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A high-performance monolithic integrated wavelength division multiplexing silicon (Si) photonics receiver chip is
fabricated on a silicon-on-insulator platform. The receiver chip has a 25-channel Si nanowire-arrayed waveguide
grating, and each channel is integrated with a high-speed waveguide Ge-on-Si photodetector. The central wave-
length, optical insertion loss, and cross talk of the array waveguide grating are 1550.6 nm, 5-8 dB, and
-12—-15 dB, respectively. The photodetectors show low dark current density of 16.9 mA/cm? at -1V
and a high responsivity of 0.82 A/W at 1550 nm. High bandwidths of 23 and 29 GHz are achieved at 0 and
-1V, respectively. Each channel can operate at 50 Gbps with low input optical power even under zero bias,

which realizes an aggregate data rate of 1.25 Tbps.
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1. INTRODUCTION

In past decades, demands for short-length optical communica-
tion with large capability and high speed have been increasing
exponentially in modern data centers. Unfortunately, perfor-
mance of single optical channel data transmission with one laser
or detector is far from the necessary requirements. Therefore,
parallel transmission is a feasible strategy to increase the capabil-
ity and speed of optical communication. In different methods
of parallel transmission, wavelength division multiplexing
(WDM) technology is regarded as one of the best solutions.
Due to high reliability and large transmission capability, the
WDM technology has been rapidly developed and widely used
in optical communication [1]. Using different wavelengths as
different channels, WDM systems can transmit multiple chan-
nel data through a single fiber, which significantly increases the
aggregate data rate. Thus, the transmission capability of the
optical receiver can be increased sharply by using WDM tech-
nology. Common high-speed WDM receivers are mainly as-
sembled from III-V photodetectors and demultiplexers such
as thin-film filters and silica array waveguide gratings (AWGs).
Compared to the former, monolithic integrated receivers have
obvious advantages in size, cost, and reliability. Monolithic
integrated 40-channel Siz;N4 demultiplexers and Ge photo-
detector arrays on silicon (Si) have been reported [2].
Although the Siz;N4 demultiplexer has better performance than
its Si counterpart, an integrated Si3sN4 demultiplexer with a Si
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waveguide is complex. Moreover, due to the relatively small re-
fractive index of SizNy, the footprint of a Si;N; demultiplexer
is large, which is not the best choice for monolithic integrated
WDM receivers.

Si photonics has the advantages of having a small footprint, high
performance, low cost, and being highly compatible with Si com-
plementary metal oxide semiconductor (CMOS) technology,
which can provide a promising platform for integrating passive
components and photoelectronic devices [3], such as high-speed
photodetectors [4] and modulators [5]. Monolithic silicon-on-
insulator (SOI)-based WDM-integrated receivers using Si demul-
tiplexers, such as echelle gratings [6,7], microrings [8,9], and angled
multimode interferometers (AMIs) [10] have been realized. Among
them, the highest aggregate data rate of 1 Tbps has been demon-
strated by using 40 channels, each operating at 25 Gbps [6].
However, Si AWG is regarded as an excellent candidate for
WDM. Due to the high refractive index and working principle,
the AWG has very small bend radius, compact footprint, and large
output channels. Many SOI nanowire AWGs have been realized
and used in monolithic Si photonic receivers [11-13]. But, due
to the small tolerance in the fabrication process induced by high
refractive contrast or low performance of the integrated photode-
tectors, the reported performance of the WDM receiver based on
SOI nanowire AWG is not satisfactory [11].

In this work, we demonstrate a 25-channel monolithic in-
tegrated WDM Si photonics receiver chip with Si nanowire
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AWG. The 25-channel 200 GHz Si nanowire AWG exhibits
an optical insertion loss of 5-8 dB, cross talk of ~-12—-15 dB,
and a central wavelength of 1550.6 nm. The integrated Ge on
Si waveguide photodetector not only has a low dark current
density and high responsivity, but also can operate at the high
speed of 50 Gbps. The overall fiber-accessed responsivity and
total aggregate transmission of the WDM receiver chip are
0.09-0.24 A/W and 1.25 Tbps, respectively.

