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Abstract: We report a vertical p-i-n thin-film germanium photodetector
integrated on 3pm thick large core silicon-on-insulator (SOI) waveguides.
The device demonstrates very high external responsivity due to the low
fiber coupling loss to the large core waveguides. The germanium width and
thickness are carefully designed to achieve high responsivity yet retain high-
speed performance. Even with fiber coupling loss included, the device has
demonstrated greater than 0.7A/W external responsivity at 1550nm for TM
polarization and 0.5A/W for TE polarization. A low dark current of 0.2pA
at —0.5V bias is reported. 3dB bandwidths of 12GHz and 8.3GHz at —2.5V
bias are also reported for 100um and 200pm long devices, respectively. The
device can cover the communication wavelength spectrum up to 1620nm
with a relatively flat responsivity of >0.5A/W. Further studies suggest that
with a modified design the device is capable of achieving 1A/W external
responsivity for both TE and TM polarizations and greater than 30GHz
bandwidth.
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1. Introduction

Silicon photonics has been an attractive research topic in recent years due to the potential
capability of monolithic integration with complementary-metal-oxide-semiconductor (CMOS)
microelectronic circuits [1-3]. It is widely recognized as the key technology to realize next
generation interchip data communication through optical interconnects. Because of
compatibility with CMOS technology, germanium (Ge)-based photodetectors have drawn
much attention [4-9]. So far, all efforts at integrating Ge detectors on the silicon photonics
platform have concentrated on small core submicron waveguides. Both evanescent [6—8] and
butt [5] coupling schemes have been used to couple light from silicon waveguides to
germanium layers. When integrated with small core waveguides, Ge photodetectors have the
advantage of easier power transferring to the Ge films in the evanescent coupling case.
However, small-waveguide-based Ge photodetectors suffer from larger fiber-coupling losses
and tight fabrication tolerances, which make further integration of WDM components rather
challenging, hence, preventing their widespread deployment in optical links and interconnects.
Large core silicon waveguides, on the other hand, are more tolerant to fabrication
variations and have demonstrated superior performance in passive [10,11] and active devices
[12]. Using linear-taper-based mode transformer technology, the fiber coupling loss to stand
fiber can be as low as 0.5dB/facet for such devices [10-12]. This technology enables
fabrication of waveguide-based Ge photodetectors that potentially achieve close to ideal
performance. In this paper, we demonstrate a high-performance vertical p-i-n (VPin) Ge
photodetector integrated on 3pum thick Silicon-on-insulator (SOI) waveguides. Due to the
nature of large core, only evanescent or partial-butt coupling structures can be used to avoid
large transient times associated to a thick Ge layer that would otherwise be necessary. This
requires a phase matching condition to be satisfied between top Ge waveguide and bottom Si
waveguide to efficiently transfer light from Si to Ge waveguides. In this design the phase
match condition is achieved by carefully designing the Ge layer thickness and width. A flat
spectrum of responsivity >0.5A/W all the way to the long-wavelength band (L-band) can be
achieved with proper Ge thickness for TE polarization. For TM polarization, an external
responsivity larger than 0.7A/W has been demonstrated. It is worthwhile pointing out that the
responsivity reported here has taken the fiber-to-waveguide and waveguide propagation loss
into accounted. The device also exhibits low dark current of 0.2pA (28mA/cm’ current
density) at —0.5V bias. 3dB bandwidths of 12GHz and 8.3GHz at —2.5V bias for 200um and
200pm long devices are reported. Further studies suggest that with appropriate design
modification a 1A/W external responsivity and larger than 30GHz bandwidth is achievable.
The low driving voltage and low dark current make the device ready to be integrated with a
trans-impedance amplifier (TTA) and used in optical data communication systems.

2. Device structure and fabrication

Schematic view of the reported large core waveguide-based vertical pin (VPin) Ge
photodetector is shown in Fig. 1(a). The structure uses the evanescent coupling scheme. The
fabrication process starts from 3um thick SOI wafers with buried oxide. The single mode
waveguide was formed by etching 1.2pm thick Si with a width of 3um. The waveguide width
in the Ge section is tapered up to accommodate different detector widths.

After silicon waveguide fabrication, the wafer was shallow-implanted with boron in the
silicon waveguide surface and then heavily implanted in contact areas to form p-type ohmic
contacts. The wafers went through a rapid-thermal-annealing (RTA) process at 1050°C for 5
second to activate the dopant. The Ge layer was selectively grown on top of the Si waveguide
with a 100nm thick Ge buffer layer using low-temperature (400°C) growth followed by 1.1pum
thick Ge growth at high-temperature (670°C). The film is intentionally grown thicker (1.1pm)
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than the target to compensate for the thickness reduction in later chemical-mechanical-
polishing (CMP) steps. The wafers went through these CMP steps before post-growth-
annealing. Figure 1(c) shows the cross-section TEM image of the structure after the CMP
step. The measurement shows that the final thickness of the Ge film is 0.92pm.

