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Nonlinear Saturation Behaviors of High-Speed p-i-n
Photodetectors

Yong-Liang Huang and Chi-Kuang Sun, Member, IEEE, Member, OSA

Abstract—We present numerical simulations of the ultrafast
transport dynamics in an ultrahigh-speed double-heterostructure
p-i-n photodetector. Nonlinear saturation behaviors under high
field and high power illumination are investigated with the external
circuit response considered. Damping constants and diffusion
constants are both treated as electric-field- and carrier-concen-
tration-dependent in our model in order to take into account the
effect of carrier scattering. We have also considered the carrier
trapping at the heterostructure interfaces for the first time.
Besides the drift-induced space charge screening effect, we find
that saturation of external circuit and carrier-trapping-induced
screening effect are also the dominant mechanisms contributed to
the nonlinear bandwidth reduction under high power illumina-
tion. On the other hand, previously reported plasma oscillations
are found to be greatly suppressed by including strong carrier
diffusion effect in the model.

Index Terms—Carrier trapping, high-speed photodetector, non-
linear saturation, p-i-n, plasma oscillation, space charge screening.

I. INTRODUCTION

DEVELOPMENT of high-speed and high-sensitivity pho-
todetectors operating at 1.3–1.55-m wavelengths is fun-

damental for new high-bit-rate long-wavelength optical com-
munication systems. Ultrahigh bandwidth operation requires a
thin absorption layer and a small active area in order to reduce
the carrier transit time and detector RC time constant [1]. The
small active volume results in a high carrier concentration and a
high field. Under high power illumination, nonlinear saturation
induced bandwidth reduction was observed experimentally [2],
[3], which was tentatively attributed to the carrier-drift-induced
space charge effect.

In this paper, we present a numerical simulation on the
ultrafast transport dynamics of an ultrahigh-speed long-wave-
length p-i-n photodetector. The device we modeled is an
InP–InGaAs–InP double heterostructure backside illuminated
detector [4]. The active region thickness is 180 nm, which
allows a fast intrinsic response. In order to reduce the junction
capacitance, the diameter of the active area is 2m. The
fabricated device has demonstrated a record bandwidth of 120
GHz for the telecommunication wavelength [4].

Numerical simulations of numerous high-speed p-i-n pho-
todetector structures have been previous reported by several
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research groups [5]–[8] including Dentan and Cremoux [5],
Parker [6], and Uedaet al. [7]. Recently, Williams and his
coworkers presented one of the most complete model [8],
considering the effects of field-dependent-drift velocity,
field-dependent-diffusion, and external load resistance. The
analysis was performed in the frequency domain. The analyzed
device active area thickness was on the order of 1m. The
p-region absorption and carrier-dependent velocities associated
with a perturbed electric field were shown to be the dominant
photodetector nonlinear behavior [8]. In our study, we have
not only analyzed the carrier transport in the time domain
for the ultrathin device by solving three coupled nonlinear
differential equation, including Poisson's equation, carrier
continuity equation, and carrier motion equation under a high
electric field, but have also considered carrier trapping at
the heterostructure interfaces and the external circuit effect,
including not only load resistance, but also device and para-
sitic capacitances. In order to take into accounts the carrier
scattering and electric-field dependent effects, we have also
considered electric-field- and carrier-density-dependent dif-
fusion constants and damping constants, electric-field- and
carrier-density-dependent carrier velocity, velocity-dependent
trapping constant and bias-dependent depletion length. Sha and
Smirl have previously observed coherent plasma oscillation at
80 K [9] in a GaAs p-i-n structure. Uedaet al.have also reported
a plasma oscillation behavior in their numerical simulation [7].
We have studied plasma oscillation in our simulation with room
temperature parameters. We find that the plasma oscillation in
a p-i-n photodetector should be strongly suppressed by carrier
diffusion at room temperature.

