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Abstract—The waveguide photodetector (WGPD) is considered
a leading candidate to overcome the bandwidth/quantum-effi-
ciency tradeoff in conventional photodetectors (PDs). To overcome
the tradeoff between the capacitance and contact resistance, the
mushroom-WGPD was proposed. In this paper, a calibrated
circuit model for mushroom-WGPD, including all parasitics,
is presented so that a complete circuit simulation of the entire
photoreceiver circuit with WGPD now becomes feasible. Both the
behavior of the PD and its transfer function for the optical-to-elec-
trical response that can be implemented in a circuit simulator
are studied to explore the relationships between performance and
design/ material parameters. The effects of the parasitics are also
studied for different PD areas. The results from this circuit model
of the PD have been compared with a published experimental work
and a good agreement is obtained. In addition, the characteristics
of mushroom-WGPD are studied for the case of an inductor added
in series to the load resistor, and better performance is achieved
in comparison to the case with no inductor. Based on the studies
of different parameters for design and materials, optimization
has been performed for the mushroom-WGPD. With this opti-
mization, the optimal values of the thickness of the absorption
layer and the added inductor to produce the highest bandwidth
of the PD are obtained. These optimizations are performed for
different areas of the PD and also for different load resistors, and
they result in a significant improvement in the performance of the
mushroom-WGPDs.

Index Terms—Analytical modeling of photodetectors, circuit
modeling of photodetectors, modeling of photodiodes, mushroom
photodetectors, optimization of photodetectors, parasitics of
photodetectors, photodetectors (PDs), photodiodes, waveguide
photodetectors.

I. INTRODUCTION

WAVEGUIDE PHOTODETECTORS (WGPDs) are
promising high-speed photodetectors (PDs) because

both the quantum efficiency as well as the transit-time-limited
bandwidth are improved compared with many other photode-
tector configurations. This improvement is because the light
and the carriers are moving in different directions, and hence
the bandwidth and the quantum efficiency can be specified
almost independently of each other. As the photodetector is
illuminated from its side, its quantum efficiency is a function
of the length of the absorption layer and not its thickness.
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Fig. 1. Schematic representation of a mushroom-WGPD.

Therefore, with a long and thin absorption layer, both high
quantum efficiency that depends on the length and low transit
time that depends on the thickness can be simultaneously
achieved [1]–[9]. An important consideration for these WGPD
structures is that due to the small thickness of the absorption
layer, the optical coupling with the fiber is sometimes poor,
even when a converging lens is used.

Even with the excellent performance in a WGPD, however,
there is a tradeoff between the capacitance of the photodetector
and its parasitic resistance. It is required to decrease both of
them to increase the actual bandwidth of the photodetector.
However, a decrease of the area of the photodetector results in
a decrease of its capacitance and an increase of its resistance
at the same time [10]. The mushroom-WGPD was proposed to
overcome the tradeoff between the capacitance and the contact
resistance [11]. In [12], a 110-GHz mushroom-WGPD was
fabricated. A schematic structure of the mushroom-WGPD is
shown in Fig. 1. In this figure, InGaAs is used as the absorp-
tion material, and it is lattice-matched to the InP substrate.
This combination is suitable for photodetectors for 1.55- m
fiber communication systems. To get rid of the hole-trapping
problem, two graded layers of InGaAsP are introduced above
and below the absorption layer [13], [14].

This paper is a continuation of our previous work on the mod-
eling of various types of photodetectors [15]–[19]. It presents a
circuit model for the mushroom-WGPD, including all its para-
sitics so that a complete circuit simulation of the entire photore-
ceiver circuit now becomes feasible. Both the time and the fre-
quency behavior of this photodetector are studied in Section II,
for different dimensions of the photodetector, to explore the re-
lationships between performance and design parameters. This
study uses the transit-time analysis for conventional p-i-n diodes
for a uniform generation that is presented in [20]. In Section III,
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the effects of the parasitics on the time behavior of the mush-
room-WGPD are studied for different photodetector areas. In
addition, the characteristics of mushroom-WGPD are studied
for the case of an inductor added in series to the load resistor, and
better performance has been achieved in comparison to the case
with no inductor. In Section IV, the bandwidth of the photode-
tector is discussed for different areas and different thicknesses
of its absorption layer. In addition, this circuit model is com-
pared with a published experimental work. Based on the studies
of different parameters for design and materials, in Section V,
optimization is applied for the mushroom-WGPD to get its op-
timal design. These optimizations are performed for different
areas of the photodetector and also for different load resistors,
and they result in significant improvement in the performance of
the mushroom-WGPDs. Finally, the conclusions are presented
in Section VI.

