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We propose a mode-evolution-based coupler for high satura-
tion power germanium-on-silicon photodetectors. This cou-
pler uniformly illuminates the intrinsic germanium region
of the detector, decreasing saturation effects, such as carrier
screening, observed at high input powers. We demonstrate
70% more photocurrent generation (9.1-15.5 mA) and more
than 40 times higher opto-electrical bandwidth (0.7-31 GHz)
than conventional butt-coupled detectors under high-power
illumination. The high-power and high-speed performance of
the device, combined with the compactness of the coupling
method, will enable new applications for integrated silicon
photonics systems. © 2017 Optical Society of America

OCIS codes: (230.5160) Photodetectors; (230.0250) Optoelectronics;
(130.3120) Integrated optics devices.
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Light detection is essential for wave-guided integrated electronic-
photonic systems. Various techniques have been investigated for
this purpose, such as bonding ITI-V photodetectors to a silicon
wafer [1,2]. In contrast to bonding, the successful growth of
germanium on a silicon wafer [3,4] has shown that germanium-
on-silicon (Ge-on-Si) photodetectors are a viable option for
near-infrared detection on a complementary metal-oxide-semi-
conductor (CMOS) compatible platform. Such devices have
been studied extensively, with efforts focused on improving the
performance of butt-coupled Ge-on-Si detectors [5-14]. Two
major drawbacks to this coupling method are the large imped-
ance mismatch between the silicon bus waveguide and the
Ge-on-Si structure [7] and the strong absorption of incident
light in the first few micrometers of the detector [1]. Both prob-
lems can lead to saturation in DC [15,16] and compression in
RF [16-18] current generation under high-power illumination.
To improve the saturation level, the peak intensity of the carriers
within the detectors can be minimized by utilizing uni-traveling
carrier designs in indium phosphide, which are bonded to a
silicon/silicon-on-insulator (SOI) wafer requiring complex fab-
rication and design processes [1,2]. Another approach involves
segmented designs based on tree networks of detectors with
traveling-wave electrodes [19], increasing the dark current
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and lowering the sensitivity. Both approaches reduce high-power
saturation effects but add complexity to the system.

Another solution is to re-engineer the coupler to more effec-
tively illuminate the germanium region of a single waveguide-
coupled photodetector. This can be done using mode evolution
to transfer light from the silicon bus waveguide into the detector
gradually and efficiently. Such a design is advantageous because it
eliminates the modal interference that causes the locations of
strong absorption seen in [1] and instead uniformly illuminates
the detector. Furthermore, mode-evolution-based structures are
inherently broadband and require less accuracy and precision in
the fabrication process, making them more suitable to wafer-scale
integrated photonics systems [20,21].

In this Letter, we demonstrate a compact and efficient
mode-evolution-based coupler to transfer TE-polarized light from
a silicon bus waveguide to a Ge-on-Si photodetector. Designed
within a CMOS-compatible process, this coupler transfers input
power from the bus waveguide into a few similar modes in the
Ge-on-Si structure. Compared to a similar butt-coupled photo-
detector, the mode-evolution-based coupled detector generates
70% more DC photocurrent (15.5 versus 9.1 mA) at a high
incident power of 28 mW. Furthermore, at a total input power
of 4 mW, the mode-evolution-based coupled detector maintains
a high opto-electrical bandwidth of 31 GHz compared to only
0.7 GHz in the butt-coupled detector.

