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An 850-nm Normal-Incidence Germanium
Metal–Semiconductor–Metal Photodetector With

13-GHz Bandwidth and 8-�A Dark Current
Berkehan Ciftcioglu, Jie Zhang, Roman Sobolewski, and Hui Wu

Abstract—This letter presents a new germanium metal–semicon-
ductor–metal photodetector (PD), in which an amorphous silicon
(a-Si) layer is added on top of the undoped germanium substrate.
The a-Si under the Ti–Au contacts serves as a barrier enhancement
layer and mitigates Schottky barrier height lowering due to fermi-
level pinning, hence reducing dark current. In the active region, the
a-Si layer passivates surface states, thus preventing low-frequency
gain due to charge accumulation and image force lowering, and
improving the device bandwidth. A prototype PD with an area of
�� �� m� with 2- m contact spacing and 1.25- m contact
width achieved a small-signal 3-dB bandwidth over 10 GHz. In an
ultrafast electrooptic sampling measurement, its impulse response
exhibited 15-ps pulsewidth and 30-ps rise time, which corresponds
to 13-GHz bandwidth. The measured PD capacitance was 40 fF.
The responsivity and dark current were 0.23 A/W and 8 A, re-
spectively, at 850-nm wavelength and 7-V bias.

Index Terms—Optical interconnections, photodiodes, Schottky
diodes, semiconductor–metal interfaces.

I. INTRODUCTION

H IGH-PERFORMANCE integrated photodetectors (PDs)
are essential in high-speed short-haul optical com-

munication systems at near-infrared wavelengths, such as
10 GbE and fiber channel. Germanium (Ge) is an attractive
material thanks to its complementary metal–oxide–semicon-
ductor (CMOS) integration compatibility, which is crucial in
large-scale electrophotonic integrations, and its good optical
and electrical properties, allowing PDs to exhibit good sensi-
tivity and large bandwidth. For example, normal-incidence Ge
p-i-n PDs have been demonstrated above 39-GHz bandwidth by
using a thin epitaxial Ge layer (300 nm) to minimize carrier drift
time and a small active device area (about 10 m in diameter)
to reduce parasitic capacitance [1]. The bandwidth reduces to
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13 GHz, limited by the PD capacitance when the diameter in-
creases to 20 m. Similarly, a lateral p-i-n Ge PD has achieved
0.23-ampers/watts (A/W) responsivity and 29-GHz bandwidth
on a thin epitaxial Ge layer [2]. Both of these devices require
epitaxy processes and large numerical aperture micro-lenses for
efficient light coupling, difficult to realize in systems-on-chip.
Ge waveguide p-i-n PDs have also been demonstrated with
1-A/W responsivity and 42-GHz bandwidth [3]. However, they
require multiple lithography steps and additional couplers in
free-space or fiber-based systems.

This work is part of the development of a 3-D integrated free-
space optical interconnect, operating at 850 nm with a 10-Gb/s
bandwidth per optical link [4]. The metal–semiconductor–metal
(MSM) structure is chosen over p-i-n ones to reduce parasitic
capacitance per area, to allow less stringent micro-lens-to-PD
alignment for efficient light coupling, while achieving reason-
ably good bandwidth and responsivity, and to simplify the fab-
rication process: an MSM PD typically requires a single lithog-
raphy step for metal contacts.

II. Ge MSM PDs

There are two major challenges with MSM Ge PDs. First,
they exhibit very large dark current [5]. Primarily, such large
dark current is due to the Fermi-level pinning close to valence
band, causing Schottky barrier height (SBH) for holes to be very
small for small bandgap Ge [6]. Several methods have been pro-
posed to mitigate this large dark current effect. One way is to use
asymmetric contacts with titanium and nickel to form two dif-
ferent Schottky barriers (Ti–semicondcutor–Ni) instead of con-
ventional symmetric contacts [7]. Asymmetric contacts selec-
tively increases both electron and hole SBH and reduce the dark
current at the expense of an extra lithography step. These PDs
can operate only up to 1 GHz due to the largely spaced con-
tacts. Another method is to add a Schottky barrier enhancement
layer made of larger bandgap material between the metal and
semiconductor to increase the SBH. For example, amorphous
Ge [8], amorphous Si (a-Si) [9], and silicon–carbon [10] have
been shown to suppress the dark current significantly. The sur-
face incident MSM PDs in [8] achieved 7.5- A dark current
with 3.1-GHz bandwidth at 850 nm. The waveguide MSM Ge
PD with Si : C barrier layer achieved a low (0.1- A) dark cur-
rent with a 12-GHz bandwidth at 1550 nm [10]. Unpassivated
dangling bond states at the semiconductor surface also play a
detrimental role in the generation of dark current. To alleviate
this, a-Si : H can be used to passivate the surface of heteroepi-
taxially grown SiGe, improving dark current by four orders of
magnitude [11].