II. MODELING OF MUSHROOM-WGPD

A. Transit Response of Mushroom-WGPD

As the light is incident laterally onto the absorption layer of
the photodetector, both electrons and holes are photogenerated
and the number of these photogenerated carriers is related to the
absorption coefficient of the absorption layer, the dimensions of
the photodetector, and the properties of the incident light. Due
to the reverse voltage that is applied to the photodetector, the
photogenerated electrons move under the effect of the electric
field toward the n layer of the photodetector, while the pho-
togenerated holes move toward the p layer. The electric field
is assumed to be sufficiently high for the photogenerated car-
riers to move at their saturation velocities. For this analysis, it
is assumed that both the n-layer and the p-layer of the photode-
tector are heavily doped. Therefore, the photogenerated carriers
reach the terminals of the photodetector instantaneously as they
enter these layers, and the diffusion of the carriers generated
outside the active region into the depletion regions is neglected.
In addition, the absorption coefficient of nonactive layers is as-
sumed to be very small compared with that of the active layer
so that the generation of carriers outside the active layer can be
neglected. Charge trapping is also neglected due to the presence
of the grading layers surrounding the absorption layer.

As the light is incident horizontally, the photogeneration rate
will be a function of the horizontal distance , and it is

given by

where (1)

In (1), is the power of the incident light, is Planck’s con-
stant, is the frequency of the incident light, is the effective
absorption coefficient of the material of the absorption layer,
is the value of the generation rate that depends on the power of
the input incident light, is the impulse function, is the time,
and is the instant when the light is incident on the photode-
tector. The absorption coefficient that appears in (1) includes the
effect of the confinement factor of the photodetector. In other
words, this effective absorption coefficient is expressed as

(2)

where is the confinement factor and is the absorption co-
efficient of the material of the absorption layer. As the photo-
generation is in the lateral direction and the movement of the
photogenerated carriers is in the perpendicular direction, then
photogeneration is uniform and the total photogeneration rate
across the absorption layer is

(3)

where is the length of the absorption layer. Under this
uniform photogeneration and for its impulse response, the pho-
togenerated electrons is the sum of the electrons that are
traveling to the contact of the photodetector. Then, can be
expressed as

where

(4)
and the total photogenerated electrons will be

(5)

Similarly, the total photogenerated holes is

(6)

where and are the saturation velocities for electrons and
holes, respectively; is the thickness of the absorption layer;
and is the unit-step time function. The photogenerated cur-
rent is given by

(7)

where is the electron charge.

B. Frequency Response of Mushroom-WGPD

The frequency response of mushroom-WGPD is calculated
by taking the Fourier transform of the impulse response of the
photogenerated electrons and holes that are given by (5) and (6),
respectively. The Fourier representations of these photogener-
ated carriers are given by

(8)

and

(9)

Using (8) and (9), the photogenerated current in the frequency
domain will then be

(10)
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The current obtained in (10) is called the intrinsic current since
the effect of the load and the parasitic elements are not con-
sidered, so it does not express the actual output current of the
photodetector.

C. Circuit Model of Mushroom-WGPD

Fig. 2(a) shows the circuit model of the mushroom-WGPD as
the photodetector can be treated as a lumped circuit element. In
this model, is the transfer function of the photodetector. This
model is similar to that of the conventional p-i-n photodetector
presented in [21] and [22], but it includes a specified transfer
function ( ) that expresses its response, like that in our previous
work in [15] and [16]. In this circuit model, is the optical
current that expresses the power of the incident optical pulse,
and it is given by

(11)

The transfer function ( ) depends on both the material and the
thickness of the absorption region. Using (8)–(11), the transfer
function of this circuit model is expressed as

(12)

The above transfer function includes only the effects of the pho-
togenerated carriers and not the effects the parasitics that will be
described in the next section.