The germanium detectors presented in [5—14] rely on some
variation of butt coupling, which is defined here as having a
silicon bus waveguide directly incident on the Ge-on-Si
structure. By using this coupling method, all of the light in the
bus waveguide is transferred into the photodetector at the
waveguide-detector interface, causing two problems. First,
butt-coupling excites modes in the detector with vastly differ-
ent propagation constants so strong modal interference with
high peak intensities can be observed. Second, all of the light
is transferred into the germanium at once, so most of the ab-
sorption occurs in the first few micrometers of the detector [1].
Together, these two issues will produce discrete locations of
high power density in the germanium, leading to saturation
effects. One such effect is that trap sites on the germanium-
silicon interface are occupied for longer fractions of time
due to a high generation rate of free carriers. This decreases
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the recombination rate of minority carriers and lowers the re-
sponsivity at high input powers [15]. Additionally, a large elec-
tron-hole pair density in a single location creates a large
gradient of charge, inducing a strong electric field opposing
the applied bias. This effect, called carrier screening, reduces
the bandwidth at high powers because the carriers are not effi-
ciently swept out of the detector [18].

To overcome these challenges, we propose a novel coupling
method using mode evolution to transfer power into the
Ge-on-Si region gradually and efficiently; this mode-evolution-
based coupler is illustrated in Fig. 1(a). The coupler consists of
two sections: a bend in the bus waveguide to bring it near the
detector, gradually minimizing the impedance mismatch in or-
der to not excite unwanted hybrid or back-propagating modes,
and a linear asymmetric taper of the bus waveguide to transfer
the input power from the bus to the Ge-on-Si structure.
Importantly, this type of coupler is universal, allowing it to be
attached to any stand-alone detector. Figure 1(b) shows the
evolution and power transfer from the fundamental TE mode
in the bus waveguide to the TE;3 mode of the detector. In this
simulation, the germanium width was narrowed to limit the
number of guided modes and to match the index of the fun-
damental mode in the bus to the TE3 mode in the detector,
suppressing coupling to unwanted modes. Cross-sectional views
of the mode profile and device structure are shown in Fig. 1(c).

The key parameters in the coupler design are the bend
radius and taper length. By choosing these parameters using
intuition from the coupled local mode theory [20-22], power
transfer to unwanted modes is reduced. The coupled local
mode theory states that the power lost, P,,, to an unwanted
mode  is given by

11 - cos(32) (1)

P,(z) x 2‘%

where 6f is the average difference of the propagation constants,
k is the average value of the coupling coefficient, and z is the
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Fig. 1. (a) Not-to-scale diagram of the mode-evolution-based cou-
pler and a simplified Ge-on-Si detector. (b) The effective refractive
index of the optical modes as a function of the position at 1550 nm
using a 5 pm bend radius and a 10 pm taper length. (c) Cross-sectional
views of the TE electric field distribution of symmetric (Sym.) and
antisymmetric (Asym.) modes and the structure’s refractive index dis-
tribution (Struct.).
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direction of propagation along the structure. The coupling
coefficient, k, is given by
w

d
Ko = 5 5(2) / / el (x5 z)e,(x, 5 z) o e(z)dxdy, (2)

where e,, is the normalized vector electric field of mode .

From Eq. (1), it can be seen that power lost to other modes is
proportional to the ratio of ¥ to §f. As 8 is in the denominator,
power can only be transferred to modes with similar propagation
constants, eliminating the problem of modal interference caused
by short beat lengths. From Eq. (2), it can be seen that « is re-
duced by decreasing de(z)/dz. Physically, this means any tran-
sition must be gradual to minimize the derivative term, so for this
coupler, both the bend radius and the taper length should be as
large as possible. However, high-speed applications limit the
maximum device size, so the desired single-mode operation illus-
trated in Figs. 1(b) and 1(c) cannot fully be achieved.