II. DEVICE MODEL

The doping densities of the simulated InP–InGaAs–InP
double heterostructure p-i-n photodiode [4] in the n region and
the p region are cm and cm , respectively.
We assume that the background carrier concentration in the
intrinsic region is cm . The circuit model is shown
in the inset of Fig. 1. The device is under reverse bias. In
the circuit model, we have considered a parasitic capacitance

of 4 fF, a photodiode resistance of 65 , and a load
resistance of 50 . These parameters are taken from the
measurements of the physical device [4]. The calculated dark
electric field under a 2-V reverse bias is shown in Fig. 1. The
dielectric constants for InP and InGaAs are 12.4 and 13.77,
respectively [10]. We have taken the dielectric constant as
13.77 for the whole region so the dark electric field in Fig. 1
is continuous.
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Fig. 1. Dark electric field distribution under a 2-V reverse bias. Inset shows
the photodetector circuit model.

III. M ATHEMATICAL METHOD

A. Transport Equations

The basic equations governing the carrier behaviors are the
Poisson's equation, the carrier motion equations, and the carrier
continuity equations. By neglecting the transverse variation, the
one-dimensional (1-D) Poisson's equation is described in the
following form:

(1)

where is the built-in potential formed by photogener-
ated electrons and holes,is the value of electron charge,
and are the excess electron and hole densities generated
by photoexcitation. and are longitudinal position and time.
The space charge field can then be obtained from the rela-
tion of .

The continuity equations are described by

(2)

(3)

While the first term in the continuity equations describes the car-
rier diffusion, the second term is due to the carrier drift under
an electric field. and are the electron and hole diffu-
sion constants. The diffusion constants are functions of velocity
and electric field, which will be given in Section III-B.
and are electron and hole velocities. For an InP–In-
GaAs–InP heterostructure p-i-n photodetector, there exist a bar-
rier height of 0.16 eV at the i–p interface and a barrier height
of 0.12 eV at the i–n interface. We introduce a carrier trapping
term to simulate this effect. We assume that carriers can not pass
these barriers by drift or diffusion. The trapping time constant
is a function of the carrier kinetic energy. The continuity equa-
tions of carriers at the heterostructure interfaces are described
in the following forms:

(4)

(5)

with

(6)

(7)

and are the carrier trapping times for kinetic electrons and
holes. and are the electron and hole effective masses.

and are given carrier trapping constants.
The motion equations for electrons and holes in the presence

of electric field are given by the following equations:

(8)

(9)

is the total electric field across the device. and are the
damping constants of electrons and holes. The damping con-
stants are functions of velocity and electric field as given in the
Section III-B.

Under photoillumination, electron-hole pairs are
generated in the depletion region [5] with

, where is a
constant, is the active layer thickness, and cm
is the optical absorption coefficient [5]. The first term describes
the absorption of incident beam and the second term describes
the absorption of the reflected beam. An average carrier con-
centration is used in this text to indicate the above described
carrier distribution that will be used in our simulation.

B. Nonlinear Properties

There is a nonlinear relation between the carrier drift velocity
and the electric field due to the Gunn effect [11], [12]. However
a well-defined formula is not available. According to research
of Haaseet al.[13], we can find the peak threshold velocity and
the corresponding threshold electric field for a given carrier con-
centration. By choosing proper parameters we can then approxi-
mate the steady-state velocity-field relationship according to the
experimental formulas [5]. Fig. 2(a) presents velocity-field re-
lations for a carrier concentration of cm , given by
the following approximated equations:

(10)

(11)

and are velocities of electrons and holes in steady
state for a given carrier concentration and electric field.

cm·s , and
cm·s . and are electron and hole mobilities under low
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TABLE I
� AND  FOR DIFFERENTCARRIER CONCENTRATIONS.

electric field. In steady state, carrier velocity and electric field
are related by and under low field. In
order to take the carrier scattering effect into consideration, we
have linearly approximated the electron mobility for carrier
concentration among cm and cm
from the previously published data [13]. The parameteris
approximated in the same way. The values of and are
listed in Table I. Pearsallet al. [14] found that the hole mobility
is approximately proportional to the electron mobility with

, so that we can then deduce the hole
mobility with this relation. Under large electric field, saturation
velocities for electrons and holes are taken as cm/s
and cm/s. Electric-field-dependent and carrier-ve-
locity-dependent damping constants and diffusion constants
can then be obtained. In steady state, left sides of (8) and (9) are
zero. We can then deduce the values of the damping constants
as and , where and

are given by (10) and (11). According to (10) and (11), the
value of the damping constant is proportional to magnitude of
the electric field.