Also in Fig. 2(b), a SPICE presentation of the circuit model
of the photodetector is presented. In this representation, a
voltage source , instead of the optical current source, is
included. The transfer function of the photodetector is applied
to the FTABLE as a table of magnitude (in decibels) and
angle for different frequencies of interest. Then, the output
voltage of the FTABLE is transformed to current through the
voltage-controlled current source ( ) and applied to the load
and the parasitic elements to get the frequency response of the
photodetector [15], [16].

III. PARASITICS EFFECTS OF MUSHROOM-WGPD

The parasitics of the photodetector significantly affect its re-
sponse, and they are shown in the circuit model in Fig. 2. In this
model, is the junction capacitance of the photodetector that
is expressed as

(13)

where is the area of the absorption layer, and and are
the free-space permittivity and relative permittivity of the mate-
rial of the absorption layer, respectively. , which appears in
this model, is the pad capacitance, and is the pad inductance

Fig. 2. (a) Circuit model of the mushroom-WGPD. (b) SPICE representation
of this model.

or the inductance that may be added in series with the load re-
sistance . is the contact resistance that depends on the
doping and the dimension of the p layer, and it is expressed as

(14)

where is the surface area of the p layer, is its thick-
ness, and is the resistivity of its material. In a conventional
WGPD, both and are the same value, but it differs
in the mushroom-WGPD, as the width of the absorption layer is
smaller than that of the other layers of the photodetector.

The extrinsic response of the photodetector depends on both
the photogenerated carriers and the parasitics elements of the
photodetector. Hence, the output extrinsic current of the mush-
room-WGPD is expressed as

(15)

where is the transfer function of the circuit implementa-
tion of the parasitics effects of the mushroom-WGPD that are
shown in its circuit model. is expressed as

where

(16)

The extrinsic transit response of the photodetector, taking into
consideration the effect of the parasitics, will be

(17)

where denotes convolution between the two functions. In the
above equation, is the inverse Laplace transform of
that was presented in (16), and it will be

(18)
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Fig. 3. Transit response of mushroom-WGPD for R of 25 
 for (a) A = 24 �m and L = 0, (b) A = 72 �m and L = 0, (c) A = 24 �m and
L = 0.2 nH, and (d) A = 72 �m and L = 0.2 nH.

where . In the previous equations, the pad capacitance
is assumed to be negligibly small and is the summation

of both and . If no inductor is connected in series with
, then

(19)

If an inductor is in series with the load resistance, then there
will be two cases depending on its value. The first case is as
follows: if , then

(20)

However, if , then

(21)

The transit response of the mushroom-WGPD is shown in Fig. 3
for different thicknesses of the absorption layer and different
areas of the photodetector. This is for an InGaAs absorption
layer of width 1.5 m, while the width of all other layers of
the photodetector is 6 m. As shown in Fig. 3(a) and (b) for
photodetector areas of 24 and 72 m , respectively, by
increasing the thickness of the absorption layer, the number of
the photogenerated carriers increases, and hence the photocur-
rent increases. However, the distance traveled by the photogen-
erated carriers increases, resulting in an increase of the transit
time taken by the carriers to leave the absorption layer and be
collected by the contacts of the photodetector. For a very thin
absorption layer and large-area photodetectors, the capacitance
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Fig. 4. Frequency response for mushroom-WGPD for (a) Area = 24 �m and R = 25 
, (b) Area = 24 �m and R = 50 
, (c) Area = 72 �m and
R = 25 
, and (d) Area = 72 �m and R = 50 
.

of the photodetector increases, causing the time constant to
increase and dominate the transit time of the carriers. The same
effect is also observed when the load resistance increases.

Adding an inductor in series with the load resistance results
in a decrease of the effect of the capacitance of the photode-
tector. Peaks will appear in the time response of the photode-
tector. If the value of this inductor increases, then a sinusoidal
effect according to (21) is obtained. This sinusoidal effect ap-
pears clearly for large thickness of the absorption layer as the
photodetector’s capacitance is small for this case, and hence the
effect of the inductor on the time response is more clearly seen.
This is seen in Fig. 3(c) and (d) where the time behavior of the
mushroom-WGPD when a 0.2-nH inductor is added in series
with a 25- load resistance is shown. These figures show that
the number of peaks of the sinusoidal waveform increases with
the thickness of the absorption layer due to the decrease of the
photodetector’s capacitance. The value of the added inductor
should be optimized for different dimensions of the photode-
tector to get better performance of the photodetector.

