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High-Performance Germanium Waveguide Photodetectors on Silicon ∗
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Germanium waveguide photodetectors with 4𝜇m widths and various lengths are fabricated on silicon-on-insulator
substrates by selective epitaxial growth. The dependence of the germanium layer length on the responsivity
and bandwidth of the photodetectors is studied. The optimal length of the germanium layer to achieve high
bandwidth is found to be approximately 8𝜇m. For the 4 × 8𝜇m2 photodetector, the dark current density is as
low as 5mA/cm2 at −1V. At a bias of −1V, the 1550 nm optical responsivity is as high as 0.82 A/W. Bandwidth
as high as 29 GHz is obtained at −4V. Clear opened eye diagrams at 50Gbits/s are demonstrated at 1550 nm.
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To meet the demands of optical interconnect sys-
tems and fast-growing data communications exceed-
ing 100 Gbits/s, low-cost, low-power, and high-speed
optical components must be developed. Si pho-
tonics is a promising technology to satisfy these
requirements.[1,2] Germanium waveguide photodetec-
tors on Si substrates are key Si photonic devices owing
to their compatibility with the typical CMOS process
and the relatively high absorption coefficient of ger-
manium in the near-infrared region.[3] In recent years,
germanium waveguide photodetectors on Si have been
developed by many researchers.[4−9] The −3 dB band-
width, optical responsivity, and dark current density
are critical parameters for the high performance of ger-
manium waveguide photodetectors. However, these
parameters are interdependent, and tradeoffs between
them must be found. It is generally known that the
waveguide photodetectors can be divided into lateral
and vertical PIN junction structures. Researchers
have improved the −3 dB bandwidth to 67 GHz using
a lateral positive-intrinsic-negative (PIN) structure.
However, this reduced the responsivity to 0.74 A/W at
1550 nm and required the precise control of the etching
process.[8] Using a vertical PIN structure with a larger
germanium layer area (4.4×100µm2) achieved an op-
tical responsivity of 1.16 A/W and the fabrication pro-
cess was simple, but a decrease was observed in the
bandwidth with increasing germanium layer’s area due
to the increased resistor-capacitor (RC) delay.[10] Re-
searchers increased the −3 dB bandwidth to 45 GHz
using a small germanium layer (1.3× 4µm2), whereas
this degraded the responsivity and the dark cur-
rent density was as large as 57 mA/cm2. In addi-

tion, a complex fabrication process, such as chemical-
mechanical polish, was required.[5] Therefore, further
research is required on the tradeoff between the re-
sponsivity and bandwidth of germanium photodetec-
tors with various germanium layers and on the reduc-
tion of the dark current of the devices.

In this study, we fabricate germanium waveguide
photodetectors with germanium layer’s lengths of 6,
8, and 12µm on silicon-on-insulator (SOI) substrates.
The dependences of the responsivity and bandwidth
on the germanium layer’s length are analyzed. The
length of the germanium layer is optimized to guar-
antee the overall good performance in terms of band-
width and responsivity. The dark current and eye dia-
gram characteristics are investigated to find the noise
and signal transmission characteristics of the devices.

The germanium waveguide photodetectors were
fabricated in a commercial foundry. A schematic
cross-sectional view of the photodetector is shown in
Fig. 1(a). The devices were installed on an SOI sub-
strate with a 220-nm-thick Si top layer and a 2-µm-
thick buried oxide layer. The 220 nm silicon layer was
etched to define the grating coupler, Si waveguide, and
photodetectors. A 500-nm-thick germanium layer was
selectively grown on the n-type top silicon layer, which
was implanted with phosphorous to form the n-type
contact layer. Three germanium layers were grown
separately with widths of 4µm and lengths of 6, 8, and
12µm. The top of the germanium layer was implanted
with boron to form the p-type contact layer. Contact
holes and metal to p-type germanium/n-type silicon
were fabricated. Finally, the pad contact holes were
fabricated to connect the test probe. Figures 1(b)–
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1(d) show the micrograph of the photodetector with
pads, 3D structure diagram of the germanium waveg-
uide photodetectors, and size of the photodetectors,
respectively.
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Fig. 1. (a) Schematic cross-sectional view of the photode-
tector. (b) Micrograph of the photodetector with pads. (c)
Three-dimensional structure diagram of the germanium
photodetectors. (d) Size of the devices.
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Fig. 2. Schematic of the experimental setup for the mea-
surements of the dark current, photocurrent, bandwidth,
and eye diagram. The red and black lines represent the
optical and electrical connections, respectively. PD: pho-
todetector.