The wafers then underwent a post-growth-annealing step to reduce the threading
dislocations in the Ge film. The top of Ge film was implanted with phosphorus to form n-type
ohmic contact area. After RTA activation, the metal contacts for both p and n were formed by
depositing and patterning a Ti/Al metal stack on top of the doped areas. A top view SEM
image of a typical fabricated device with length of 100pm is shown in Fig. 1(d). It is
worthwhile to emphasize that the vertical pin junction in this design is formed only in the
intrinsic Ge region and not in the intrinsic Si region. Therefore, the transient speed is solely
determined by Ge thickness (not intrinsic Si thickness), thus enabling the realization of high
speed large core detectors and their easy integration with large core silicon waveguides.

W 100
( a) Ge

Metal

(b) —TE

80

n doping Ge 60¢

p doping Si

Evanescent Coupling

L_Ge=200um, W_Ge=3.5um

04 05 06 07 08 09 10 1.1 12
Ge Thickness (um)

Power Absorption Percentage (%)

19.8kY X1.08K 30.0rm

Fig. 1. (a) Schematic view of a vertical pin Ge waveguide photodetector integrated on top of a
large core SOI waveguide. (b) Simulation results of power absorption by Ge versus Ge film
thickness for the photodetector structure. (c) Cross-section TEM image of the fabricated device
after CMT step (0.92um Ge film on 3pm thick SOI waveguide). (d) Top view SEM image of
the full-processed device.

The Ge thickness (Hg,) is the key parameter to be optimized to realize maximum power
absorption in the Ge layer. The beam propagation method (BPM, BeamProp, Rsoft Design
Group) is used to provide a nominal design. Figure 1(b) shows the simulation results of the
power absorption of a typical large-core-waveguide VPin Ge photodetector versus the Ge film
thickness at a wavelength of 1550nm. The Ge width is 3.5pum and the length is 200pm. In our
simulation, the metal absorption has been taken into account. The metal absorption turns out
to be negligible. As indicated in this figure, the maximum absorption is realized at Ge
thicknesses of around 0.5um and 0.88um, where the phase matching condition between the
bottom SOI waveguide and the top Ge waveguide is satisfied for A = 1550nm. As a leveraging
parameter to tailor the responsivity spectrum, the Ge thickness can be made thicker to
compensate for the Ge absorption coefficient dropping beyond 1570nm wavelength. This is
used in the fabricated device reported here to enable an extended flat wavelength response.
The final thickness of the fabricated device was measured to be 0.92um. As a result, the
critical coupling point shifts to longer wavelength, therefore, the responsivity in L-band is
considerably enhanced. As will be shown in the following section, the Ge thickness is indeed
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the key design parameter to manipulate the responsivity spectrum and extend the operating
wavelength of the device into the long wavelength band (L-band).

3. Measurement results

The dark current I-V characteristics of a device with 200pum long and 3.5um wide are shown
in Fig. 2(a) and 2(b) for various temperatures. A low dark current of 0.2pA at —0.5V bias is
achieved for this large area device. It corresponds to a current density of about 28mA/cm?.
Even at a temperature of 50°C, the device exhibits less than 1pA dark current as shown in
Fig. 2(b). The low dark current is an evidence of a high-quality Ge film growth.
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Fig. 2. (a) Dark current I-V characteristics for different temperatures of a Ge photodetector
integrated on a large core SOI waveguide. (b) The temperature dependence of the device at bias
voltage of —0.5V.

The photocurrent of the device under luminescence was measured using a lensed fiber pair
with 3um spot size. The waveguide propagation loss of this large core waveguide was
measured with a spiral structure and is around 0.15dB/cm [8—10]. The lensed-fiber-to-
waveguide coupling loss is measured to be about 1.2dB/facet using a reference passive
waveguide. Coupling losses to standard fibers as small as 0.5dB/facet have been demonstrated
using linear-taper based mode transformers [10-12] for this class of waveguides. The thicker
Ge film leads to absorption reduction in short and central bands (S band and C band) due to
red shifting of the critical coupling point. As a result, power leakage from the output side is
expected for light with shorter wavelength. This power leakage can be measured as the excess
loss of a SOI waveguide with Ge photodetector integrated on top compared to an identical
reference passive waveguide without Ge film. The results are shown in Fig. 3(a). It shows that
the phase matching points for both TE and TM polarization are shifted to longer wavelengths
by using the thicker Ge film. The critical coupling points are measured at about 1605nm and
1585nm for TE and TM polarizations, respectively. It is noted that the excess loss of the
active section is higher at critical coupling points. It is caused by the scattering loss at the
output side Si/Ge interface, which does not contribute to the responsivity of the device.

