particularly for lower bias voltages and
low energies of the incident pulse. These optimal thicknesses
depend on the RC-constant (active area of the photodiode and
the load resistance) and values of the bias voltage.

II. THE MODEL

We consider a p-i-n photodiode, made of a two-valley
semiconductor (GaAs). The photodiode structure is shown in
Fig. 1(a).

The electric circuit of the photodiode, used for detection, is
shown in Fig. 1(b). The detected signal is denoted as ,

is the voltage of the reverse biased p-i-n photodiode,
is its photocurrent, and the load resistance. In the photodiode
equivalent circuit, the resistance of the diode contacts and
the parasitic capacitance of the external circuit are neglected,
while the p-i-n photodiode capacitance is taken into account
via the displacement current. During the detection of the
incident radiation, the photodiode generates a photocurrent that
causes a voltage drop on the load resistance, thus changing
the photodiode voltage

(1)
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(a) (b)

Fig. 1. The structure of the p-i-n photodiode and the equivalent electric circuit.

This causes a perturbation of the electric field controlling the
carriers transport, inducing change of carriers transit time and
change of the bandwidth.

The electric field has two components, one being the electric
field in the case of weak optical generation and
the other is the space-charge induced field . The
first component of the electric field is determined by the
concentration of fixed charges and the variable reverse-bias
voltage, and the second component by the concentration of
photogenerated carriers. The electric field in the i-region is
shown in (2)–(4) at the bottom of the page whereis the
width of the i-region, and are the widths p- and n-regions,
respectively.

is the punchthrough voltage ( is the small residual donor
concentration in the absorption layer; and are acceptor
and donor concentrations in- and -regions, respectively)

is the width of depletion layer. is the dielectric
constant of GaAs and the electron charge. Subscripts 1 and
2 correspond to electrons in the conduction-band valley (1)
(the central valley) and the conduction-band valley (2) (the
satellite valleys).

To analyze the detection process in the two-valley semi-
conductor we have to use the transition rates for intervalley
electron transfer in the continuity equations for the central
and the satellite valley electrons. The continuity equations for

electrons and holes read

(5)

(6)

(7)

They should be solved together with the drift-diffusion equa-
tions for the optically generated electrons

(8)

(9)

and with the corresponding the drift-diffusion equations for
optically generated holes

(10)

Thus, the total conduction current density equals

(11)

, i are diffusion constants for electrons in the central
and the satellite valleys and for holes, respectively.

The net transfer rate is given by

(12)

where and are the phenomenological
values of electron transfer times from valley (1) to valley (2)
and vice versa[5], [6].

(2)
for

for
and

and
for

(3)

(4)
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In the above equations we neglect recombination, because
we assume that the processes considered are fast. We also
neglect thermal generation, because it creates the dark cur-
rent that is negligible when compared to the photocurrent
throughout the range of investigation.

The pulsed optical generation rate is

(13)

where is the incident photon flux density

with being the energy of incident light, the wavelength of
incident light, the p-i-n photodiode active area,Planck’s
constant, the velocity of light, and is the optical absorption
coefficient of GaAs.

The velocity versus electric field dependence was taken
from [7]

otherwise
(14)

where and are the saturation velocity and mobility of
electrons in the central valley, respectively, andand the
corresponding quantities in the satellite valleys, respectively.
Similarly, for holes we have

otherwise
(15)

where and are the saturation velocity and mobility of
holes, respectively.

The p-i-n photodiode response is given by the relation [5]

(16)

The first term in the above equation is the conduction current,
and the second term is the displacement current.

Equations (1)–(16) together with the initial conditions

(17)

and boundary conditions [5]

(18)

make a closed system that enables one to determine the current
response, i.e., the change of the photodiode voltage during
detection.

TABLE I
PARAMETERS OF THE p-i-n PHOTODIODE CONSIDERED

III. PARAMETERS OF CALCULATION

AND NUMERICAL TECHNIQUES

The analysis of transport processes in the photodiode is
performed using the parameters given in Table I.

The system of (1)–(18) was solved by the method of finite
differences, observing the stability condition
[8], where is the maximum carrier velocity. The
spatial step was chosen from this condition, while

ps is adopted for the time step. The bandwidth frequency
is calculated using the fast Fourier transform, applied to the
current response. The bandwidth-quantum efficiency product
is presented as a product of calculated bandwidth and, given
by

(19)

IV. RESULTS AND DISCUSSION

Fig. 2 depicts the dependence of the bandwidth on the thick-
ness of the absorption region of p-i-n photodiode together with
the transit time limited bandwidth. The bandwidth calculations
were performed for the bias voltage V, active area of

m2 and two values of the incident excitation energy
pJ and pJ. The incident excitation energy

may be expressed via the ratio of the maximal concentration
of photogenerated carriers and the donor concentration in the
absorption layer , that may be called the excitation level.
For pJ this ratio is and for pJ
it is . Fig. 2 shows that, for bias voltage higer than 5
V and lower than five, the influence of the space charge on
the bandwidth is practically negligible.

