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Abstract—A novel phototransistor is fabricated by placing
Si0 5Ge0 5 Si multiple quantum wells (MQWs) between the base
and the collector of Si–SiGe heterojunction bipolar transistors
(HPT). The SiGe–Si MQWs are used as a light absorption layer.
The cutoff frequency ( ) and maximum oscillation frequency
( MAX) of the phototransistor are found to be 25 GHz, which is
suitable for gigabit integrated circuit. The responsivity of 1.3 A/W
(external quantum efficiency= 194%) and the pulsewidth of 184
ps at a wavelength of 850 nm are observed. The excellent electrical
and optical performance of the Si–SiGe MQW phototransistor
makes it attractive for future Si-based optoelectronic integrated
circuit applications.

Index Terms—Multiple quantum wells (MQWs), phototransis-
tors, SiGe.

I. INTRODUCTION

I N RECENT years, the Si-based photodetector with high
responsivity, high speed, and low cost has been attractive for

high-speed optoelectronic integrated circuit applications [1],
[2]. To achieve the high response, the thick absorption layer as
compared to absorption length is commonly used for absorbing
the incident light. It is well known that Si has absorption
depth of 20 m at an 850-nm wavelength. However, the
thick absorption layer increases the carrier transit time and
degrades the speed [3]. Therefore, the tradeoff between the
responsivity and the speed has to be considered in conventional
structures [4], [5]. It is reported [6], [7] that the photodetector
using a deep trench structure, where the photo carriers are
transported laterally to decrease the carrier transit time, has
a bandwidth of 2 GHz and responsivity of 0.35 A/W at 850
nm with the tradeoff between the response and the speed. A
resonant cavity structure was used to increase the responsivity
at specific wavelength (such as 850 nm) with proper cavity
design. Therefore, resonant cavity photodetector could have
high speed and efficiency at designed wavelength. However,
the control on the resonant wavelength by cavity thickness
is difficult [8], [9]. A small deviation on the layer thickness
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will degrade the resonant absorption at demanded wavelength
(850 nm). The absorption layer using the waveguide structure,
where the light is absorbed laterally, can also increase the
responsivity as a result of the long absorption path [10]. This
structure can have high speed because the carrier is transport
perpendicular to the light absorption direction with the thin
absorption layer. However, the small area for optical coupling
in the waveguide structure will cause large insertion loss and
requires complex optical alignment technique. This limits the
low-cost applications. A heterojunction bipolar phototransistor
(HPT) has been reported with high responsivity and high speed
simultaneously on compound semiconductor [11], [12]. In this
letter, a novel SiGe–Si multiple-quantum-well (MQW) HPT
with high responsivity, high speed, and potential of monolithic
integration has been presented.

II. DEVICE FABRICATION

The phototransistor was fabricated by a baseline process of
heterojunction bipolar transistor (HBT) with GHz
[14]. Five periods of undoped SiGe (5 nm) /Si (25 nm)
multiple quantum wells MQWs were grown between the base
and the collector by an ultrahigh-vacuum chemical vapor
deposition (UHVCVD) system as absorption layers [13]. To
achieve the high-speed HBT characteristics, the SiGe base was
60-nm-thick with the first 30 nm consisting of 15% Ge and
then graded decline to zero for the following 30 nm to achieve
short base transit time. The boron doping concentrations were
5 10 cm in the graded base region. Si and Ge
were used as the Si and Ge precursors, respectively, with the
growth temperature of 550C. Arsenic implanted poly-Si was
used as the emitter [13], [14]. The HPT has an emitter area of
0.6 10 m and an optical opening of 14.4m through the
base–collector junction.

III. RESULTS AND DISCUSSION

Fig. 1 shows the Gummel plot of the Si–SiGe MQW photo-
transistor. It is observed that the base current is nearly ideal
with V and the high electrical current gain of 200 is
achieved at 0.66 V. The inset of Fig. 1 shows the mea-
sured of phototransistor is 25 GHz, which is smaller than the
control HBT (48 GHz) due to the additional SiGe MQWs. The

of the phototransistor is 25 GHz, which is larger than the
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Fig. 1. Gummel plot of the MQW HPT. Inset shows the high-frequency
properties.

control HBT (16 GHz) due to the decrease of base–collector ca-
pacitance by the undoped SiGe MQWs. The HPT still remains
good dc and radio frequency (RF) properties in spite of the addi-
tional MQW absorption layers, which are enough to implement
a Gbit transimpedance amplifier and other integrated circuit ap-
plications [15].