When calculating the external responsivity (defined as the photocurrent/fiber input power),
all power leaks from the photodetector are treated as part of the responsivity reduction and
included in the calculation. In Fig. 3(b), the external responsivity of the reported device is
shown for both TE and TM polarizations and marked with “External”. The TE responsivity is
lower than that for TM due to the deliberate red-shifting of the critical coupling point resulting
from the thicker Ge layer used. The TE coupling is more affected by the Ge thickness increase
for the particular geometry and design of the waveguide used in this case. A flat responsivity
spectrum of 0.5A/W is obtained up to 1580nm. A maximum responsivity of 0.72A/W is
measured at 1600nm for the TE polarization. By intentionally decreasing the coupling in
shorter wavelength and enhancing in longer wavelength, we are able to make the responsivity
spectrum flat as shown in Fig. 3(b). For longer wavelength, the responsivity begins to
decrease due to the dominant effect of the absorption decrease of Ge material as we discussed.
For TM polarization, the responsivity remains at 0.8A/W up to 1580nm wavelength. All
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results are measured at a bias of —0.5V. Due to the low propagation losses in these larger core
waveguides, Fabry-Perot (FP) oscillations are observed in these measurements.
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Fig. 3. (a) Excess loss of a SOI waveguide with Ge film on top compared to a reference passive
waveguide without Germanium. (b) The measured external and calculated internal
responsivities of the device.

It is interesting to note that the results shown in Fig. 3(b) also suggest that, if the output
power is excluded from the responsivity evaluation the internal responsivity for both TE and
TM can be very high if the Ge thickness is chosen to ensure phase matching at shorter
wavelengths. For TM polarization, the internal responsivity can reach 1A/W. In other words,
with longer device with right Ge thickness, we are able to achieve close to ideal performance.
Moreover, even with fiber coupling loss included (0.5dB/facet), the responsivities can be as
large as 0.7A/W and 0.9A/W for TE and TM polarizations, respectively.

The frequency response of the device was measured using an Agilent vector network
analyzer (AVN). The high-speed RF signal from AVN was applied to an external modulator
with a bandwidth of ~40GHz. The output modulated light signal was input into the detector
and the photocurrent was then measured by a high-speed RF probe. The system was calibrated
in advance to factor out the effect of the RF systems, including the cable, the bias-tee, and the
modulator. The frequency responses of a 200um long Ge photodetector are shown in Fig. 4(a)
for different bias voltages. The device demonstrates an 8.3GHz 3dB bandwidth with 2.5V
bias voltage. Further investigation reveals that the device speed is limited by the RC time
constant. The series resistance and capacitance of this device are measured to be 33Q and
200fF. Taking the 50 Q cable impedance into account, it sets the RC constant limited speed to
be 9.5GHz, which is coincident with our measurement result. The bias voltage dependence of
the 3dB bandwidth shown in the insert of Fig. 4(a) may indicate that the device speed is
limited by the RC constant since higher bias reduces the device capacitance.

In Fig. 4(b), the measured 3dB bandiwidth results of devices with different Ge widths are
shown. With —2.5V bias, a 100um long device can reach 12GHz speed. However, such device
demonstrates a smaller responsivity of around 0.4A/W. Initial analysis indicates that the
transient-time-limited speed of the device can be as fast as 30GHz given the thickness of the
Ge film. However, in our case, the devices are RC-constant limited. Through processing
optimization, the series resistance and capacitance can be reduced; the devices can operate at
30GHz speed.
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Fig. 4. (a) Frequency response of a 200pm device with different bias voltage. (b) 3dB
bandwidth fi4p versus the device length.

A solution enabling both higher speed and higher responsivity can be based on the use of a
partially butt-coupled structure. Instead of growing Ge layer on top of Si waveguide, a small
Ge growing window (trench) can be opened by partially etching the Si waveguide and the
required Ge thickness (for example 0.92pm) selectively grown into the opened trench. Due to
the higher coupling strength resulting from this structure, a shorter device length is possible.
Simulations show that this modified device can achieve both high responsivity and high
speed. The 3dB bandwidth of such devices is expected to be greater than 30GHz with the
resopnsivity approaching 1A/W.

4. Conclusions

We report a high-speed vertical p-i-n thin-film Ge photodetector integrated on 3um thick large
core SOI waveguides. The devices demonstrate larger than 0.7A/W external responsivity
including fiber-to-waveguide losses. A low dark current of around 0.2pA is also reported for a
200X3.5um large-area device. The reported devices have achieved 12GHz and 8.3GHz 3dB
bandwidths for 100pum and 1200um long devices, respectively. In addition, it is demonstrated
that the responsivity spectrum can be tailored by choosing different Ge thickness designs. The
reported device covers the entire S-, C-, and L-bands of the optical communication window.
Further study shows that device performance can be significantly improved by using butt
coupling schemes. The 3dB bandwidth of such devices are predicted to be larger than 30GHz.
Integrated on large core SOI waveguide, the device shows very good robustness to tolerances
in its fabrication process and has great potential for application in next generation data
communication systems and inter-chip optical interconnects.
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