In case of submicron dimensions an increase of the absorp-
tion layer thickness causes a linear increase of the bandwidth.
For micron dimensions, however, the bandwidth decreases as
the absorption layer depth increases. It can be seen that the
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Fig. 2. The bandwidth versus thickness of i-layer of the p-i-n photodiode de-
pendence, in the case of bias voltageVCC = 5 V, active areaS = 700 �m2,
for two different energies of incident excitationW = 0:002 pJ ( = 0:1)
andW = 0:1 pJ ( = 5), together with the transit time limited bandwidth
for  = 5.

Fig. 3. Same as in Fig. 2, but for bias voltageVCC = 2 V and both of the
transit time limited bandwidths.

dependence of the bandwidth on the absorption layer depth
has a maximum. The bandwidth is determined by two main
factors. For submicron dimensions of the absorption layer the
bandwidth is determined by the photodiode RC-constant. For
micron dimensions the bandwidth depends on carriers transit
times. The carrier transit time increases with the absorption
layer depth and the bandwidth thus decreases. The same
conclusions were presented in [2] and [9].

However, some new results are presented in Fig. 3. It gives
the dependence of the bandwidth on the depth of the absorption
layer of the p-i-n photodiode at the bias voltage V,
active area m2 for two energies of the incident
excitation (same as in Fig. 2), together with the transit time
limited bandwidth. One should note the different behavior for

and cases. For smaller thicknesses of the i-
layer the curves almost coincide, but differences appear for
thicker layers. A prominent second maximum on the
line is apparent, i.e., the transit time limited bandwidth, for

V and , is not monotonously decreasing.
This differs from the results presented in [2] and [9], because
carriers do not travel with the saturation velocity during the

Fig. 4. (a) The profiles of normalized electron concentration in the central
valley and (b) the satellite valleys at bias voltageVCC = 15 V, excitation
level  = 0:1, active areaS = 700 �m2 and fixed thickness of the i-layer
d = 4 �m.

transit in the case of small bias voltage V. This
second maximum can be explained within the two-valley
model of the absorption layer semiconductor. The transport
of generated electrons in GaAs depends significantly on the
intervalley transfer between the central and the satellite
valleys ( and ). The mobility of electrons in the central
valley is larger than in the satellite valleys. At large bias
voltages ( V), all the electrons accumulate in the
satellite valleys, so the transport is slowed down (normalized
electron concentrations in the central and the satellite valleys
of such a case are respectively given in Fig. 4(a) and (b),
for bias voltage V, excitation level ,
active area m and absorption layer thickness

m). There is a prominent influence of strong electric
field here. The electron transport is essentially constrained to
the satellite valleys, so the bandwidth is low. The opposite
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Fig. 5. Same as in Fig. 4(a) and (b), but for bias voltageVCC = 2 V and excitation levels = 0:1 (a), (b) and = 5 (c), (d).

case is the electron transport shown in Fig. 5(a) and (b) for
V and . More electrons here belong to

the central valley which implies a faster transport, so the
bandwidth is higher. At a low bias voltage of V
and a larger thickness of the absorption layer the electric field
is substantially lower, and electrons appear in both valleys
in approximately equal amounts [Fig. 5(a) and (b)]. Fig. 5(a)
and (c) depicts the normalized electron concentration in the
centralvalley and Fig. 5(b) and (d) in the satellite valleys for
the two cases ( V; and , respectively)
with the absorption layer thickness of m and active
area of m2. For electron concentrations
in the central and the satellite valleys are much smaller than
for , so it takes less time to empty all the valleys in
the former case. This implies a faster response and a larger
bandwidth. The electron concentrations for becomes

zero after 70 ps, but for it does not. The phenomenon
of the second maximum is a consequence of tradeoff between
absorption layer thickness and noticeable nonstationary effects
of two-valley electrons transport. The maximum appears on the
curve for V and at a thickness of m.

Our model gives a new phenomenon of bandwidth inversion
for large thickness of the i-layer, as shown in Fig. 6, depicting
the bandwidth versus the absorption layer depth dependence
for m2 at four different bias voltages,
together with the transit time limited bandwidths. For smaller
thickness of the absorption layer the results as given are indeed
expected, but for larger thickness the presented results are new.
We found that for thicker absorption layers the bandwidth
decreases as the bias voltage increases, the phenomenon of
the bandwidth inversion, appearing as a consequence of the
intervalley transfer (Figs. 4 and 5).



