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Design and Analysis of
Separate-Absorption-Transport-Charge-Multiplication

Traveling-Wave Avalanche Photodetectors
Jin-Wei Shi, Yin-Hsin Liu, and Chee-Wee Liu, Senior Member, IEEE

Abstract—This paper proposes a novel type of avalanche
photodiode—the separate-absorption-transport-charge-multipli-
cation (SATCM) avalanche photodiode (APD). The novel design
of photoabsorption and multiplication layers of APDs can avoid
the photoabsorption layer breakdown and hole-transport prob-
lems, exhibit low operation voltage, and achieve ultra-high-gain
bandwidth product performances. To achieve low excess noise and
ultra-high-speed performance in the fiber communication regime
(1.3 1.55 m), the simulated APD is Si-based with an SiGe–Si
superlattice (SL) as the photoabsorption layer and traveling-wave
geometric structures. The frequency response is simulated by
means of a photo-distributed current model, which includes all the
bandwidth-limiting factors, such as the dispersion of microwave
propagation loss, velocity mismatch, boundary reflection, and
multiplication/transport of photogenerated carriers. By properly
choosing the thicknesses of the transport and multiplication
layers, microwave propagation effects in the traveling-wave
structure can be minimized without increasing the operation
voltage significantly. A near 30-Gb/s electrical bandwidth and
10 avalanche gain can be achieved simultaneously, even with a
long device absorption length (150 m) and low operation voltage
( 12 V). In addition, the ultrahigh output saturation power
bandwidth product of this simulated TWAPD structure can also
be expected due to the large photoabsorption volume and superior
microwave-guiding structure.

Index Terms—Avalanche photodetector, avalanche photodiode
(APD), high gain-bandwidth-product avalanche photode-
tector, high-saturation-power photodetector, Si–SiGe-based
photodetector, Si–SiGe-based superlattice (SL), traveling-wave
photodetector, ultra-high-speed photodetector.

I. INTRODUCTION

THE rapid growth in Internet traffic has created an urgent
need to increase the channel bandwidth capacity of

fiber-optic communication systems. As a key component in
these transmission systems, ultra-high-speed photodetectors
are able to not only increase the transmission capability in a
single channel, but also reduce the required number of channels
and complexity of management in a wavelength-division-mul-
tiplexing (WDM) fiber communication system [1]. There
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are two major trends in the development of these high-speed
photodetectors: 1) to obtain high-bandwidth-efficiency (sensi-
tivity) products and 2) to improve the saturation output current
under intense light illumination [2]. To achieve high-band-
width-efficiency product performance, avalanche photodiodes
(APDs) are preferred due to their internal gain and high sensi-
tivity as compared with p-i-n photodiodes [3]–[6]. Ultra-high
gain-bandwidth products with low excess noise performance
of APDs have been demonstrated [4], [7] by optimizing the
material [7], [8] or epilayer structures [4], [9], [10] of the mul-
tiplication layers. To obtain a high output saturation current,
several photodetector technologies based on properly designed
edge-coupled structures have been demonstrated to enhance
power-bandwidth products. By reducing the optical modal ab-
sorption constant [11] or by achieving uniform photoabsorption
[12] in edge-coupled structures with long device-absorption
lengths, the output saturation current can be improved in a
waveguide photodetector (WGPD) or traveling-wave photode-
tector (TWPD) [11], [13]. To avoid serious electrical bandwidth
degradation in these devices having large areas (length), su-
perior microwave-guiding electrode structures are necessary.
Recently, record-high-peak output-power-bandwidth-product
performance has been achieved by metal–semiconductor–metal
TWPD structures [14].