2. MATERIAL GROWTH AND DEVICE
FABRICATION

The AWGs were fabricated on an SOI substrate with a
220-nm-thick Si(001) layer and a 2-pm-thick buried oxide
(BOX) layer. Deep ultraviolet lithography (DUV) was used
for transferring the patterns to the SOI substrate. In the section
of the waveguide array, a broadened width of the straight wave-
guides from 500 to 800 nm was used for reducing cross talk.
The etching process was implemented to fabricate the rib wave-
guide structure by dry etching, and a double-step etching
process was used to decrease the mode mismatch between
the free propagation regions (FPRs) and the input/output/
arrayed waveguides. Then, the wafer was covered by a 500-nm-
thick SiO, layer by plasma-enhanced chemical vapor deposi-
tion (PECVD). Photolithography and dry etching were used
for opening doping windows on the SiO, layer for photodetec-
tor fabrication. After selective phosphorus diffusion to obtain
an N Si layer via doping windows, 100-nm-thick SiO, was
deposited on the wafer by PECVD. This thin SiO, layer was
patterned and dry etched to open Ge growth windows on
the NT Si layer. The size of the Ge growth window is
10 pm x 10 pm. A 500-nm-thick layer was selectively grown
on the growth windows by two-step growth technique using
ultrahigh vacuum chemical vapor deposition (UHV-CVD)
[14]. After Ge growth, the top Ge layer was highly p-type-
doped by BF; implanting and thermal activation. Then a
400-nm-thick SiO, passivation layer was deposited by
PECVD. After etching contact holes on the SiO, passivation
layer, metal electrodes were formed. Finally, the sample was
thermally activated to form good ohmic contact. The integrated
WDM Si photonic receiver chips were incised from the wafer,
and then the end faces of the input waveguides were polished to
90° to reduce the coupling losses between the waveguides and
the fibers. The top-view optical micrographs of the receiver
chip, AWG, and Ge-on-Si waveguide photodetector array
are shown in Fig. 1. The design and optimizing details of
the AWG can be found in our previous works [13,15].

3. RESULTS AND DISCUSSION

The current-voltage (I-V) characteristics and optical responsiv-
ity of standalone photodetectors were measured using the
Agilent B1500A semiconductor parameter analyzer, a probe
station, and a Santec tunable laser TSL-550 (1500-1630 nm)
at room temperature. The incident light was coupled into the
standalone photodetector from a grating coupler by a single-
mode tapered fiber. To illustrate different optical coupling
methods between the standalone photodetector and the WDM
receiver chip, a schematic of the standalone photodetector cou-
pling is shown in Fig. 2(a). The wavelength of the incident light

Fig. 1. Top-view optical micrographs of the WDM receiver chip,
AWG, and Ge-on-Si waveguide photodetector array.

is 1550 nm. The coupling loss between the tapered fiber and
the grating coupler is about -9.4 dB at 1550 nm. The optical
power from the tapered fiber in the measurement is 0 dBm.
Thus, the optical power entering the photodetector is about
-9.4 dBm. Figure 2(a) presents the typical -V curves of the
standalone photodetector with/without light incidence from
1 to -3 V. The size of the Ge layer is 10 pm x 10 pm x
500 nm. The -V characteristics of the standalone photodetec-
tor exhibit good rectifying behavior. The on/off current ratio of
the photodetector is higher than 10° between 1 and -1V,
which can be attributed to the good quality of the Ge layer,
p-i-n junction, and ohmic contact. The dark current of the
photodetector is only 16.9 nA at -1V, corresponding to
the dark current density of 16.9 mA/cm?. Due to the short
length of the photodetector, the optical responsivity of the
standalone photodetector at 1550 nm is 0.82 A/W at 0 V.
The optical responsivity at 1550 nm does not change with
the increase of reverse bias, which indicates that the strong
built-in electric field induced by p-i-n junction is enough to
extract photo-generated carriers. Spectral responsivity of the
standalone photodetector from 1530 to 1580 nm under -1 V
is shown in Fig. 2(b). The highest responsivity of 0.86 A/W
is obtained at 1530 nm. Due to the decrease of absorption co-
efficient, the responsivity of the photodetector decreases gradu-
ally with the increasing of the wavelength. At 1580 nm, the
responsivity is reduced to 0.37 A/W.