IV. BANDWIDTH OF MUSHROOM-WGPD
In Fig. 4, the normalized frequency response of a mushroom-

WGPD for different thicknesses of the absorption layer is

presented. The materials used and the related parameter values
for this photodetector are presented in Table I. As shown in
Fig. 4(a), by decreasing the thickness of , the transit time de-
creases, and hence the bandwidth of the photodetector increases.
For very thin absorption layers, however, the capacitance in-
creases so that the effect of the time constant will be the lim-
iting factor for the bandwidth of the photodetector, resulting in
a decrease of the bandwidth. Fig. 4(c) shows that by increasing
the area of the photodetector, its capacitance increases, resulting
in a decrease of the bandwidth. For a large-area photodetector,
the time constant becomes the limiting factor for the band-
width, even for thicker absorption layers. As shown in Fig. 4(c)
and (d), by increasing the load resistance, the bandwidth of the
photodetector decreases due to the increase of the time con-
stant of the photodetector. Therefore, optimization should be
carried out to get the optimal values of the thicknesses of the
absorption layer for different areas and load resistors so that the
highest bandwidth can be achieved.

The circuit model that has been described in Sections II and
III is compared with the experimental results that are presented
in [12]. For a mushroom-WGPD with a 0.2- m InGaAs ab-
sorption layer and with the same material parameters given in
Table I, the experimental bandwidth in [12] for this photode-
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TABLE I
MATERIALS AND RELATED PARAMETER VALUES OF THE

MUSHROOM-WGPD THAT IS USED FOR SIMULATIONS,
AND IT IS TYPICAL OF THAT USED IN [12]

tector is 110 GHz. According to the model that is presented
in this paper, the calculated bandwidth is 121 GHz, but this
without taking the pad capacitance into consideration. However,
if a 5 fF is included, then the calculated bandwidth of the
photodetector will be 110 GHz.

By including an inductor in series with the load resistance,
a compensation of the effect of the capacitance of the photode-
tector, as described in (16), is obtained, and hence for specific
values of this added inductor, the bandwidth of the photode-
tector can be increased. It is shown in Fig. 5(a) and (b) that by
adding a small inductor in series with the load resistance, a small
peak appears in the normalized frequency response of the pho-
todetector. There is also an increase in the bandwidth compared
with the case of no inductor added in series to the load resis-
tance. Increasing the value of the added inductor results in an
increase in the peak of the normalized frequency response, but
the bandwidth of the photodetector decreases for some values
of the thickness of the absorption layer, as shown in Fig. 5(c).
Thus, the value of the added inductor should be optimized to
increase the bandwidth of the photodetector, and this optimized
inductor depends on the dimensions of the photodetector as well
as the value of the load resistance connected to it.

In Fig. 6, the frequency response of mushroom-WGPDs with
different widths of the absorption layer is shown. For these
WGPDs, the width of the p and n layers is 6 m. Therefore,
if the width of absorption layer is also 6 m, then it is a conven-
tional WGPD. The performance of the mushroom-WGPD is
much better than that of the conventional WGPD, especially for
small thicknesses of the absorption layer, as shown in Fig. 6(a)
for a 0.1- m absorption layer and a photodetector area
of 24 m . As shown in this figure, by decreasing the width

Fig. 5. Frequency response of mushroom-WGPD for R = 25 
 and Area
= 72 �m for (a) L = 0, (b) L = 0.02 nH, and (c) L = 0.2 nH.

of the absorption layer, an increase of the bandwidth of the
photodetector is obtained.

By increasing the area of the photodetector, the bandwidth
decreases due to the increase of the capacitance of the pho-
todetector. However, as shown in Fig. 6(b), for a photodetector
with area of 72 m , the mushroom-WGPD still has better
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Fig. 6. Frequency response for mushroom-WGPD with different core widths and for a R of 25 
 and for (a) Area = 24 �m , x = 0.1 �m; (b) Area =

72 �m , x = 0.1 �m; (c) Area = 24 �m , x = 0.5 �m; and (d) Area = 72 �m , x = 0.5 �m.

performance than the conventional WGPD. By increasing the
thickness of the absorption layer, the performance of mush-
room-WGPD and the conventional WGPD are almost the same,
as shown in Fig. 6(c) and (d) for a 0.5- m absorption layer. This
is because as the thickness of the absorption layer increases, the
bandwidth, which is a transit-time-limited bandwidth, is not af-
fected much by the capacitance of the photodetector. Hence, de-
creasing the thickness of the core of the WGPD results in almost
no advantage in this case.