In this paper, we propose a novel type of avalanche photo-
detector with a traveling-wave geometric structure, i.e.,
separate-absorption-transport-charge-multiplication (SATCM)
traveling-wave avalanche photodiode (TWAPD). By incor-
porating novel epilayer structures of APDs and the geometry
structure of the TWPD, the proposed devices can achieve supe-
rior microwave-guiding property, large photoabsorption volume
with high power-bandwidth product, and high-gain-band-
width-product performances. The photo-distributed current
model is used to simulate the frequency response of the de-
vice [15]. This model can easily take into account all the
microwave propagation effects and the internal response time
of photogenerated carriers [15], and its accuracy has also been
verified by means of experiments [16]. The modeled epilayer
structures of APDs are Si-based with an SiGe–Si superlattice
(SL) photoabsorption layer for telecommunication wavelength
(1.3 1.55 m) applications [17], [18]. Conventional Si-based
APDs exhibit much lower multiplication noise, shorter multi-
plication time, and larger gain-bandwidth product [7], [8], [19]
than III–V-based APDs, because Si has very dissimilar electron
( ) and hole ( ) impact ionization coefficients, and the ratio
( ) of these coefficients is the lowest among any reported
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Fig. 1. (a) Conceptual band diagram and (b) cross-sectional view of the Si(C)–SiGe-based SATCM TWAPD.

semiconductor materials [19]. However, the wide absorption
bandgap ( 1.1 m) of Si prevents it from being applied to
long-wavelength (1.3 1.55 m) optical communications. Re-
cently, several research groups have demonstrated the excellent
noise and gain-bandwidth-product (GBP) performance of In-
GaAs–Si-heterostructure-based APDs by using a wafer-bonding
technique in the long-optical-communication-wavelength
regime [7], [8], [19]. The incorporation of the SiGe alloy on the
Si substrate is another way to achieve long-wavelength absorp-
tion in Si-based photodetectors [17], [18], [20]–[26]. However,
the demonstrated quantum efficiency of these photodetectors is
much lower than the reported values of III–V-based photode-
tector’s due to the relatively small photoabsorption constant
of the strained SiGe alloy and the critical thickness constraint.
The drawback of a small photoabsorption constant can be com-
pensated by properly increasing the device-absorption length
in the edge-coupled structure [18], [21]–[23], [27]. In addition,
the low optical modal absorption constant also implies a more
uniform and diluted photoabsorption process, lower density of
photogenerated carriers, and higher output saturation power
[11], [13], [27], [28]. According to our simulation results, this
novel structure can exhibit 30-Gb/s electrical bandwidth
and 10 avalanche gain simultaneously under low oper-
ation voltage ( 12 V) even with a long absorption length
(150 m). The proposed device structure and the implication of
the simulation results in this paper can not only be applied to the
example Si–SiGe-based APD, but also serve as general guide-
lines for designing III–V-based TWAPDs or waveguide APDs

(WGAPDs) [29]–[31] with long device length, high-speed and
high-saturation output power, and low operation voltage.

II. DEVICE STRUCTURE

The conceptual band diagram and cross-sectional view of the
proposed device are shown in Fig. 1(a) and (b), respectively. All
of the important parameters used in our simulation are given in
Table I. As shown in Fig. 1(b), three metal electrodes collect the
photocurrent and act together as a coplanar waveguide (CPW)
to support a photo-excited microwave-guiding mode. The
optical wave-guiding structure is implemented using a ridge
optical waveguide as in regular p-i-n TWPD [32]. The topmost

-doped Si layer and -doped Si substrate serve as the
cladding layers. The core layer, which is sandwiched between
two cladding layers and acts as a photoabsorption layer, is
composed of Si–SiGe SL. Si–SiGe quantum-well (QW)-based
photodetectors with thick (over hundreds of ) barriers
usually suffer from the hole-trapping problem under high-speed
operation [20], [25]. In our design, we assume that the thick-
ness of the barrier and well of the SiGe–Si SL are thin enough
( 33 ) [33] to minimize this problem. The carbon-doped
or undulating growth technique can also be applied in the
SL to further increase its critical thickness [23], [25], [26],
[34]. The composition of the simulated SL is Si Ge –Si to
achieve an appropriate value of the optical absorption constant
(100 cm ) in the long-wavelength regime ( 1.3 m) [17],
[26]. In traditional separate-absorption-charge-multiplication
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TABLE I
SIMULATION PARAMETERS