As the magnitude of the electric field increases, there is also
a nonlinear relation between the diffusion coefficient and the
field [15]. However there is no simple formula available. We
approximate the field-dependent diffusion constants by using
the Einstein relation and (10) and (11) with

(12)

(13)

is the Boltzmann constant andis the absolute temperature.
For a carrier concentration of cm , the electron and
hole diffusion constants are shown in Fig. 2(b) as an example.
We can find that the electron diffusion constants under low field
are much greater than those under high field.

C. Current Calculation

1) Equation Derivation: The carrier continuity equation in-
cludes a drift term and a diffusion term. The conduction current

in the device is thus described by both the drift current den-
sity and the diffusion current density as

(14)

Fig. 2. (a) Field dependent steady-state carrier velocities for a carrier
concentration of1� 10 cm . (b) Field-dependent diffusion coefficients.

with

(15)

(16)

is the device area and is calculated at the edge of the de-
pletion region near the p region. When carriers flow out of the
depletion region, the electric neutrality is no longer maintained
due to different drift velocities of electron and hole. Free charges
are then accumulated on the edges of the depletion region with
an induced electric field and potential. The electric field in the
depletion region and potential across the depletion region can
be described by [5]

(17)

with

(18)
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and

(19)

is the junction capacitance field induced by the accumulated
free charges on the depletion edge of the p region. is
the junction capacitance across the depletion region. A displace-
ment current is also induced due to the variation of in a
very short time with

(20)

2) Current Calculation of the Circuit:The circuit model
is shown in the inset of Fig. 1. is the applied reverse bias
voltage. is the current flowing through the resistance. is
the current flowing into the photodetector. Potential across the
device can be given in the following form:

(21)

where is the excess charge stored in the parasitic capacitor
. Combining (20) and (21) the displacement current is given

as [5]

(22)

where is the total resistance. The electric charge
can be obtained by

(23)

The current flow through the parasitic capacitanceis given
by

(24)

The total current flowing into the photodetector is the sum-
mation of the displacement current and the conduction current,

(25)

The current flowing through the resistanceis given by

(26)

IV. NUMERICAL METHOD

Finite difference numerical technique is used in the simula-
tion. A flowing chart to calculate the current response is given in
Table II. The initial value of and is zero at .
The total electric field is then obtained by (17) and is used to cal-
culate the field-dependent diffusion and damping constants ac-
cording to (10) and (11). Carrier velocities are calculated from
motion equations (8) and (9). Velocity-dependent trapping con-
stants are then obtained from (6) and (7). Continuity equations
(2) and (3) are then used to calculate the distribution of carrier

concentration in the depletion region. The current responses
and are obtained by (14), (22), (25), and (26) respec-

tively. The accumulated excess charge is obtained by (23).
3 dB frequency can be finally obtained by applying fast Fourier
transforms (FFT’s) to the simulated current impulse response

. Parameters used in the model are given in Table III.

