Chin. Phys. B Vol. 24, No. 3 (2015) 038502

High performance silicon waveguide germanium photodetector
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High-performance Ge-on-SOI p-i-n waveguide photodetectors with different sizes were fabricated. The perfor-
mances, in terms of dark-current, photo current responsivity and 3-dB bandwidth, were well studied. A responsivity of
0.842 A/W at 1550 nm and dark current of 70 nA was measured from this detector at —1 V. The detector with a size of
4 umx10 pm demonstrated an optical band width of 19 GHz at —5 V for 1550 nm. Both the experimental results and the
finite-difference time domain simulation show that, when the device size is above a certain threshold, the absorption is not
sensitively dependent on such designing parameters as the width and length of the photodetector.
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1. Introduction

Since communication and sensor techniques have been
greatly enhanced by the applications of optical signals, the
improvement of integrated opto-electrical circuits allowing
fast distribution and the processing of optical signal has be-
comes increasingly urgent. For metal-oxide-semiconductor
(CMOS) integrated circuits (IC), silicon is the best choice as
the substrate material due to its unique advantage in having
metal interconnects compared with other conventional mate-
rials which would result in heat generation and limited band-
width. Nowadays, optical communication is widely operated
at wavelengths around 1550 nm, which shows the lowest fiber
losses, or 1300 nm, which allows the lowest fiber dispersion.
In order to achieve a better performance in integration with
long-haul optical communication technology, a material with a
larger absorption coefficient in the wavelength range of 1.30-
1.55 um is required. Germanium, which like silicon is a group
IV material, has a very large optical absorption coefficient
in the 1.30-1.55 pum wavelength range and it can also avoid
the cross contamination with silicon unlike III-V materials.
Therefore, a group IV photonic device, such as a Si/Ge pho-
todetector, becomes increasingly important and has attracted
great attention in recent years.!!~7]

Compared with the compound semiconductors, group IV
semiconductor materials show a lower absorption coefficient
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at the communication wavelength. Thus, a Si/Ge photode-
tector with a surface-normal illumination design often suffers
from a trade-off issue between quantum efficiency and band-
width, as demonstrated by many groups.>~”1 However, this
problem can be overcome by the integration of a waveguide in
the photodetector since such a design can decouple the photon-
absorption path and the carriers collection path, which is an es-
sential factor for a well-designed Si/Ge photodetector. Since
2007 there have been many reports on waveguide-integrated
germanium photodetectors;!!~* however, few attempts have
been made to study the effects of the length and width of the
photodetector on its optoelectronic performance.

In this paper we have built efficient germanium-on-
silicon p—i—n waveguide photodetectors (Si/Ge-WG-PD) with
a 0.5-um thickness of Ge film on silicon on insulator (SOI)
substrate. The responsivity of photodetector is as high as
0.842 A/W at the wavelength of 1550 nm, and the dark cur-
rent is 0.07 HA at the reverse bias 1 V. For the detector size of
4 umx 10 pm, a high bandwidth of 19 GHz at 3-dB is achieved
at the wavelength of 1550 nm and the reverse bias is 5 V. A
comparison of the performance of our Si/Ge waveguide pho-
todetector with those from other groups is shown in Table 1,
from which it is obvious that our Si/Ge photodetector has the
best performance, especially in terms of its high responsivity
and large bandwidth.

Table 1. A comparison of the performance of our Si/Ge waveguide photodetector with those from other groups.

Evanescent wave coupling Singapore IME[!] NTT Kotura Inc.[¥/  Peking University*! This work
Size/pm? 4.4%x80 8x50 6x10 1.6x10 4x10
Thickness of Ge/um 0.145 0.9 0.5 0.5
Dark current at —1 V 0.44 pA 60 nA 11 nA 0.66 pA 70 nA
Responsivity at A ~ 1.55 um/(A/W) 0.29 1.05 non 0.843
3-dB bandwidth 55GHz@-5V 2GHz@-1V 20GHz@-1V 20 GHz@—-1V 19 GHz@—-5V

fCorresponding author. E-mail: chli@semi.ac.cn
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In addition, Si/Ge waveguide photodetectors with differ-
ent sizes were fabricated, and their absorption efficiency and
dark current are compared, which shows that the absorption
efficiency is independent of the length of the device when the
length is above 10 pm and not sensitive to the width of the de-
vice when the width is above 4 pum. These conclusions are fur-
ther confirmed by the finite-difference time domain (FDTD)
simulation results.