1041-1135/$26.00 © 2010 IEEE



CIFTCIOGLU et al.: 850-nm NORMAL-INCIDENCE GERMANIUM MSM PD WITH 13-GHz BANDWIDTH AND 8- A DARK CURRENT 1851

Another major challenge with MSM PDs is their large re-
sponsivity gain at low frequencies under illumination, limiting
its bandwidth. The unpassivated surface dangling bonds, be-
sides its contribution to dark current, create trap regions cap-
turing photogenerated carriers. These carriers accumulate in the
vicinity of the Schottky barrier especially at the edges of the
metal contacts where the electric field is very strong, and lower
the barrier height significantly, causing an undesirable low fre-
quency gain [12]. This unwanted gain can be removed by using
a cap layer, e.g., AlGaAs and/or InGaP layers on GaAs [12],
[13].

In this work, we seek to combine the separately used barrier
enhancement technique and surface passivation technique,
using a-Si in a single process step to mitigate both effects and
build large bandwidth and low dark current MSM Ge PDs.
Unlike the other barrier-enhancement techniques [7], [8], [10],
[11], the thin a-Si layer is deposited not only underneath metal
contacts but over the whole device. Hence, this layer serves as
a Schottky barrier enhancement layer between metal and Ge to
suppress dark current, and also as a surface-state passivation
layer over the active region, which both alleviates the low-fre-
quency gain and reduces dark current. We keep the thin a-Si
layer highly resistive (undoped) in order to avoid the ohmic
contact formation and the photogenerated carriers to travel in
low-mobility a-Si layer.

III. PD DESIGN AND FABRICATION

A prototype Ge MSM PD was designed in the following way.
First, finger spacing of the MSM PD was theoretically calcu-
lated as 2 m for 10-GHz bandwidth, based on the lithog-
raphy limitations. Note that the MSM PD bandwidth was lim-
ited by the carrier transit time due to its very small capacitance.
Therefore, the bandwidth could further be improved without
reducing the responsivity, by shrinking the finger spacing and
width with the same ratio. Second, the effects of a-Si layer on
the dark current and bandwidth were investigated by simula-
tions using a 3-D device simulator DAVINCI for a m
device area. Without the a-Si layer, the PD exhibited several
milliampers dark current [Fig. 1(a)] and 70-MHz bandwidth
[Fig. 1(b)]. When a 20-nm a-Si layer was placed only under-
neath the metal contacts, the dark current was suppressed by two
orders of magnitude and the bandwidth was limited to 150 MHz
due to the presence of surface trap states. When a 20-nm-thick
a-Si is placed everywhere on the Germanium substrate, both in
between and underneath the metal contacts, dark current was
suppressed by four orders of magnitude. The PD bandwidth was
9.7 GHz with a responsivity of 0.284 A/W. For the best PD per-
formance, the optimal a-Si layer was found to be 20 nm, with
an estimated hole SBH of 0.45 eV. Further increase of the
a-Si thickness did not suppress the dark current much, while it
reduced the responsivity and bandwidth.

The PDs were fabricated on a 540- m-thick Ge sub-
strate. The substrate was first cleaned with using 1.5% H O ,
and native oxide was removed by 1% HF dip and 20% HCl.
After dipping into HF and HCl for several cycles to ensure
that surface was free of Ge oxide, the sample was coated with
undoped 22-nm-thick a-Si, (accidentally over-deposited) in a
PECVD chamber at 400 C. Then, it was coated with 100-nm-
thick PECVD SiO at 300 C. In the first lithography step,

Fig. 1. (a) Dark current and (b) small-signal frequency response for a �� �

�� �m 2-�m finger spaced Ge PD at 3-V bias simulated using DAVINCI.