(SACM) APDs, the photoabsorption layers are lightly and uni-
formly doped. Under avalanche operation, these layers suffer
parts of applied bias voltages and are fully depleted [3], thereby
enhancing the drift velocities of both photogenerated electrons
and holes. However, under such high-bias voltage, these layers
might suffer from the avalanche breakdown problem [3], [35],
which can seriously degrade the GBP performance of APDs
[3], [35]. As shown in Fig. 1(a), the photoabsorption layer in
our proposed structure is the heavily graded doped SL,
which can not only prevent the absorption layer breakdown, but
also eliminate transport problems in photogenerated holes [2].
The multiplication layer is made of Si, which is sandwiched in
between an Si substrate and a charge layer [3], which
serves as an electric-field buffer layer [32] to provide better
control of the electric-field profile. Only photogenerated elec-
trons form the -graded doped photoabsorption layer will drift
through the transport layer and initiate the impact ionization
process in the multiplication layer. The appropriate magnitude
of the electric field must be located in these two layers to obtain
a short drift time of photogenerated electrons and to initiate the
avalanche breakdown process, respectively. In order to further
reduce the operation voltage and multiplication time of APDs,
the multiplication layer must be thin enough [3], [4], [19],
[29], [37]. However, this approach will increase the device
capacitance and reduce the microwave propagation velocity,
which will limit the speed performance seriously, especially
for the long-absorption-length TWPDs [15]. With an additional
transport layer in our novel structure as shown in Fig. 1(a),

the tradeoff between operation voltage and device capacitance
can almost be eliminated. By properly adjusting the thick-
nesses and doping levels of the transport layer and the charge
layer, the speed performance can be improved significantly
because the drift time of electrons with saturation velocity
is not a critical bandwidth-limiting factor compared with the
multiplication time and response time of the velocity mismatch
in long-absorption-length TWPDs [15]. As compared with
the traditional APD, we can reduce its device capacitance by
increasing the thickness of the photoabsorption layer; however,
the tradeoff between the drift time of the photogenerated hole
and the resistance–capacitance (RC) bandwidth limitation will
seriously limit its optimized speed performance [15], [32]. Our
proposed APD structure also has the potential for improving
the output-saturation-power-bandwidth-product performances
[14] by increasing the device-absorption length [13], [15], [27]
with less bandwidth degradation due to the reduction in device
capacitance and microwave loss by incorporating the transport
layer. Recently, by use of the diluted photoabsorption tech-
nique and evanescent edge-coupled structure, the high-power
performance of SACM APD has been demonstrated in [28].
We employed the commercial computer-aided design (CAD)
tool [38] to design and optimize the electrical-field distribution
in the simulated structure. Fig. 2 shows the electric-field
distribution for a well-designed APD with and without a charge
layer. The thickness and doping density of each layer are shown
in the inset table. By incorporating a charge layer, the operation
voltage can be reduced significantly (25 versus 15 V) under the
same operation gain ( ), and the magnitude of the elec-
tric field in the transport layer can be not only lower than that
of the breakdown field ( 300 kV cm), but also high enough
( 100 kV cm) to saturate the velocity of the electrons. The
relationship between the gain and electric field will be
discussed in details. The -graded doped photoabsorption
SL, which does not have an external applied electric field, has
a built-in electric field to accelerate the diffusion process of
photogenerated electrons and to avoid the breakdown problem.

III. BANDWIDTH SIMULATION MODEL OF THE DEVICE

The propagation characteristics of photo-excited microwaves
and optical waves in the traveling-wave structure are important
with respect to our electrical bandwidth simulation. We modeled
the electrical transmission line of this novel TWAPD using a hy-
brid-CPW-equivalent circuit model since its accuracy has been
verified by the full-wave analysis technique [32]. The equiv-
alent circuit model of the TWAPD structure is similar to the
model of a traditional p-i-n TWPD, which is given in [32] and
[39], except for the additional depletion capacitance and the se-
rial impedance, which represent the multiplication layer and the
charge layer, respectively. To simulate the optical waveguide in
the TWAPD, we used the effective-index method to calculate
the optical confinement factor and velocity. The optical refrac-
tive index of SiGe–Si SL ( ) can be determined as follows
[18]:

(1)
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Fig. 2. Electric-field distributions versus positions in the structure of a SATCM APD with (squares) and without (circles) a charge layer.

where and are the thicknesses of the well and barrier,
respectively, with a resulting SL period of 66 Å. The indexes
of Si Ge alloy ( ) and bulk Si ( ) at a wavelength
close to 1300 nm are 3.81 and 3.51, respectively [18], [40].