V. SIMULATION RESULT

A. Internal Behavior

Under high power illumination, nonlinear bandwidth satura-
tion of ultrahigh speed p-i-n devices was observed and attributed
to the carrier-drift-induced space charge screening effect [2],
[3]. When carriers drift under reverse bias, space charge field is
induced. The induced field is in the opposite direction to the bias
electric field and the total electric field becomes smaller. With a
total field close to zero, the carrier drift velocities become much
lower and a slow current response is then expected, which would
result in the observed bandwidth reduction. In order to under-
stand the contribution of drift-induced space charge screening
effect, we have investigated this internal behavior by neglecting
the external circuit components. The voltage across the photo-
diode is thus kept as the bias voltage. resistance–capacitance
(RC) time constant, which will limit the unsaturated response
function, is thus also neglected. In order to make the drift-in-
duced space charge screening effect the only factor contributed
to the saturation behavior, we have also neglected the carrier
trapping effect. The simulated internal responses for two dif-
ferent photocarrier concentrations are shown in Fig. 3(a) and
(b) with a reverse bias of 2 V. For a photocarrier concentra-
tion of cm as shown in Fig. 3(a), the induced space
charge field is small with carriers moving at the saturation ve-
locities. The observed current response has a drift-time-limiited
3-dB bandwidth of 151 GHz. For a higher carrier concentration
of cm , the drift-induced space charge field starts
to screen out the bias field after1 ps. A sharp decrease and a
long tail in the current response can thus be observed as shown in
Fig. 3(b). The corresponding saturated 3-dB bandwidth is121
GHz. Fig. 4 shows the simulated 3-dB bandwidth (open dia-
monds) for different photocarrier concentrations. Experimental
data [3] is also shown as solid circles for comparison. As shown
in Fig. 4, the calculated 3-dB bandwidth by this internal model
presents a large deviation from the experimental observation.
The simulated threshold carrier density for bandwidth saturation
is much higher than experimental data, indicating the existence
of other dominating mechanisms responsible for the observed
nonlinear bandwidth reduction.

B. External Circuit Behavior

We have considered the external circuit response according to
the inset of Fig. 1, which will affect both the unsaturated band-
widths (due to the RC time constant) as well as the saturated
bandwidth. In order to compare the effect of carrier trapping,
we have neglected the trapping effect at this moment. For a low
concentration of cm under a 2-V reverse bias, car-
riers are moving with saturation velocities and the response de-
scribed in Section V-A is only modified by the external circuit
RC response as shown in Fig. 3(a). A 3-dB bandwidth of 121
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TABLE II
FLOWING CHART OF THE NUMERICAL CALCULATION .

TABLE III
DEVICE PARAMETERS USED IN THE SIMULATION .

GHz and a full-width at half-maximum (FWHM) current re-
sponse of 2.65 ps can be obtained, which are in excellent agree-
ments with the experimental data. With a photocarrier concen-
tration of cm , the simulated bandwidth reduces to
72 GHz, which is shown in Fig. 3(b). The drift-induced space
charge effect and RC time constant can not completely explain
this large bandwidth reduction. We attribute the observed extra
bandwidth reduction to external circuit saturation. With an ultra-
fast response, the resulted large transient peak current flowing in
the resistance would induce a large voltage drop, which reduces
the applied bias and the electric field across the depletion region
and results in the slow current response shown in Fig. 3(b). The
simulated 3-dB bandwidth for different photocarrier concentra-
tions have also been shown in Fig. 4 (open triangles). Please
notice that we have considered junction capacitance (intrinsic
in the model), parasitic capacitance, photodiode resistance, and
load resistance, all with physically measured parameters [4].
Even though our simulation shows excellent agreement with
measurements under low illumination, the simulated saturation
responses under high illumination still exist a large difference

Fig. 3. External circuit current responseI under a 2-V reverse bias for
different simulation models with photocarrier concentrations of (a)1 � 10

cm and (b)7 � 10 cm .

Fig. 4. A 3-dB bandwidth versus photocarrier concentration under a 2-V
reverse bias for the internal model (open diamond), the external circuit model
neglecting trapping (open triangle), and the external circuit model considering
trapping with� = 1:25 ps (open square), 2.5 ps (open inverted triangle), and
5 ps (open circle). Experimental data from [3] are also shown as solid circles
for comparison.

from the experimental observations that exhibit a much lower
saturation bandwidth.