A detector length of 12 pm was chosen, providing an
adequate trade-off between the coupler length and bandwidth.
The fabrication limited the smallest detector width to 1.5 pm,
so this detector size was investigated to show the operation of
the mode-evolution-based coupler. The bend radius in the cou-
pler was chosen to be 5 pm and spanned the first 2 pm of the
detector, placing the bus waveguide 100 nm away from the sil-
icon base of the detector. This bend radius was large enough to
not couple power to additional hybrid modes in the Ge-on-Si
structure due to the small electric field overlap with modes
supported mostly in the germanium. This left 10 pm for the
linear taper of the silicon bus waveguide, which is long enough
so power is only coupled to a few hybrid modes. The mode-
evolution-based coupled photodetectors were compared to
butt-coupled detectors of the same size. A three-dimensional
(3D) illustration of each configuration is given in Figs. 2(a)
and 2(b). Each coupler was simulated using the finite-
difference time-domain (FDTD) method with a fundamental
TE mode input, as indicated in Figs. 2(a) and 2(b). At the end
of the detector, the overlap between the field profile generated
by FDTD and each supported mode was calculated. The results
are plotted in Fig. 2(c). This simulation indicates that the butt
coupler excites modes in the Ge-on-Si structure with vastly
different propagation constants, whereas the mode-evolution-
based coupler mainly couples power to three similar modes.
The beat length (defined as 27 /Ap) of the two closest modes
in the butt-coupled detector is 2.5 pm, and the beat length of
the farthest two modes in the mode-evolution-based coupled
detector is 11 pm, representing the best case, i.c., the largest
and shortest beat length in the butt- and mode-evolution-based
coupled detectors, respectively. Thus, the modal interference
will be greatly reduced by using the mode-evolution-based
coupler to eliminate high-intensity regions that could cause sat-
uration in photocurrent generation. To illustrate this point, the
power absorbed in the germanium for each coupling method
was simulated using the FDTD method. Cross-sectional views
of the absorbed power are shown in Figs. 2(d) and 2(e). It is
clear that the butt coupler produces discrete locations of strong
power absorption in the first few micrometers of the device due
to the beating between modes, whereas the absorption in the
mode-evolution-based coupled detector is more distributed
throughout the intrinsic region. The more uniform absorption
in the germanium will greatly reduce any saturation effects seen
at high input powers.
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Fig. 2. 3D illustration of the fabricated (a) butt- and (b) mode-
evolution-based coupled Ge-on-Si detectors. (¢) FDTD simulation
of power coupled to each mode for both couplers at 1520 nm.
Power absorbed as a function of position fora 1.5 pm x 12 pm photo-
detector using the (d) butt- and (¢) mode-evolution-based coupler at

1520 nm (# = 0.045) [23].

The Ge-on-Si photodetectors were fabricated in a CMOS
foundry using 193 nm immersion lithography on a 300 mm
SOI wafer with 220 nm silicon height and 2 pm buried oxide.
The germanium layer was hetero-epitaxially grown on top of a
heavily p-doped silicon base with the edges recessed 250 nm in-
side the silicon. An n-type dopant was implanted in the top
of the germanium to form a vertical p-i-n junction for the
detector. Metal layers contacted the n-doped germanium and
the p-doped silicon and were routed to pads for individual
testing. Furthermore, each Ge-on-Si detector was fabricated with
a butt- and mode-evolution-based coupled input to remove inter-
detector variability due to differences in the germanium growth.

The dark current of the Ge-on-Si detectors was measured
from -3 to 1 V bias [Fig. 3(a)]. At -1 V bias, the dark current
of the 1.5 pm x 12 pm detectors was measured to be 1.16 nA.
The responsivity was characterized as a function of the wave-
length at a -1 V bias for both the butt- and mode-evolution-
based coupling schemes [Fig. 3(b)]. At 1550 nm, the responsivity
of the 1.5 pm x 12 pum butt- and mode-evolution-based coupled
detectors was measured to be 0.8 and 0.7 A/W, respectively.
The difference in responsivity decreases as the detector width
increases. At a width of 4 pm, the difference is near zero, and
a 1.0 A/W responsivity at 1550 nm was measured.