The velocity-mismatch bandwidth can be calculated
using a photo-distributed current model with [15]

(2)

where is the output photocurrent at the load end, which
is a function of the microwave angular frequency . is the de-
vice-absorption length. is the microwave propagation con-
stant, which can be obtained from the equivalent circuit model
as discussed previously. is the propagation constant of the
photo-induced charge with

(3)

where , , and are the optical group velocity, optical ab-
sorption constant of the photoabsorption layer, and optical con-
finement factor, respectively. The boundary reflection effect is
a critical bandwidth-limiting factor, especially for the long-ab-
sorption-length TWPDs [15]. In order to model the bandwidth
degradation caused by the load circuit mismatch effect, we can
describe the total transmission efficiency using the formula [15]

(4)

where is the re-
flection coefficient between the transmission line (with

) and load impedance (with but without dispersion).
is the corresponding transmission

coefficient. This equation is obtained by summing the endless
boundary reflections between the open input end and the load
end with maximum transmission normalized to 1.

The multiplication time and transport time of photogenerated
carriers also limit the speed performance of simulated TWAPDs.
In our case, the transport time is dominated by the drift time
of photogenerated electrons traveling through the -graded
doped photoabsorption layer and the transport layer. The fre-
quency response of the transport time [39] is calculated by

(5)

where . is the total drift
time of photogenerated electrons, which pass through the pho-
toabsorption and transport layers. This expression can be de-
rived by assuming triangular impulse photocurrent responses for
electrons [39]. We assume that the applied electric field in the
transport layer is high enough to saturate the velocity of photo-
generated electrons, as shown in Fig. 2, and that the drift time
( ) in this layer can, thus, be obtained. The drift time ( ) of
photogenerated electrons in a uniformly doped photoabsorption
layer can be expressed as [41], [42]

(6)
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where is the thickness of the photoabsorption layer. and
are the diffusion coefficient and thermal velocity of elec-

trons in Si material, respectively. At room temperature, the value
of is over cm s [43], and the diffusion coefficient
can be determined based on the mobility and Einstein relation.
The mobility can be obtained as follows [43]:

cm
V s

(7)

( cm ) is the distribution of the dopant, which is a
function of the depth “ ”. We assume a linear distribution of
the acceptor-doping concentration, which varies from to

cm .
By applying the graded doped technique to the photoabsorp-

tion layer, we can further reduce due to the built-in electric
field [41]. This effect is considered in

(8)

where and represent, respectively, the drift time of
photogenerated electrons under a built-in electric field and the
net transport time, which includes the drift and diffusion pro-
cesses in the graded doped photoabsorption layer. can be
determined by [43]

(9)

where is the velocity of electrons. We assume that the max-
imum velocity, calculated using (9), is the saturation velocity
( cm s) of electrons in Si. Because the mobility is a
function of thickness as shown in (9), we have to modify the
term in (6) as follows [43]:

(10)

In order to simulate the avalanche gain ( ) and multiplica-
tion time ( ), we have to determine the impact ionization co-
efficients of each electron ( ) and hole ( ). The values for these
coefficients can be obtained using [19]

(11)

where is the electric field in units of volts per centimeter.
Equation (11) is obtained for silicon using a “reach-through”
structure similar to a SAM APD [19]. can thus be obtained
by [19]

(12)

where is the thickness of the multiplication layer. This gain
equation is only valid for electrons injected into a multiplication

Fig. 3. Thickness of the multiplication layer versus the voltage across the
multiplication layer for different desired operation gains (M ). Square:M =

10. Circle:M = 20. Triangle:M = 30.

layer. The gain for hole-initiated avalanche breakdown can be
obtained by simply exchanging and . Through the use of
(11) and (12), the multiplication time can be obtained as follows
[44]:

(13)

where is a number varying slowly from 1/3 to 2 as varies
from to [44]. is the multiplication-region transit time,
which can be expressed as . is the saturation ve-
locity of electrons in Si. The frequency response of the multi-
plication process can be expressed as [45]

(14)

By multiplying (2), (4), (5), and (14), the net frequency response
can be obtained [45].