C. Carrier Trapping Effect

Due to the discrepancy observed in our simulation, we have
thus considered the carrier trapping effect at the heterojunction
interfaces. Equations (4) and (5) simulate the carrier trapping
mechanism. Due to the difficulty to experimentally determine
the actual trapping time, we have first assumed the trapping con-
stants and as 5 and 10 ps. The real trapping time is much
shorter than and according to (6) and (7). The effect of
different trapping time will be discussed later. The simulated
current responses for photocarrier concentrations of
cm and cm under a 2-V reverse bias, including
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both trapping and external circuit effects, are shown in Fig. 3(a)
and (b). The corresponding 3-dB bandwidths are 111 GHz and
51 GHz, respectively. With a low carrier density in the unsatu-
rated regime, the simulated results show that the carrier trapping
effect does not delay the carrier drift time much as previously
expected [4]. We thus do not observe any obvious bandwidth
reduction under low illumination. This means that this trapping
effect can be neglected in the low illumination model and most
of the device bandwidth calculations have already adopted this
simplification. However, with a high photocarrier density, this
trapping effect does seriously cause bandwidth reduction. We
attribute this effect to the space charge screening field created
by the trapped carriers.

Fig. 5 shows the simulated carrier density and electric field
distributions at ps for the carrier concentration of
cm . Due to the trapping effect, carriers are trapped at the in-
terfaces and a space charge screening fieldis induced. The
electric neutrality is destroyed and a large excess chargeis
induced to balance the variation, which sets up a junction elec-
tric field according to (18). From Fig. 5(b), the magnitude
of the negative total field is slightly decreased in the middle de-
pletion region and increased on the two sides. The carriers thus
still move with saturation velocities. Fig. 6(a) and (b) shows the
corresponding transient electron and hole density distributions.
Most of the carriers have left the bulk in 4.0 ps with saturation
velocities. The trapped carriers move away in a much longer
time due to the large time constant we have adopted in this par-
ticular simulation. However they do not make any significant
contribution to the external current response.

Fig. 7 shows the electric field and carrier velocity distribu-
tions at ps for the higher carrier concentration of

cm . The total electric field is close to or even greater
than zero in the middle depletion region, mostly due to the trap-
ping induced space charge field and partly due to the drift in-
duced space charge field. While most holes move with a smaller
velocity, it is interesting to notice that parts of the electrons
change their moving directions due to the positive total elec-
tric field as shown in Fig. 7(b). Fig. 8 shows the corresponding
transient electron and hole velocity distributions. Electrons and
holes first move with saturation velocities of cm/s and

cm/s at time slightly greater than zero. As time in-
creases, due to the setup of the strong space charge field, parts of
the electron population starts to move at a slower speed or even
change their moving directions. This behavior is similar to an
underdamped plasma oscillation and will be further discussed
later. As the carriers gradually leave the bulk, the total electric
field recovers to be negative. The carriers then all move back
to their original directions and finally move with the saturation
velocity. Fig. 9 shows the corresponding transient electron and
hole density distributions. Compared with Fig. 6, a much slower
detector response can be observed.

Fig. 4 also shows the calculated 3-dB bandwidths with the
electron trapping constant as 1.25, 2.5, and 5 ps (as open
squares, open inverted triangles, and open circles). The hole
trapping constant is kept as two times of due to a larger
hole effective mass and a larger barrier height at the i–p inter-
faces. While with low carrier densities the device bandwidth
is reduced because of the delayed current response due to the

Fig. 5. (a) Carrier density distribution att = 1 ps for a photocarrier
concentration of1� 10 cm with trapping considered under a 2-V reverse
bias. (b) Corresponding electric field distribution.

Fig. 6. (a) Transient electron density distribution with trapping considered for
a photocarrier concentration of1 � 10 cm under a 2-V reverse bias. (b)
Corresponding transient hole density distribution.

carrier trapping time, with high carrier densities the bandwidth
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Fig. 7. (a) Electric field distributions att = 0:48 ps for a photocarrier
concentration of7 � 10 cm under a 2-V reverse bias with trapping
considered. (b) The corresponding carrier velocity distributions.