2. Material growth and device fabrication

A schematic diagram of the device structure is shown in
Fig. 1(a), which explores the evanescent coupling technique.
In this device, the intrinsic Ge absorption layer is integrated
on top of the silicon waveguide to form a vertical-oriented p—
i—n structure. The device is fabricated on a silicon substrate,
which is followed with a 2-um-thick buried oxide layer and
a 0.22-pum-thick SOI wafer. Here, the buried oxide layer can
confine the photo-absorption process within the photodetector
more effectively than that only on a Si wafer, preventing opti-

Si (0.22 pm)

cal leakage loss into the substrate and achieving higher quan-
tum efficiency. The silicon waveguide was fabricated by etch-
ing a 100-nm-thick Si ridge with a width of 0.4 um, as shown
in Fig. 1(b). After the fabrication of the silicon waveguide,
the wafer was implanted with boron in the contact area of the
top silicon surface with the end of the taper to form a p-type
ohmic contact, and a rapid-thermal-annealing (RTA) process
was followed to activate the dopant. Then, a Ge layer with
a thickness of 500 nm was grown on top of the Si layer, and
the width of the Ge waveguide was controlled by the window
opening of the epitaxial growth. Phosphorus was implanted
on top of the Ge film to form an n-type ohmic contact. After
that, a 1200-nm-thick SiO; passivation layer was deposited
by plasma enhanced chemical vapor deposition (PECVD) at
300 °C to insulate the mesa sidewall. The oxide widow for the
pad contacts were opened by inductively couple plasma (ICP)
etching separately. The metal contacts for both p- and n-type
were formed by depositing and patterning a Ti/Al electrode on
top of the doped area. The top view and SEM image of the
WG-PD device are shown in Figs. 1(c) and 1(d), respectively.

(b)

| 0.4 pm I

SiOs (2 pm)

Si substrate

Fig. 1. (color online) (a) A schematic diagram of the device structure: a vertical pin Ge waveguide photodetector integrated on top of a 0.22-pum
SOI waveguide. (b) A schematic diagram of the single-mode waveguide; (c) the top view of the device; (d) the SEM image of the WG-PD.

3. Electronic and optical characterization

The performance of the photodetector was characterized
by its dark-current and photocurrent responsivity, and 3-dB
bandwidth. For the dark-current characterization, the current—
voltage characteristic of the device was measured by an Ag-
ilent B1SO0A semiconductor parameter analyzer on a probe
station without any illumination at room temperature. For the
photocurrent characterization, the current—voltage character-
istic of the device was obtained with a laser radiation at the
1550 nm wavelength and a power of 0.7 mW. Here, the laser

light was coupled into the silicon waveguide by a single-mode
lensed optical fiber and the light output was measured by a
calibrated detector.

3.1. Dark-current characteristics

Figure 2 shows the dark-current—voltage characteristics
of the photodetectors with varying widths and lengths at
room temperature. For the smallest photodetector (size:
4 umx 10 pum), the dark current is 0.07 pA at a reverse bias

1V, i.e., a dark-current density of 175 mA/cm?. Practically,
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the dark current can be decreased further by more advanced
Ge epitaxial growth technique,®! the lateral wall quality of
the Ge selective epitaxial layer and the quality of the surface

passivation.
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Fig. 2. (color online) The dark-current-voltage characteristics of

Si/Gep-i-n waveguide photodetectors with different sizes.