Figure 2 shows flow charts of the experimental
setup for the measurements of the dark current, pho-
tocurrent, bandwidth, and eye diagram. The red and
black lines represent the optical and electrical connec-
tions, respectively.

The 𝐼–𝑉 characteristics of the photodetectors with
and without incident light were measured using an
Agilent B1500A semiconductor parameter analyzer,
a probe station, and a Santec tunable semiconduc-
tor laser (TSL-550) at room temperature. The inci-
dent light was introduced to the grating coupler by a
single-mode tapered lensed fiber. The optical power
output from the tapered lensed fiber was measured by
a calibrated commercial reference detector.

High-frequency characteristics of the photode-
tectors were measured using the Agilent 67 GHz

lightwave-component-analyzer (LCA) N4373D in the
test range from 10 MHz to 40 GHz with a radio-
frequency GSG probe of 65 GHz (50 Ω load resistance).
The modulated output light at 1550 nm from the inte-
grated Agilent LCA system was transmitted through
optical fibers, and an optical polarizer was used to
maximize the incident light power into the photode-
tectors. The bias voltage from the Keithley 2611A
system source meter was applied to the photodetec-
tors through the integrated Agilent LCA system via
the radio-frequency GSG probe.

The eye diagrams were measured on the wafer. A
(231−1) long optical nonreturn-to-zero (NRZ) pseudo-
random bit sequence data pattern with various data
rates generated by a commercial LiNbO3 modulator
at 1550 nm was delivered to the grating coupler of the
photodetectors. The upper limit of the LiNbO3 mod-
ulator operation range was 50 Gbits/s. A sampling
oscilloscope was used to observe the eye diagrams.
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Fig. 3. (a) 𝐼–𝑉 characteristics of the germanium photode-
tectors with dark currents. (b) Extracted series resistance
(𝑅pd) from the forward 𝐼–𝑉 characteristics.

One of the most critical characteristics of high-
performance germanium waveguide photodetectors is
the dark current. Low dark currents can reduce the
noise of photodetectors, which is very important for
high signal-to-noise ratios (SNRs) of optical receivers.
Figure 3(a) displays the 𝐼–𝑉 curves of the photode-
tectors with various sizes at bias voltages from −4 V
to 1 V. At the bias voltage of −1 V, the dark currents
in the photodetectors with sizes of 4 × 6, 4 × 8, and
4×12µm2 are 1.0, 1.5, and 2.9 nA, respectively. These
values are considered to be acceptable for high-speed
optical receivers.[11] The dark current density is ap-
proximately 5mA/cm2, which is due to the superior
quality of the germanium layer and the accurate de-
vice fabrication process. In addition, an on/off current
ratio above 5 × 106 is realized between 1 and −1 V,
which indicates the excellent PIN junction character-
istics. The 𝐼–𝑉 relationship of the photodetectors can
be expressed as 𝐼 = 𝐼0[exp(𝑞𝑉/𝑛𝑘𝑇 ) − 1], where 𝐼0
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is the reverse saturated current, 𝑘 is the Boltzmann
constant, 𝑇 is the temperature, and 𝑛 is the ideality
factors. By taking the logarithm of both sides, the
relationship ln 𝐼 = ln 𝐼0 + 𝑞𝑉/𝑛𝑘𝑇 is obtained. It can
be seen that there is a linear relationship between ln 𝐼
and 𝑉 , the ratio coefficient is 𝑞/𝑛𝑘𝑇 , and the ide-
ality factors 𝑛 can be obtained by fitting the linear
part of the ln 𝐼–𝑉 curve. The ideality factor of the
photodetectors is approximately 1.23, which indicates
that the currents of devices are limited by both the dif-
fusion current and generation-recombination current
mechanisms.[12]

In a quasi-neutral region, the forward 𝐼–𝑉 char-
acteristics are mainly affected by the series resistance
(𝑅pd) of the device.[12] As shown in Fig. 3(b), the 𝑅pd

can be extracted from the forward 𝐼–𝑉 characteristics
by linear fitting under the logarithmic current coordi-
nates. The voltage drop by comparing the experimen-
tal curve to the ideal curve of the device at a given
current is obtained at a given current, and the series
resistance is calculated by the equation[13]

𝑅pd =
∆𝑉

𝐼g
, (1)

where 𝐼g = 7.72×10−3, 5.86×10−3, and 3.98×10−3 A
for the devices with sizes of 4×12, 4×8, and 4×6µm2,
respectively, corresponding to ∆𝑉 of 0.75, 0.69, and
0.64 V. Therefore, the series resistances (𝑅pd) of the
devices are 96, 117, and 161 Ω, respectively. It can be
seen that the 𝑅pd increases gradually as the size of the
device decreases. This is because the series resistance
of the device includes the junction resistance and con-
tact resistance. For shorter devices, the PIN junction
area and contact area of the device are smaller, which
all result in a larger series resistance of the device.