Fig. 8. (a) Transient electron velocity distribution with trapping considered
for a carrier concentration of7 � 10 cm under a 2-V reverse bias. (b)
Corresponding transient hole velocity distribution.

was found to be strongly saturated due to the trapped carrier in-
duced space charge field. The calculated 3-dB bandwidth can
be reduced from 92 GHz (neglecting carrier trapping) to 75, 71,

Fig. 9. (a) Transient electron density distribution with trapping considered for
a photocarrier concentration of7 � 10 cm under a 2-V reverse bias. (b)
Corresponding transient hole density distribution.

or 69 GHz (with of 1.25, 2.5, or 5 ps) for a carrier con-
centration of cm . These simulation results indicate
that the carrier-trapping effect is one of the dominant factors for
the bandwidth reduction under high power illumination and it
thus should not be neglected. It is also interesting to notice that
the different trapping constant does not change the bandwidth
much. With all three effects considered, the simulation results
now agree better with experimental data, indicating the impor-
tance of both external circuit saturation and trapping effects on
the nonlinear bandwidth saturation of the ultrahigh-speed p-i-n
photodetector.

D. Bias Dependent Response

Previous experiments have shown that the nonlinear satura-
tion behavior in the ultrahigh-speed p-i-n devices can be recov-
ered by applying a higher external bias [3]. We have also studied
the bias dependent nonlinear current response under high illu-
mination in the simulated devices. For a carrier concentration of

cm , current responses with different bias voltages
are shown in Fig. 10. The 3-dB bandwidths for biased voltages
of 1, 2, 3, 5, and 7 V are 37, 51, 66, 81, and 89 GHz, respectively.
As bias increases, a higher photocarrier concentration is needed
to create a space charge field large enough to screen out the ap-
plied bias field. A higher carrier concentration is also needed
to create a larger transient peak current to saturate the external
circuit. We thus observe a larger bandwidth as the bias voltage
increase. When the bias voltage is larger than 7 V, the external
circuit is completely recovered. The device bandwidth will then
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be determined by the bias-dependent depletion width and RC
time constant.

E. Plasma Oscillation

Shaet al.have previously reported an observation of coherent
plasma oscillation in a GaAs p-i-n structure at a cryogenic tem-
perature of 80 K [9]. They have attributed the observation to the
reduction of carrier-carrier scattering at low temperature. Ueda
et al.have also reported a similar plasma oscillation in a GaAs
p-i-n photodetector in a numerical simulation [7] with 77 K de-
vice parameters. They have observed a strong oscillation of the
internal electric field at the midpoint of the device. No similar
oscillation is observed in Fig. 8 of our simulation with 300 K
parameters. We attribute the suppression of the plasma oscilla-
tion to the strong diffusion effect at room temperature instead
of a strong carrier-carrier scattering.

By neglecting the carrier diffusion effect, Fig. 11(a) shows the
simulated current response and the corresponding external
circuit response for a photocarrier concentration of
cm . The current response shows a strong oscillation that
is filtered out in the external response by the slow RC time con-
stant. This strong oscillation can be attributed to the plasma os-
cillation. It's interesting to notice that this oscillation can only
be observed in the saturated responses. Due to the facts that
the effective mass and damping constant of electrons are much
smaller than those of holes, electron should be the dominant car-
rier type in the plasma oscillation. Electron plasma oscillation
frequency can be derived from (8) and can be described by a
simple formula in the underdamped condiction as

(27)

where is the carrier concentration. From (27), it is obvious
that the plasma oscillation can only be observed when a small

is achieved. This corresponds to the situation of a weak total
field, which will only occur with the saturated response.