MATAVULJ et al.: INFLUENCE OF NONSTATIONARY CARRIER TRANSPORT 2275

Fig. 6. The bandwidth versus the i-layer thickness dependence for excitation
level  = 0:1, active areaS = 700 �m2 and bias voltagesVCC = 2 V,
VCC = 5 V, VCC = 10 V, andVCC = 15 V, together with the transit time
limited bandwidths.

Fig. 7. The bandwidth-efficiency product versus the i-layer thickness depen-
dence for the excitation level = 0:1 active areaS = 700 �m2 and bias
voltagesVCC = 2 V, VCC = 5 V, VCC = 10 V, andVCC = 15 V.

To complete our considerations we presented in Fig. 7 the
bandwidth-quantum efficiency product versus the absorption
layer thickness dependence for different bias voltages (
and m2). It is clear from Figs. 6 and 7 that the max-
ima of the bandwidth and of the bandwidth-efficiency product
are higher and slightly moved toward larger thicknesses of
the i-layer for larger bias voltages. The bandwidth-efficiency
product is more sensitive because the quantum efficiency
is larger for larger thickness of the i-layer. A higher value
of the maximum at larger bias is simply due to a larger
electric field. Location of the maximum is defined by trade-off
between the RC-limited bandwidth and the transit time limited
bandwidth. The RC-limited bandwidth is constant for a fixed
active area, but transit time limited bandwidth is higher as the
bias increases in the range of smaller i-layer thicknesses (0.1–3

m). It implies that the maximum moves toward larger values
of the i-layer thickness at higher bias voltages.

Optimal thickness of the i-layer (location of the maximum)
is shown in Fig. 8 for maximal bandwidth and the bandwidth-
efficiency product ( and m2). A slight
increase of the optimal thickness with bias is clearly visible.

Fig. 8. The optimal thickness of the i-layer versus the bias voltage for the
maximal bandwidth and the bandwidth-efficiency product, for excitation level
 = 0:1 and active areaS = 700 �m2.

Fig. 9. The bandwidth versus the i-layer thickness dependence for the bias
voltageVCC = 5 V, excitation level = 0:1 and five different values of
active areaS = 70 �m2, S = 700 �m2, S = 1400 �m2, S = 2000 �m2,
and S = 5000 �m2, together with the RC-limited bandwidths and transit
time limited bandwidth.

For the maximal bandwidth, the dependence is almost linear
for bias higher than approximately 7 V. For the bandwidth-
efficiency product, this dependence has a slight saturation
between 6 and 9 V.

Since the value of the maximum and its position both
depend on the tradeoff between the RC-limited bandwidth and
the transit time limited bandwidth, which depend on the active
area and the bias voltage, respectively, we further investigate
the dependence of bandwidth on the active area. In Figs. 9
and 10, we give the bandwidth and the bandwidth-efficiency
product versus the absorption layer thickness dependencies,
for V and five different values of the
active area, respectively. In Fig. 9, the RC-limited bandwidths
and the transit time limited bandwidth are given. The RC-
limited bandwidths are represented by straight lines with
slopes depending on the active area. These straight lines are
decribed by

(20)

where is the bandwidth, is the capacitance
and is the active area. The transit time limited bandwidth
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Fig. 10. The bandwidth-efficiency product versus the i-layer thickness de-
pendence for the bias voltageVCC = 5 V, excitation level = 0:1 and five
different values of active areaS = 70 �m2, S = 700 �m2 S = 1400 �m2,
S = 2000 �m2, andS = 5000 �m2.

Fig. 11. The bandwidth versus the i-layer thickness dependence for the bias
voltage VCC = 2 V, excitation level = 0:1 and four different values
of active areaS = 700 �m2, S = 1400 �m2, S = 2000 �m2, and
S = 5000 �m2, together with the RC-limited bandwidths and transit time
limited bandwidth.

was calculated for V and . It is obvious
that the lines of RC-limited bandwidth completely decribe the
full bandwidth for small dimensions of the absorption layer.
These results show that the model of the p-i-n photodiode
used in [3] does not properly include the influence of the
RC-constant on the bandwidth. Qualitive agreement between
the models presented here and in [3] is observed only for
the transit time limited bandwidth. Agreement between this
model and similar ones in [2] and [9] is obvious. It is
apparent that the maxima of the bandwidth and the bandwidth-
efficiency product strongly depend on the device area. For
larger active areas the maximum is smaller and moves toward
larger thicknesses of the i-layer. This is a concequence of the
fact that the active area influences the RC-limited bandwidth.
Now, the transit time limited bandwidth is constant because
the bias voltage V is the same for all the curves
in Figs. 9 and 10. The slope of the RC-limited bandwidth is
inversely proportional to the active area of p-i-n photodiode, so
the maximum is moved toward larger thicknesses of the i-layer
for larger active areas, especially the bandwidth-efficiency