To investigate the photocurrent and responsivity of the pho-
totransistor, we have used two modes: 1) emitter open configu-
ration (photodiode mode) and 2) base open configuration (HPT
mode). In case of photodiode mode, the phototransistor shows
the low dark current of 10 pA at 3 V and exhibits 4.6-A pho-
tocurrent at 850-nm light exposure with 180-W incident power
(responsivity 26 mA/W). The low responsivity is due to the
absorption layer (totally 0.15 m for Si–SiGe MQWs ) is much
thinner than the long absorption length of SiGe (3 m) for
850-nm wavelength light absorption. Under HPT mode, pho-
tocurrent is largely enhanced to 235A at V, while
the dark current still remains low (100 pA). The responsivity of
SiGe HPT exceeds 1 A/W for a wide range of applied voltage
(0.4–3 V) and has a high value of 1.3 A/W at V as
seen in Fig. 2, while the control SiGe HBT without SiGe MQW
is 0.7 A/W [11]. The slightly increase for the photocurrent with
the increase of the is due to the Early effect the same as
in SiGe HBTs. It is noted that the photocurrent at HPT mode is
amplified about 50 times as compared to photodiode mode and
it has been explained in Fig. 3. Inset of the Fig. 2 shows the pho-
tocurrent versus optical power (20–450W) at bias of 1, 2,
and 3 V, respectively, for a SiGe phototransistor. The near linear
behavior and small signal detection ability (20W) indicate that
the phototransistor is adequate for optical communication.

The schematic band diagram of the SiGe Si MQWs is
shown in Fig. 3. The SiGe–Si MQWs can increase the light ab-
sorption as compared to Si layers due to the smaller bandgap of

Fig. 2. Photocurrent and responsivity of the MQW HPT at 850-nm light
illumination. Inset shows the photocurrent to input optical power relationship.

Fig. 3. Schematic band diagram of the SiGe–Si MQW phototransistor.

Ge. Both electrons and holes are generated in the base–collector
region under light exposure, electrons are swept to the collector
as parts of the initial photocurrent of the heterojunction photo-
transistor, and the generated holes diffuse to the base region and
inject into the emitter by lowering the base-emitter energy bar-
rier. The barrier lowering allows a large amount of electrons to
diffuse across the base to the collector and amplifies the initial
photo current. The photocurrent at collector was then largely en-
hanced.

High-speed temporal response of the SiGe MQW phototran-
sistor is obtained by impulse response measurement. A 50-ps
pulse laser output driven by a pulse generator at 850-nm wave-
length is coupled through a fiber to the phototransistor and a
sampling oscilloscope records the response of phototransistor.
Fig. 4 shows the pulse response of a SiGe phototransistor with
different applied voltages ( , 2, and 3 V, respectively).
At 3 V, the SiGe phototransistor has the rise time of 64
ps, fall time of 442 ps, and a full width at half maximum
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Fig. 4. Pulse response of SiGe HPT at 850-nm and 50-ps pulse laser
illumination with the applied voltages of 1, 2, and 3 V, respectively.

(FWHM) of 184 ps. After Fourier transform, the optical 3-dB
bandwidth is about 550 MHz, which is limited by the long tail.
In spite of the fast falling of the ac response at low frequency,
the 6-dB bandwidth is 1.2 GHz, which corresponds to the ac
response one-half the initial value. The pulse response has fast
rise time and slow two-step fall time for all operation voltages.
In the falloff process, the two-step process can be further dis-
tinguished by a fast-fall process then a second slow process that
results a long tail. The first-fall process could be described as
the turn-off process of the phototransistor while the nonzero tail
of the second fall time process is probably due to the slow dif-
fusion and recombination of carriers generated from the Si sub-
strate. The effect of the slow diffusion carriers could possible
reduced by increasing the response of phototransistor or using
silicon-on-insulator (SOI) substrate [7].

IV. SUMMARY

In summary, we have reported the high-performance photo-
transistor with SiGe–Si MQWs. The Gummel plot of the pho-
totransistor shows the high current gain of with the low
junction-leakage current. The and are observed to be
25 GHz. The phototransistor shows the high responsivity of 1.3
A/W with the external quantum efficiency of 194% and the
pulsewidth of 184 ps with the operation voltage of 3 V at the
wavelength of 850 nm. Improved optical performance and the
potential monolithic integration of the Si–SiGe phototransistor

pave the way for future high-speed Si-based optoelectronic in-
tegrated circuits.
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