Fig. 2. Measured responsivity and dark current of the prototype PD at different
bias voltages. The inset shows the cross-section of the MSM PD.

m oxide area was dry etched with CHF –O for ac-
tive region formation. After the dry etch the sample is dipped in
a 1% HF solution for 10 s to remove oxide remnants from the
surface. After the interdigitated MSM structure was patterned in
the second lithography, 11-nm Ti and 190-nm Au were evapo-
rated for metal contacts and then lift off. The fabricated PD oc-
cupies m area with 2- m finger spacings and 1.25- m
finger width. The pad area was m .

IV. EXPERIMENTAL RESULTS

The fabricated Ge PD was characterized by three different
sets of measurement: dc, small-signal, and impulse response
measurement. In dc measurements, a 10-GHz 850-nm VCSEL
(Finisar HFE8004-103) with an optical power of 2 mW was
used as the light source. As shown in Fig. 2, the responsivity
curve had a knee point at around 2.5 V, where it started settling
at 0.235 A/W. This value can be improved up to 0.37 A/W by
depositing SiN on top as an antireflection coating on the PD
surface. The dark current was approximately 8 A at 7-V bias
voltage, which corresponds to 360-mA/cm dark current den-
sity.

For both small-signal and impulse response tests, the PD was
glued on top of an FR-4 printed circuit board (PCB), using
silver epoxy and wirebonded to a coplanar transmission line
on the PCB. In small-signal tests, we connected the PD with
the aforementioned VCSEL to two ports of a 50-GHz network
analyzer (VNA). The results showed that the 3-dB bandwidth
of the device changed from 7.4 to 10.1 GHz, at biases from 3
to 10 V (Fig. 3). The PD capacitance was measured as 40 fF,
corresponding to an extrinsic bandwidth of 80 GHz when con-
nected to a 50- load. Note that the PD bandwidth was limited
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Fig. 3. Measured small-signal bandwidth of the PD at different bias voltages
and 850-nm illumination. The peaking was due to the parasitic resonance of the
wirebond inductance and VCSEL and PD capacitances.

(a) (b)

Fig. 4. Impulse response results using (a) 50-GHz sampling oscilloscope and
(b) EO sampling with LiTaO sampling crystal both at 7-V bias and 800-nm
illumination. The curve fitted impulse response had 15-ps pulsewidth.

with VCSEL bandwidth and exhibited little change at high bias
voltage.

In the impulse response measurement, we used a tunable
mode-locked Ti Al O femtosecond pulsed laser, operating
between 700 and 1000 nm, with 76-MHz repetition rate and
100-fs pulsewidth. As shown in Fig. 4(a), the pulsewidth was
49.7 ps and the fall time was 32 ps with a 9.45-GHz bandwidth,
mainly limited by the wirebonds and PCB traces.

To eliminate these limitations, we performed an ultrafast elec-
trooptic (EO) sampling test of our PDs, using a LiTaO total
internal reflection finger probe [14], and the same mode locked
laser at 800-nm wavelength. In this measurement, the same PD
with a longer (1-mm) transmission line was wirebonded to the
PCB, for the finger probe to detect the propagating pulse. The
excitation beam was amplitude-modulated using an acoustic-
optical modulator with the frequency of 99.8 kHz, focused onto
the PD, with 0.14-mW average power. The sampling beam was
internally reflected from our LiTaO finger probe, placed only
80 m away from the PD in between the two arms of the trans-
mission line. Note that the waveform of the propagating pulse
was acquired very close to the PD, hence, signal distortion was
minimized. The time delay between the excitation and sampling
beams was controlled by a computer using an optical delay line.
As shown in Fig. 4(b), the impulse response of the PD exhibited
a full-width at half-magnitude pulsewidth of 15 ps and the rise

and fall times of 3 and 30 ps, respectively. Using the pulsewidth
and bandwidth relation in [15], the PD bandwidth was estimated
as 13 GHz.

V. CONCLUSION

In the reported normal-incidence Ge PDs, the a-Si layer pas-
sivates the Ge surface and enhances the Schottky barrier height,
hence mitigating low frequency gain and suppressing dark cur-
rent more than three orders of magnitude. The fabricated proto-
type photodiode with an area of m had 8- A dark cur-
rent and 0.23-A/W responsivity with a corresponding quantum
efficiency of 34% at 7-V bias. It achieved a 15-ps pulsewidth
with an estimated bandwidth of 13 GHz in EO sampling tests.
With its low dark current, large device size, reasonably good
bandwidth and responsivity, this PD can easily find applications
in 10-Gb/s ethernet, high-speed, and serial links.
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