3.2. Photocurrent characteristics

Figure 3 shows the current—voltage characteristics of the
device under laser radiation, in contrast with the dark-current
response. There are two kinds of location of the top metal
electrode, i.e., the n-type electrode of the device is either lo-
cated on the center of the top mesa or around the edge of the
mesa. Therefore, the influence coming from the difference
in the locations of top electrode should be ruled out, such as
Fig. 3(a). The photo current responsivity was calculated based
on the total optical power incident on the photodetector, tak-
ing account of the transmission loss of the waveguide and the
coupling loss caused by the optical fiber. Here, the propaga-
tion loss and taper loss of the waveguide were measured to be
about 1.25 dB, and the coupling loss between the optical fiber
and waveguide was measured to be about 4 dB. Therefore, the
actual absorbed power for the detector was about 0.2 mW with
an input power of 0.7 mW. For the photodetector with the size
of 4 umx10 pum, the photo current is about 0.176 mA at a
reverses bias of 1V, i.e., the photocurrent responsivity of the
detector is about 0.842 A/W at the 1550 nm wavelength. Cor-
respondingly, the quantum efficiency was concluded as 68%.
The current saturation at the zero bias indicates that this pho-
todetector allows a complete photo-generated carrier collec-
tion even without any bias. In addition, the photocurrent re-
sponses with varying widths and lengths of the detectors are
compared in Figs. 3(a) and 3(b), respectively, from which
a similar responsivity is concluded for different widths and
lengths of the detector. Therefore, we can conclude that the
photocurrent response is less sensitive to the size of the detec-
tor when the width of the device is above 4 pm and the length
is above 10 pm.
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Fig. 3. (color online) The current—voltage characteristics of the device
without illumination and with laser radiation. (a) The devices with dif-
ferent widths, (b) the devices with different lengths.

In order to provide theoretical evidence for the aforemen-
tioned conclusion about the photocurrent response, a three-
dimensional finite difference time-domain (3D-FDTD) simu-
lation of the same device structure is carried out. In this sim-
ulation, the refractive indexes of Ge, Si, and SiO; at 1550 nm
are adopted as 4.28, 3.48, and 1.46, respectively, and an ab-
sorption coefficient 4000/cm at 1550 nm is assumed for 0.13%
tensile-strained Ge on Si.l°! In the FDTD analysis, the absorp-
tion efficient is defined as the ratio between absorbed optical
power and input power. The simulation results are shown in
Table 2, for different widths and lengths of detectors.

Table 2. Results of the simulations for different widths and lengths of
detectors.

4x10 8x10 6x10 6x15 6x20
091815 0.91664 0.91693 0.92867 0.92996

Width x length/pum?
Absorption efficient

These simulation results on the absorption coefficients
further confirm that the width and length of the photodetector
have little influence on the absorption efficiency, which is con-
sistent with our experimental results. Since these simulation
results are based on an ideally modeled calculation, without
considering any propagation loss in the waveguide, absorption
loss of metal electrodes, scattering loss of the sidewall and
other possible losses in the device, the simulation results gen-
erally show higher absorption efficiency than that concluded
as expected from the experimental data.

038502-3



Chin. Phys. B Vol. 24, No. 3 (2015) 038502

These conclusions can be explained by the theory of
evanescent wave absorption and taper loss. When the length
of the device is greater than 10 um, the input optical power
is almost totally absorbed by the Ge layer and the responsiv-
ity will float around a certain value. Moreover, the device
width is equal to the wider end of the waveguide taper front
of the photodetector. Theoretically, the responsivity with dif-
ferent widths should be different. However, the results from
the experimental measurement and theoretical simulation in-
dicate that the loss of the waveguide taper is too small to be
recognized when the width of the device is above 2 pum.

3.3. Bandwidth

The response of the detector in the frequency domain was
measured with a network analyzer in a range from 0.8 GHz to
30 GHz. The high-speed RF signal from the network analyzer
was applied to an external modulator, which translates a steady
optical source provided by a CW IR laser to a modulated signal
with a 1550 nm wavelength and an average power of 0.5 mW.
The modulated light was coupled into the waveguide by a
single-mode fiber. A high-speed RF probe was used to col-
lect the photo-generated carriers. The normalized frequency
responses of the detector with an active area of 4 pmx 10 pm
at different bias voltages are shown in Fig. 4. The measured
3-dB bandwidths at the voltage 0 V, —1 V, =3 V, and -5 V
are 0.28 GHz, 4.58 GHz, 16.64 GHz, and 19.00 GHz, respec-
tively.