IV. DESIGN CONCEPTS AND BANDWIDTH SIMULATION

By using the bandwidth simulation model discussed previ-
ously, we can analyze and design the epilayer structure of this
novel TWAPD. Fig. 3 shows the required bias voltage across
the multiplication layer versus to obtain the desired . Re-
ducing the thickness of the multiplication layer can reduce the
operating voltage of APDs, but a thin multiplication layer will
usually result in a huge amount of dark current. The minimum
thickness of the multiplication layer is 100 nm for high-speed
operation with a reasonably low dark current [29].

The thickness of the photoabsorption layer determines the
optical confinement factor and device-absorption length. In
order to get a shorter device-absorption length and a higher ve-
locity-mismatch bandwidth limit, a thick SiGe layer is required.
Nevertheless, the critical thickness of the SiGe layer on the
Si substrate limits the maximum thickness of the SiGe layer.
On the other hand, the built-in electric field, which is caused
by graded doping in this layer, will decrease when the thick-
ness of the absorption layer increases. The tradeoff between the
drift time in the photoabsorption layer and the device-absorp-
tion length must be optimized in the TWAPD design. Fig. 4
shows the net bandwidth versus the thickness of the photoab-
sorption layer under different total intrinsic layer (multiplication
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Fig. 4. Thickness of the photoabsorption layer versus the electrical bandwidth
for different thicknesses of the intrinsic layer (multiplication layer with transport
layer).

Fig. 5. Net frequency responses without consideration of the boundary
reflection effect under different thicknesses of the transport layer.
The thicknesses of traces A� D are 0, 100, 300, and 500 nm, respectively.

layer and transport layer) thicknesses. The device is simulated
with (without gain), and its device-absorption length
is assumed to be [2]. We can clearly see that the op-
timum absorption-layer thickness slightly varies from 300 to

200 nm when the thickness of the intrinsic layer increases
from 100 to 500 nm. A thick intrinsic layer implies a higher mi-
crowave velocity and higher velocity-mismatch bandwidth limit
[15]. Thus, properly reducing the optical confinement factor, in-
creasing the device-absorption length, and reducing the trans-
port time of photogenerated electrons in the absorption layer
can optimize the speed performance.

The thicknesses of the multiplication and transport layers se-
riously affect the electrical bandwidth and operation voltage of
the SATCM TWAPD. Fig. 5 shows the simulated frequency
response of a TWAPD with different thicknesses of the trans-
port layer. The thickness of the multiplication layer is 100 nm.
The thickness of photoabsorption layer is 200 nm with a cor-
responding device-absorption length ( ) 300 m. The
operation gain is fixed at 10. We assume a perfect match
load, which is integrated with the simulated TWAPD and that
the boundary reflection effect can, thus, be neglected. The elec-
trical bandwidth improves significantly ( 14 to 25 GHz)
as the thickness of the transport layer increases. In practical
applications, impedance mismatch between the external load
and TWPD usually occurs due to size-difference-induced reflec-
tion [15] or the imaginary part of the characteristic impedance
of a p-i-n-based TWPD. Serious bandwidth degradation due

Fig. 6. Net frequency response with consideration of the boundary reflection
effect for different thicknesses of the transport layer. The thicknesses of traces
A � D are 0, 100, 300, and 500 nm, respectively.

to the boundary reflection effect, especially for the long-ab-
sorption-length TWPDs, is thus unavoidable [15]. The charac-
teristic impedance of the TWADP increases significantly due
to the incorporation of a transport layer. Higher characteristic
impedance can support better impedance matching between the
external load and TWPD and results in less electrical bandwidth
degradation [15]. Fig. 6 shows the frequency response of the
TWAPD with different thicknesses of the transport layer and
consideration of the boundary reflection effect. We assume a
standard 50- load at the output end of the TWAPD. Compared
with Fig. 5, more significant bandwidth enhancement (
versus ) can be observed.