Normally, the responsivity of germanium waveg-
uide photodetectors increases as the length of the ger-
manium layer increases. Figure 4(a) presents the 𝐼–
𝑉 curves with incident 1550 nm light, and the inset
shows a schematic of the optical coupling. The cou-
pling angle between the tapered fiber and the grat-
ing coupler is 10∘. Under this condition, the coupling
loss at 1550 nm is approximately 10 dB. The optical
power from the tapered fiber is 0 dBm. Accordingly,
the optical power incident onto the photodetector is
approximately −10 dBm. At 0 V, the photocurrents
of the photodetectors with germanium layer’s lengths
of 6, 8, and 12µm are 79, 88, and 95µA, respectively.

The optical responsivity 𝑅 can be calculated using
the equation 𝑅 = (𝐼light − 𝐼dark)/𝑃 , where 𝐼light is the
photocurrent, 𝐼dark is the dark current, and 𝑃 is the
optical power. The optical responsivities of the de-
vices are displayed in Fig. 4(b). At a bias of 0V, the
optical responsivities of the photodetectors with the
germanium layer’s lengths of 6, 8, and 12µm are 0.79,
0.88, and 0.95 A/W, respectively. For the analysis of
the dependence of the responsivity on the length of
the germanium layer, the FDTD software is used to
calculate the responsivity and external quantum effi-

ciency of the photodetectors with various germanium
layer lengths.[14,15] The responsivity of the photode-
tectors simulated by the FDTD software is shown in
Fig. 4(b), where the solid-blue line represents the sim-
ulation results. The simulated results are higher than
the experimental data, which is attributed to the light
absorbed by the 100-nm-thick p+-germanium layer,
where the photo-carriers are difficult to be extracted
by the electric field. According to the simulation re-
sults, more than 93% of the 1550 nm light will be ab-
sorbed by the 12-µm-long device, which implies that
the responsivity of the device will tend to increase
slightly and saturate with longer devices.
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Fig. 4. (a) 𝐼–𝑉 curves with 1550 nm light. The inset
shows a schematic of the optical coupling between the ta-
pered fiber and the grating coupler. (b) Experimental and
simulation results of the 1550 nm optical responsivity.

Furthermore, for the 4× 8µm2 photodetector, the
1550 nm optical responsivities are 0.883, 0.824, 0.803,
0.790, and 0.787A/W at biases of 0, −1, −2, −3, and
−4 V, respectively. It can be seen that the optical
responsivity decreases gradually as the bias voltage
increases, which is attributed to the Franz–Keldysh
effect.[16,17] This phenomenon is observed in all of the
photodetectors.
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Fig. 5. Normalized frequency responses of the photode-
tectors with germanium layers of different lengths.
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Increasing the length of the germanium layer in
the photodetectors will increase not only the light ab-
sorption but also the junction capacitance, resulting in
lower frequency response. The normalized frequency
responses of the photodetectors with different germa-
nium layer’s lengths are shown in Fig. 5. At zero bias,
the −3 dB bandwidths of the devices with germanium
layer’s lengths of 6, 8, and 12µm are 17, 18, and
18 GHz, respectively, which gradually increase as the
reverse bias voltage increases. At a bias voltage of
−4 V, the −3 dB bandwidths of the devices with ger-
manium layer’s lengths of 6, 8, and 12µm are 25, 29,
and 26 GHz, respectively.

The theoretical calculation of the bandwidth en-
ables us to understand and analyze the high-speed per-
formance of the devices further. It is known that the
bandwidth of a germanium photodetector is mainly
dominated by the carrier transit-time-limited band-
width 𝑓T and RC-limited bandwidth 𝑓RC in the active
region.[18] The carrier transit-time-limited bandwidth
(𝑓T) can be written as[19]

𝑓T =
0.45𝑣

𝑑
, (2)

where 𝑣 is the saturation drift velocity (Ge: 𝑣 = 6 ×
106 cm/s), and 𝑑 is the thickness of the intrinsic layer.
Therefore, the carrier transit-time-limited bandwidth
𝑓T is estimated to be approximately 67.5 GHz.