Fig. 12 shows the corresponding transient electric field, elec-
tron velocity, and electron density distributions by neglecting
the diffusion effect. We can find that the photocurrent oscilla-
tion observed in Fig. 11(a) is originated from the strong oscilla-
tions of the total electric field and the field-dependent electron
velocity. This plasma oscillation can even affect the electron
distribution as shown in Fig. 12(c). With the carrier diffusion
considered, we can not observe similar strong oscillations in
the electron velocity and density distributions shown in Figs. 8
and 9. The diffusion-considered and are also shown in
Fig. 11(b) for comparison. Even though no strong oscillation is
observed in the transient electron velocity and density distribu-
tions, we do still observe some small residual oscillation in.
The magnitude of the oscillation is smaller and the number of
oscillation periods is also much less. This diffusion-suppressed
plasma oscillation should thus be responsible for the negative
electron velocity presented in Fig. 7(b).

F. Effect of Doping Density

The discussion above is based on a doping density of
cm in the intrinsic region. We have also simulated the case for

Fig. 10. Current responsesI under 1 V, 2 V, 3 V, 5 V, and 7 V reverse biases
with trapping considered. The photocarrier concentrations are7� 10 cm .

Fig. 11. External circuit current responseI and photodetector current
responseI for a photocarrier concentration of7 � 10 cm under a 2-V
reverse bias with the carrier diffusion effect (a) neglected and (b) considered in
the carrier trapping model.

a higher intrinsic region doping density of cm . In-
stead of a flat bias field in the intrinsic region, a triangle shaped
field is induced in this case with the electric field close to zero
near the region. The condition for underdamped plasma oscil-
lation should thus be easy established. Fig. 13 shows the simu-
lated current response (dotted line) and the corresponding
external circuit current response (dashed line) for a photo-
carrier concentration of cm for the higher doping
density case. Compared with the of the low-doping device
in Fig. 11(b), we have observed a faster current quenching due
to the lower setup threshold of the screening field. However,
no photocurrent oscillation can be observed. We attribute this
effect to the nonuniform distribution of the bias field. The un-
derdamped plasma oscillations at different positions are created
at different time delay with different phases. We thus can not
observe any oscillation in the integrated current response. With
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Fig. 12. (a) Transient total electric field distribution for a carrier concentration
of 7 � 10 cm under a 2-V reverse bias with the carrier diffusion effect
neglected in the carrier trapping model. (b) Corresponding transient electron
velocity distribution. (c) Corresponding transient electron density distribution.

a faster field quenching, it is interesting to notice that the 3-dB
bandwidth of the higher doping device does not decrease much,
and the same 3-dB bandwidth of 51 GHz can be obtained for
both doping cases.

VI. SUMMARY

We have simulated the nonlinear transport behaviors of an ul-
trahigh-speed p-i-n double-heterostructure photodetector, con-
sidering carrier transport, carrier trapping, and external circuit
effects, including load resistance, device capacitance, and par-
asitic capacitance. In order to take into accounts of the influ-
ence of the carrier scattering and the strong electric field, we
also consider the field-dependent and density-dependent effects
on diffusion, damping, and carrier velocities. Under low illumi-
nation, device bandwidth is determined by carrier transit time
and the RC time constant. Under high illumination, the non-
linear bandwidth saturation is found to be dominated not only
by the drift-induced space charge effect, but also by the ex-
ternal circuit saturation and the carrier-trapping-induced space
charge screening effects. Bias dependent current response is also
studied. Higher bias will not only increase the threshold photo-
carrier density required to setup a space charge screening field,

Fig. 13. The external circuit current responsesI (dashed line) and the
photodetector current responseI (dotted line) for a higher doping density of
1� 10 cm . The photocarrier concentration is7� 10 cm with a 2-V
reverse bias.I with a lower doping density of1 � 10 cm is also shown
(solid line) for comparison.

but will also overcome the external circuit saturation. A gradual
bandwidth recovery is thus observed when we increase the bias
voltage. We have also studied the space charge field induced un-
derdamped plasma oscillation. The underdamped plasma oscil-
lation is responsible for the negative electron velocity observed
in our simulation and is found to be greatly suppressed by the
strong diffusion effect at room temperature. For a higher doping
density in the intrinsic region, the oscillation becomes inco-
herent due to a triangle shaped bias field. However we do not
find any strong influence of the device bandwidth by the doping
density in the intrinsic region.
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