The optoelectronic frequency responses of the standalone
photodetectors are measured on the wafer by an Agilent
light-wave component analyzer (LCA) N4373D with a
50 Q-terminated GSG RF probe. The range of measured fre-
quency is from 10 MHz to 40 GHz. The normalized frequency
response of the photodetector at 1550 nm is presented in
Fig. 3. Although the photodetector has a relatively large size
(10 pm x 10 pm), it still exhibits a high bandwidth. The
3-dB bandwidth is as high as 23, 29, 31, and 32 GHz for the
device at 0, -1, -2, and -3 V, respectively. The photodetector
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Fig. 2. (a) Typical I-V curves of the standalone photodetector

with/without light incidence (1550 nm) from 1 V to -3 V. The op-
tical power entering the photodetector is about -9.4 dBm. The inset is
a schematic of the optical coupling in this measurement. (b) Spectral
responsivity of the standalone photodetector from 1530 to 1580 nm
under -1 V.
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Fig. 3. Frequency response of a standalone photodetector at various
reverse biases.
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Fig. 4. (a) Photocurrent spectrum of each channel of the WDM
receiver chip. The inset is a schematic of the optical coupling in this

measurement. (b) Transmission spectra of the 25-channel 200 GHz

AWG.

has a high bandwidth at zero bias, which also indicates the
strong built-in electric field of the p-i-n junction.

The photocurrent spectrum of the WDM receiver chip’s
every channel is measured by different input optical wavelength
from the tunable laser at room temperature. The incident light
was coupled into the WDM receiver chip from the end face of
the input waveguide by a single-mode tapered fiber. A sche-
matic of this edge coupling is shown in Fig. 4(a). The coupling
loss between the tapered fiber and the input waveguide is about
-7 dB. The optical power from the tapered fiber in this mea-
surement is 0 dBm. Therefore, after removing input coupling
loss between the input waveguide and tapered fiber, the optical
power coupling into the input waveguide is about -7 dBm.
The bias voltage of the integrated photodetectors is -1 V.
Figure 4(a) shows the photocurrent spectra of the WDM
receiver chip. The central wavelength is 1550.6 nm. The overall
fiber-accessed responsivity of 0.09-0.24 A/W of the WDM
receiver chip is directly calculated from the channels’ photocur-
rents (18—48 pA) and input optical power (-7 dBm). The pho-
tocurrent nonuniformity of the WDM receiver chip is about
4.1 dB, which is induced by the low responsivity of the photo-

detector at long wavelengths and the optical nonuniformity of
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the AWG. According to the responsivity of the standalone
detector, the transmission through the AWG can be calculated
from the photocurrent of each channel. Figure 4(b) shows the
transmission spectra of the AWG. After removing the influence
of the responsivity, the optical nonuniformity of the AWG is
about 3.0 dB. The optical insertion loss of the AWG is about
5—8 dB. The optical insertion loss is attributed to the loss of
bent waveguides, the sidewall roughness, the mode mismatch,
and the loss difference between the center and marginal wave-
length channels of the AWG. The largest optical insertion loss is
found in channel 1, which has the longest waveguide among all
the channels. The cross talk of the AWG is about -12—-15 dB.
The average channel spacing is about 1.54 nm, which corre-
sponds to 193 GHz. The performance of the AWG is in good
agreement with our previous similar AWG without integrated
photodetectors [13].

Eye diagrams were measured on the wafer to study the high-
speed receiving performance of the WDM receiver chip. The
light with different wavelengths was coupled into a commercial
LiNbO3; modulator and was modulated into a long optical
nonreturn-to-zero 2°! — 1 (NRZ) pseudorandom bit sequence
data pattern at 40 and 50 Gbps by a bit pattern generator (SHF
12104A). The modulated light also was coupled into the
WDM receiver chip from the end face of the input waveguide.
The electrical signals from the different channels were displayed
by a sampling oscilloscope (Keysight DCA-X 86100D) using
an RF probe. A commercial RF amplifier (SHF 804M) with
23 dB gain was used to amplify the electrical signals. Eye dia-
grams of channels 5, 10, 15, 20, and 25 at 40 Gbps and
50 Gbps were obtained under a photocurrent of photodetector
between 90 and 110 pA, as shown in Fig. 5. The modulator eye
diagrams are also shown for comparison. The extinction ratios
(ERs) of the 40 and 50 Gbps modulator eye diagrams are 7.4
and 6.5 dB, respectively. According to the responsivity of the
standalone detector and the optical insertion loss of the AWG,
the optical power coupling into the input waveguide of the
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Fig. 5. 40 Gbps and 50 Gbps eye diagrams of channels 5, 10, 15,
20, and 25 at 0 and -1 V. The modulator eye diagrams are also shown
for comparison.
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WDM receiver chip can be calculated as -3.0, -3.9, -3.3,
-2.9, and -0.2 dBm for these channels, corresponding to
the net optical power into the photodetectors of -8.9, -9.2,
-8.6, -8.3, and -7.3 dBm, respectively. These channels show
clear open eye diagrams at 40 and 50 Gbps with such low op-
tical power, even without reverse bias, which is an important
characteristic to meet the low power consumption demands of a
high-performance optical communication system. The differ-
ence among the eye diagrams of different channels is attributed
to the difference of photocurrents, which can be clearly ob-
served from the amplitude of these eye diagrams. Due to
the deterioration of the modulator eye diagram and high sen-
sitivity requirement of the photodetector at 50 Gbps, the
50 Gbps eye diagrams are not as good as the 40 Gbps eye dia-
grams. However, the 50 Gbps eye diagrams of the channels will
become better as the input optical power increases. When the
reverse bias is -1 V, the eye diagrams become a little wider than
that at zero bias, which indicates the improvement of the band-
width. When the reverse bias is larger than -1 V, the eye dia-
grams almost do not change further, which is in agreement with
the bandwidth of the photodetector. The WDM receiver chip
has 25 channels, and each channel can operate at 50 Gbps.
Therefore, the total aggregate data receiving rate of this
WDM receiver chip is 1.25 Tbps.