V. OPTIMIZATION

Optimization for the bandwidth of the mushroom-WGPD is
performed for two cases: the first case when the load is pure
resistor and the second case when an inductor is connected in
series with the load resistor. In both cases, the optimal thick-
nesses of the absorption layer are obtained. For the second case,
the optimal value of the series inductor is also obtained. The ef-
fect of optimization is important since it results in a substantial
improvement of the bandwidth of the photodetector.

A. Load Without Inductor

According to (13), for small-area photodetectors, the capac-
itance decreases. Then, for small-area photodetectors, the op-

timal value of the thickness of the absorption layer should be
small enough to decrease the distance traveled by the photogen-
erated carriers and hence to decrease the transit time of the pho-
todetector. However, by increasing the area of the photodetector
that may be needed for more illumination, the optimal value of
the thickness of the absorption layer increases to decrease the
capacitance of the photodetector. In Table II, the optimal values
of the thickness of the absorption layer of the photodetector and
the associated bandwidth are listed for a load resistance of 25
and 50 and for different areas from 24–90 m . As
shown in this table, the optimal thickness of the absorption layer
are greater for the case of a higher load resistance. This is be-
cause for a large load resistance, a lower capacitance is required
to increase the photocurrent and to decrease the time con-
stant, according to (16).

B. An Inductor in Series With the Load

Optimization for the bandwidth of mushroom-WGPD is per-
formed here to obtain both the optimal thickness of the absorp-
tion layer and the optimal to be added in series with the load
resistance. These optimizations are done for different photode-
tector areas that depend on the required value of the photocur-
rent. The optimal values of and the thickness of the absorp-
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TABLE II
OPTIMAL THICKNESS OF THE ABSORPTION LAYER x AND THE INDUCTANCE L THAT IS ADDED IN SERIES WITH 25- AND

50-
 LOAD RESISTANCES, AND THE ASSOCIATED BANDWIDTH FOR DIFFERENT AREAS OF THE PHOTODETECTOR

tion layer of mushroom-WGPD with the photodetector’s area
from 24–90 m for load resistances of 25 and 50 are

listed in Table II. A shown in this table, for the optimal values
of the parameters of the photodetector, the bandwidth increases
significantly compared with the case of a pure load resistance.

All the previous optimizations for mushroom-WGPD have
been done for InGaAs absorption layer material that is matched
to the InP substrate, and this combination is suitable for the de-
tection of incident light of a wavelength of 1.55 m [12]. All
these optimization techniques can also be applied to other ma-
terial combination for different-wavelength photodetectors.

VI. CONCLUSION

In this paper, first, a circuit model of the mushroom-WGPD
was presented where the photodetector is treated as a lumped
circuit element. The transfer function of this model and the ef-
fects of the photodetector’s parameters on it have been studied.
The circuit model can be generalized for other types of WGPDs.
The effects of the thicknesses of the absorption layers of the pho-
todetector on the transfer function of this circuit model were dis-
cussed. Prediction with this circuit model is in good agreement
with a published experimental result.

The effects of area and the width of the core of the photode-
tector on its bandwidth were investigated. Adding an inductance
in series with the load resistance results in an improvement of its
bandwidth. Optimization was applied to the photodetector to get
the optimal thickness of the absorption layer for different areas
of the photodetector. This has been done for two cases: first for
a pure load resistance and second for an inductor connected in
series with the load resistor. The optimal value of the inductor in
the second case was also obtained. This small inductor that is in
series with the load resistor results in a significant improvement
of the bandwidth of the photodetector. Optimizations were also
performed for different values of the load resistor and also for
different areas of the photodetector, resulting in significant im-
provement in the mushroom-WGPD’s performance. For a larger
load resistor, the optimal value of the thickness of the absorption
layer of the photodetector increases. In addition, by increasing
the area of the photodetector, the optimal value of this thickness
increases.
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