Fig. 12. The bandwidth-efficiency product versus the i-layer thickness de-
pendence for bias voltageVCC = 2 V, excitation level = 0:1 and five
different values of active areaS = 70 �m2, S = 700 �m2, S = 1400 �m2,
S = 2000 �m2, andS = 5000 �m2.

Fig. 13. The optimal thickness of the i-layer versus the active area depen-
dence for the maximal bandwidth and the bandwidth-efficiency product, for
bias voltagesVCC = 2 V, VCC = 5 V and excitation level = 0:1.

product maximum, because quantum efficiency is higher for
larger thicknesses. This shift is more prominent than that in
Figs. 5 and 7 because the RC-limited bandwidth versus the
active area dependence is stronger than the transit time limited
bandwidth versus the bias voltage dependence. We conclude
that for extremely large active area the bandwidth versus
the i-layer thickness dependence cannot have a prominent
maximum because the RC-limited bandwidth would intercept
this dependence in the range of saturation ( m).
The same is true for the bandwidth-efficiency product versus
the i-layer thickness dependence, but for smaller values of
the active area. In case of low bias voltages ( V)
the bandwidth and the bandwidth-efficiency product versus
the absorption layer thickness dependencies are presented in
Figs. 11 and 12, respectively. With the increase of active
area, the bandwidth maximum, which has appeared due to
tradeoff between the RC-limited and the transit time lim-
ited bandwith, decreases, while the second maximum, which
has appeared due to nonstationary electron transport remains
practically unchanged. Therefore, the optimal absorption layer



MATAVULJ et al.: INFLUENCE OF NONSTATIONARY CARRIER TRANSPORT 2277

thickness slowly increases with the increase of active area,
until the active area reaches a critical value, for which the
first maximum is lower than the second. After that, a further
increase of active area causes a rapid increase in the optimal
thickness, from submicron to micron dimensions (about 4

m), the optimal thickness remaining unchanged regardless
of further area increase. This should be obvious from Fig. 13,
which depicts the optimal thickness of the i-layer as a function
of the active area for maximal bandwidth and the bandwidth-
efficiency product V, V and .

V. CONCLUSION

From the above investigation we have derived the following
conclusions.

• By applying the complete phenomenological model of
transport equations, we have shown that for the optimal
thickness of the absorption layer of GaAs p-i-n photo-
diode the bandwidth has a maximum which, for bias
voltages from 2 V to 15 V, increases from 17 GHz to
23 GHz. At lower bias voltages (about 2 V), there is
a second maximum, too. It appears for thickness of the
apsorption layer which is considerably larger than optimal
( m). If the active area is large enough, this
maximum will be the global maximum. The appearance of
the second maximum (9 GHz) is explained by a prominent
intervalley electron transfer.

• For thick absorption layers (3–5m) the increase of
the bias voltage causes the decrease of the bandwidth
from 9 to 5 GHz, while for thin layers (0.1–2.5m) the
bandwidth increases from 17 to 23 GHz. This may be
called the bandwidth inversion.

• At larger bias voltages ( V) the bandwidth
maximum is higher and slightly moved toward larger
values of the absorption layer thickness. Thus, the optimal
thickness increases with the bias voltage from 0.6m to
0.8 m.

• If the RC-constant increases, for higher bias voltages
( V) the bandwidth maximum becomes lower
and moves toward larger absorption layer depths. Thus,
the optimal thickness increases from 0.2m to 1.6 m
when the photodiode area increases from 100m to 5000

m. Optimal thickness is determined by the product.
• If a p-i-n photodiode made of a two-valley semiconductor

(GaAs) with a large active area ( m) is oper-
ated under low bias conditions (approx. 2 V), the optimal
thickness of the i-layer is 4m and does not depend on
the RC-constant. This is very important for applications
where a reduced dissipation in the semiconductor circuitry
is of prime importance.

• The same conclusions are also valid for the bandwidth-
efficiency product.

The complete phenomenological model is one of the best
optimization tools presently available, because it can handle
a wide range of p-i-n photodiode operating conditions with
submicron and micron dimensions of the i-layer (device active
area and load resistance, bias voltage and the incident pulse
excitation parameters).
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