3-dB bandwidth:

Normalized output RF power/dB

—6F 0.28 GHz@0 V
4.58 GHz@Q—1V
16.64 Ghz@Q—-3 V
-9 , 19.0 GHz@—5 V
—V_bias=0V
ol Vobias=-1V
—V_bias=—-3V
—V_bias=—-5V
—15 '
1 10

Frequency/ GHz

Fig. 4. (color online) Normalized frequency responses at the wave-
length 1550 nm for the detector with a size of 4 pumx 10 pm.

Our further studies show that the frequency responsivity
of the detector is limited by the slow diffusion of the carriers
in the outside depletion layer, the carriers’ transport through
the depletion layer, and the load time of the capacitance and
resistance. For the high frequency response, the transit time
and the load time of the RC delay should be considered, espe-
cially when the thickness of the contact layers is thin enough
for the diffusion time to be neglected. ']

The transit time of the carriers in the intrinsic region is
one limitation of the bandwidth, and is determined by the sat-
uration drift velocity vy (Ge: vgy = 6 X 10° cm/s) and the

thickness of the intrinsic layer d;. The carrier transit frequency
fr can be calculated by!'!]

2.4 Vsa
= ~ (0.382—. 1
27, d; M

fr

Therefore, the transit time is estimated to be around
57.3 GHz. For a large ft, the absorption layer has to be as thin
as possible in order to achieve a large intrinsic capacitance.

The RC delay of the detector is another limitation of the
bandwidth. Ideally, the capacitance equals the intrinsic deple-
tion capacitance, so the RC bandwidth frc can be calculated
by

1 1

fre = = . 2)
22 (RARIC 57, 1 Ry) OV E
d;

Here, Ry is the load resistance (50 € in this case), Ry is the
series resistance, L and W are the length and width of the
photodetector, € and &y are the relative and vacuum permit-
tivity, and d; is the thickness of intrinsic zone. The intrinsic
depletion capacitance is about 14.34 fF for the detector with
di =0.4 pm, W =4 pm, and L = 10 um. From the semi-log
plot of the current—voltage curve, the series resistance can be
concluded at the region where the current deviates from the
exponential increasing as Ry = AV /I.I'' In this way, the se-
ries resistance (Ry) is calculated to be about 250 Q and the RC
delay limited frequency is about 37 GHz.

The 3-dB bandwidth (f3gg) of a p—i—n detector are deter-
mined by frequencies frc and fr together, as

/ 1
= —_— . 3
f3dB f{z T fR,g ( )

So the 3-dB bandwidth is estimated to be about 22.5 GHz.
If taking the parasitic capacitance and pad capacitance into ac-
count during the estimation of the intrinsic capacitance, the
RC bandwidths would be decreased, especially for smaller de-
vices. Moreover, the series resistance is much larger than the
normal level and limits the improvement of the frequency re-
sponse. Actually, the series resistance R is the sum of the
resistance integrated over the quasi-neutral region between
the depletion-layer edge and the heavily-doped substrate, the
ohmic-contact resistance, and the spreading resistance. For the
performance of the photodetector in this paper, the series re-
sistance plays a major role. In practice, the ohmic resistance
can be further decreased by appropriately increasing the dop-
ing concentration in the contact layer, or adding a wet etch
process to remove the oxide film before the electrode evapo-
ration. To improve the bandwidth and responsivity to a larger
level, a resonant cavity design would be helpful to increase the
external quantum efficiency as well as maintain a thin intrinsic
region for a high-speed operation.!?]
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4. Conclusion

In conclusion, a high-quality Ge material on the SOI sub-
strate was selectively grown on top of a silicon layer at the end
of the taper. High speed Ge-on-SOI p—i—n waveguide photode-
tectors with different mesa widths and lengths were fabricated
by Si CMOS-compatible technology and chemical vapor de-
position (CVD) technique. The device performance was char-
acterized by the dark-current, photocurrent responsivity and
3-dB bandwidth in the near IR range. This kind of photode-
tector shows a large responsivity at the wavelength 1.55 pm
up to 0.842 A/W, i.e., a high quantum efficiency 68%, and a
low dark current 0.07 pA at the reverse bias 1 V. The 3-dB
bandwidth for the detector with a size of 4 umx10 wm can
achieve 19 GHz at the reverse bias 5 V. When the device size
is above a certain threshold, the responsivity of the detector is

not sensitive to the width or length of the device.
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