The GBP is one of the most important figures of merit for
APDs. Through the use of this parameter, we can further de-
termine the optimum thicknesses of transport and multiplica-
tion layers. Fig. 7(a) shows the optimum thickness of the mul-
tiplication layer for maximum GBP value. The thickness of the
photoabsorption layer is 200 nm with corresponding device-
absorption length ( ) 300 m. The maximum voltage
for each trace is selected such that the multiplication gain
will be 60. Traces A F represent different thicknesses of
the transport layer. When the thickness of the transport layer
is less than 200 nm, an optimum thickness of the multiplica-
tion layer for the maximum GBP value exists because, for a
long-absorption-length TWAPD with an extremely thin total in-
trinsic layer (multiplication layer and transport layer), the dom-
inant bandwidth-limiting factor is the boundary reflection or the
velocity mismatch, not the multiplication time. Because of the
increase of the multiplication layer thickness, the improvement
of the characteristic impedance, microwave velocity, and GBP
can thus be expected [15]. In Fig. 7(b), we plot the thickness of
the transport layer versus GBP to determine the optimum thick-
ness of the transport layer. Traces A E represents different
thicknesses of the multiplication layer. With a thin multiplica-
tion layer (100 nm), as shown in trace A, GBP increases signifi-
cantly with the thickness of the transport layer, and its optimum
thickness is about 500 nm. A thick transport layer can reduce the
value of device capacitance, velocity mismatch, and the band-
width limitation in boundary reflection effect significantly, es-
pecially in the case of TWAPD with a thin multiplication layer,
which represents a large device capacitance.

Fig. 8 shows the frequency responses due to different band-
width-limiting factors in a well-designed SATCM TWAPD.
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Fig. 7. GBP versus the (a) multiplication layer and (b) transport layer thickness. Each trace in (a) and (b) represents different transport layer and multiplication
layer thicknesses, respectively. The operation gain (M ) of each simulated data point is fixed at 60.

Fig. 8. Frequency responses due to different bandwidth-limiting factors for a
well-designed SATCM TWAPD. Trace A: Net frequency response. Trace B:
Carrier drift time. Trace C: Velocity mismatch with microwave loss and the
boundary reflection effect. Trace D: Multiplication time.

The important parameters of this simulated device are labeled
in this figure. We choose that the value of device-absorption
length is equal to 150 m for the maximum bandwidth-respon-
sivity product (quantum efficiency bandwidth gain). We
can clearly see that the dominant bandwidth limitation, such
as the velocity mismatch or microwave loss, in the traditional
p-i-n-based TWPD with a long device-absorption length, is
minimized in our structure. The speed performance of our sim-
ulated structure can thus be further improved by increasing the
built-in electric field in the doped SiGe–Si SL photoabsorption
layer, which can be achieved using a graded bandgap [43] or
chirp SL technique [46].

V. CONCLUSION

This paper has proposed a novel type of avalanche pho-
todetector: the SATCM TWAPD, which can improve the
GBP and output-power-bandwidth product and reduce the
operation voltage of traditional APDs. The analysis and
bandwidth simulation presented in this paper have focused
on a general example of an edge-coupled traveling-wave
structure based on Si and SiGe materials due to its excellent
breakdown property and high-speed/power applications in
the communication wavelength. A photo-distributed current
model, which includes the microwave propagation effects,
transport time, and multiplication time of photogenerated

carriers, has been used to conduct the simulation. According
to our calculations, the electrical bandwidth and microwave
propagation characteristics of the simulated TWAPD can be
improved significantly almost without affecting the operation
voltage by means of an additional transport layer. In addition,
with a heavily doped photoabsorption layer and a large
ratio in the Si multiplication layer, we can almost eliminate the
hole-transport and photoabsorption layer breakdown problems
in the traditional APD structure and achieve a high-GBP per-
formance. In a well-designed Si–SiGe-based SATCM TWAPD
with a thin multiplication layer, relatively thick transport layer,
and a long device-absorption length, the bandwidth-limiting
factors, such as the velocity mismatch and the multiplication
time, can be minimized, and the ultra-high-output-power-band-
width-product performance can also be expected due to its
small optical modal photoabsorption constant, the low density
of photogenerated carriers, the large photoabsorption volume,
and the superior microwave-guiding structure. The electrical
bandwidth can be further increased by applying a bandgap
engineering technique to the doped photoabsorption layer to
shorten the drift time of photogenerated electrons.
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