The bit error rate (BER) of the receiver chip is roughly es-
timated from the Q factors of the eye diagrams under different
input optical powers [16]. The BER curves of channel 10 at 40
and 50 Gbps are shown in Fig. 6. The wavelength of the input
light is 1547.7 nm, which is the center wavelength of channel
10. The applied voltage of channel 10 is -1 V. Due to the lim-
ited optical power budget of our tunable laser, a higher optical
power is not available. The 1 x 1072 BER sensitivity of channel
10 is predicted for input optical power of 1.0 and 1.6 dBm at
40 and 50 Gbps, respectively. The 40 and 50 Gbps eye dia-
grams of channel 10 under -2.4 and -2.2 dBm input optical
power are also shown in Fig. 6. Due to higher input optical
power, these eye diagrams are much better than those in
Fig. 5. According to the 3.7 dB nonuniform responsivity
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Fig. 6. BER curves of channel 10 at 40 and 50 Gbps. The 40 and
50 Gbps eye diagrams of channel 10 under -2.4 and -2.2 dBm input
optical power are shown for comparison.
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Table 1. Performance Comparison for Si Photonic WDM Receivers

Demultiplexer Platform Insertion Loss (dB) Cross Talk (dB) Number of Channels Receiving Bit Rate (Gbps)
Echelle grating [6] 3 pm SOI 24 <-27 40 25

Microring [8] 220 nm SOI 0.3 <-20 8 20

AMI [10] 220 nm SOI 0.5 <-15 4 12.5

AWG [11] 300 nm SOI 1.5-4.5 <-18 32 10

This work: AWG 220 nm SOI 5-8 <-12 25 50

among channels, the input optical power sensitivity (BER of
1 x 107!2) of the WDM receiver chip is about ~1.0-2.7 and
1.6-5.3 dBm at 40 and 50 Gbps, respectively. Higher sensitiv-
ity would be realized by using a transimpedance amplifier
(TIA) which has lower noise and higher gain than an RF
amplifier. For comparison, performance of the reported Si
photonic WDM receivers is shown in Table 1. Although
the properties of our AWG are medium, due to the high per-
formance of our photodetectors, especially at low bias voltage,
our receiver chip exhibits much higher bit rate than other
reported results.

4. SUMMARY

In summary, a high-performance WDM Si photonics receiver
chip is fabricated and measured by monolithic integration of a
25-channel Si nanowire AWG with 200-GHz channel spacing
and an array of high-speed waveguide Ge-on-Si photodetectors
on the SOI platform. The optical insertion loss of the AWG is
5-8 dB, and its cross talk is —-12—-15 dB. The dark current
density, responsivity, and 3-dB bandwidth of the waveguide
photodetector at -1 V are 16.9 mA/cm?, 0.86-0.37 A/W at
1530-1580 nm, and 29 GHz, respectively. The responsivity
of the WDM receiver chip is 0.09-0.24 A/W at -1 V, corre-
sponding to the different channels. Every channel exhibits an
open eye diagram at 50 Gbps with low input optical power even
under zero bias. A 1.25 Tbps total aggregate data receiving rate
of this WDM receiver chip is realized. The input optical power
sensitivity (BER of 1 x 1071?) of the WDM receiver chip is
about -1.0-2.7 and 1.6-5.3 dBm at 40 and 50 Gbps, respec-
tively. This high-performance WDM Si photonics receiver chip
constitutes a new milestone toward future high-speed data com-
munication operating over 1 Tbps with low cost and low power.
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