To show the advantages of the mode-evolution-based cou-
pler, the photocurrent was measured as a function of the input
power to a 1.5 pm x 12 pm detector at 1550 nm witha -1 V
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Fig. 3. (a) Measured dark current of 1.5 pm x 12 pm and 4 pm x
12 pm  detectors, which is independent of the coupler type.
(b) Measured responsivity of 1.5 pm x 12 pm and 4 pm x 12 pm de-
tectors with an 80 pW TE-polarized optical input.

bias (Fig. 4). The smaller detector size was chosen to increase
the power density inside the germanium. The inset in Fig. 4
plots the photocurrent versus the input power on a logarithmic
scale to illustrate the large dynamic range spanning roughly 6
orders of magnitude. The full data set shows no saturation
effects when using either coupling scheme up to an input of
6 mW. Past 6 mW of input power, a saturation in the photo-
current was observed in the butt-coupled detector, whereas the
mode-evolution-based coupled detector continues generating
more photocurrent. The small roll-off in photocurrent ob-
served in the mode-evolution-based coupled detector can be
attributed to the slightly uneven power absorption [Fig. 2(e)].
At 28 mW of input power, the 1.5 pm x 12 pm detector with
the mode-evolution-based coupler produces 15.5 mA of photo-
current, while the same-sized butt-coupled detector generates
9.1 mA, corresponding to an improvement of 70%. Thus,
the mode-evolution-based coupling scheme reduces the effect
described in [15] and increases the saturation current by more
uniformly illuminating the germanium.

The opto-electrical bandwidth of the 1.5 pm x 12 pm
Ge-on-Si photodetectors was measured using an optical hetero-
dyne technique where two input lasers at the same power
level and polarization for full modulation (7 = 1) produced
a GHz range beat frequency at the photodetector. The device
frequency response was then measured in the TE polarization
at 1550 nm with -1 V bias to find the 3-dB opto-electrical
bandwidth of the detectors. Due to the size of this device,
the bandwidth is not RC limited and is instead transient time
limited to a calculated value of 40 GHz [7]. The photodetector
response versus the beat frequency is plotted in Fig. 5. At a low
optical input power of 10 pW in each laser, a transient-
time-limited 3-dB bandwidth of 40 GHz was observed in both
the butt- and mode-evolution-based coupled detectors. The
heterodyne experiment was repeated with a higher input power.
With 2 mW of power in each laser, a difference in bandwidth
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Fig. 5. Measured frequency response of a 1.5 pm x 12 pm detector
with each coupler at 20 pW (red and blue curves) and 4 mW total
input power (black and green curves).

was observed between the butt- and mode-evolution-based
coupled photodetectors. The 3-dB bandwidth of the butt-
coupled photodetector decreased to 0.7 GHz, whereas the
3-dB bandwidth of the mode-evolution-based coupled detector
only decreased to 31 GHz. This improvement is due to the
more uniform absorption of optical power in the germanium,
significantly reducing the effects of carrier screening observed in
the butt-coupled photodetector [18].

In conclusion, a novel coupling scheme based on mode evo-
lution for Ge-on-Si photodetectors has been demonstrated. The
results show that the detector has a low dark current of 1.16 nA,
high responsivity at 1550 nm of 1.0 A/W, and a 3-dB opto-
electrical bandwidth of 40 GHz. The detector with the mode-
evolution-based coupler better maintains these characteristics at
high input powers, whereas strong saturation effects are observed
in conventional butt-coupled photodetectors. Specifically, the
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mode-evolution-based coupled detector generates 15.5 mA of
photocurrent compared to 9.1 mA in the butt-coupled detector
at an input power of 28 mW. At a total illumination power
of 4 mW, the mode-evolution-based coupled detector has an
opto-electrical bandwidth of 31 GHz compared to 0.7 GHz
in the butt-coupled detector. Furthermore, the compact mode-
evolution-based coupler takes litde additional space and also
adds no complexity to the detector, so it can easily replace
butt-coupled devices. All these characteristics indicate that this
coupling scheme for Ge-on-Si detectors can be useful for many
integrated optical systems in the fields of microwave photonics,
optical communications, and optical sensing that demand both

high-power and high-speed devices.
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