The RC-limited bandwidth 𝑓RC can be written as

𝑓RC =
1

2𝜋𝑅𝐶
, (3)

where 𝑅 is the resistance, which consists of the series
resistance 𝑅pd and the load resistance 𝑅load, and 𝐶
is the capacitance, including the junction capacitance
𝐶j and the parasitic capacitance 𝐶p. The junction
capacitance 𝐶j can be calculated by 𝐶j = 𝜀𝜀0𝑊𝐿/𝑑,
where 𝜀 and 𝜀0 are the relative and vacuum permit-
tivity, respectively, 𝑊 and 𝐿 are the width and length
of the photodetector, respectively, and 𝑑 is the thick-
ness of the intrinsic layer. The series resistance 𝑅pd is
extracted from the forward 𝐼–𝑉 characteristics. The
load resistance 𝑅load and parasitic capacitance 𝐶p are
50 Ω and 17 fF in our test equipment, respectively.
Then, the RC bandwidth (𝑓RC) of the photodetectors
with different germanium layer’s lengths can be calcu-
lated. The RC parameters and bandwidths considered
are summarized in Table 1.

Table 1. Resistor–capacitor (RC) parameters and bandwidths.

Size (µm2) 𝑅pd (Ω) 𝑅load (Ω) 𝐶j (fF) 𝐶p (fF) 𝑓RC (GHz) 𝑓T (GHz) 𝑓 theory
−3dB (GHz) 𝑓experiment

−3dB @−4V (GHz)
4× 6 161 50 8.6 17 28.7 67.5 27 25
4× 8 117 50 11.5 17 35.3 67.5 30 29
4× 12 96 50 17.3 17 31.8 67.5 28.8 26

The −3 dB bandwidth, determined by both car-
rier transit-time-limited bandwidth 𝑓T and RC limited
bandwidth 𝑓RC, can be estimated by[19]

𝑓−3dB =
1√︁

𝑓−2
T + 𝑓−2

RC

. (4)

The theoretical results obtained for the devices with
germanium layer’s lengths of 6, 8, and 12µm are 27,
30, and 28.8 GHz, which are consistent with the exper-
imental data. The photodetector with a germanium
layer’s length of 8µm exhibits higher bandwidth than
those with germanium layer’s lengths of 6 and 12µm.
This is because the bandwidth of the 6-µm-long ger-
manium layer photodetector is mainly limited by the
larger series resistance 𝑅pd, and that of the 12-µm-
long germanium layer photodetector is mainly limited
by the larger junction capacitance 𝐶j. Therefore, for
high-speed germanium waveguide photodetectors on
Si, the length of the germanium layer on the device
can neither be too long nor too short.

The 50 Gbits/s eye diagrams of the photodetec-
tors at 0, −1, −2, and −3 V are shown in Fig. 6. The
photocurrent of the devices is approximately 150µA.
The integration time of the eye diagram is approxi-
mately 40 s. Under a bias of 0 V, the eye diagrams are
somewhat weak, which is attributed to the relatively
low −3 dB bandwidth. When the reverse bias voltage

reaches −1 V, all the devices show excellent opened
eye diagrams, indicating a high-quality data reception
performance.

50 Gbps@0V 50 Gbps@-1 V 50 Gbps@-2 V 50 Gbps@-3 V

WGPD 

4 µm×6 µm

WGPD 

4 µm×8 µm

WGPD 

4 µm×12 µm

Fig. 6. The 50Gbits/s eye diagrams of the germanium
photodetectors at biases of 0, −1, −2, and −3V.

In summary, although the optical responsivity of
the photodetectors increases with the length of the
germanium layer, the bandwidth of the photodetec-
tors with longer germanium layers is limited by the
larger junction capacitance 𝐶j. Therefore, the length
of the germanium layer should not be too long for
high-performance waveguide photodetectors. At the
same time, the bandwidth of the device with shorter
germanium layers is limited by the larger series re-
sistance 𝑅pd, so the germanium length should not
be too short either. Among the germanium layer’s
lengths considered in this study, the optimal one for
high-performance waveguide photodetectors is 8µm.
For the 4 × 8µm2 photodetector, at a bias of −1 V,
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the dark current density is approximately 5mA/cm2

and the 1550 nm optical responsivity is as high as
0.82 A/W. The −3 dB bandwidth is as high as 29GHz
at −4 V. Clear opened eye diagrams are obtained at
50 Gbits/s.
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