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Abstract: In this work, a vertical N-I-P germanium (Ge) photodetector (PD) with a multi-mode
waveguide input is presented. The fabricated devices exhibit a low dark current of 10 nA at bias
of —1V, and a high responsivity of exceeding 0.75 A/W over the wavelength range from 1270 to
1350 nm. High-frequency characteristics measurements show that the photodetector has a 3 dB opto-
electrical (OE) bandwidth of 23 GHz under —3 V bias, which can be further improved by optimization
of the photodetector configuration. A 50 Gb/s clear eye diagram with a non-return-to-zero (NRZ)
modulation format is demonstrated. By using a single-mode excitation source, which is used to
simulate light coming from the wavelength division multiplexing (WDM) devices, and sweeping its
position, it is shown that the multi-mode input photodetector can be utilized in a WDM receiver to
achieve both high responsivity and a flat-top passband.

Keywords: germanium photodetector; multi-mode waveguide; wavelength division multiplexing;
receiver; high responsivity; flat-top passband

1. Introduction

With the rapid development of Internet services such as big data and cloud comput-
ing, data centers and communication networks are increasingly demanding high-speed
optical interconnects [1-3]. Among them, silicon photonics (SiPh) is one of the most promis-
ing technologies due to its compatibility with the mature Complementary Metal Oxide
Semiconductor (CMOS) processes to achieve large-scale integration at a lower cost [4—-6].
Photodetectors (PDs) are essential components that convert optical signals to electrical
signals [7-9]. An ideal PD should have the characteristics of low dark current, high quan-
tum efficiency, and high OE bandwidth. Group IV materials are suitable for application in
photodetection, and many performance devices have been demonstrated [10]. The indirect
band-gap structure of the Si material with 1.1 eV band-gap energy, makes it suffer from low
quantum efficiency at the 1.3-1.55 um communication wavelength, while Ge has a large
absorption coefficient up to 2 um, and has been widely used in CMOS fabrication processes
for high-responsivity and high-bandwidth Ge-on-Si photodetectors [11-17]. In [18], the
detector’s bandwidth was increased to 60 GHz by using two different inductors to achieve
gain peaking. In [15], a lateral P-I-N (L-PIN) detector with a high responsivity of 0.92 A/W
and an OE greater than 67 GHz was demonstrated by growing Ge material on the recess of
the Si material and removing metal contacts on Ge to Si. This process significantly enhances
the responsivity by reducing light absorption from metal contacts, which contributes to
substantial responsivity loss. Recently, the bandwidth of the L-PIN detector was boosted
to a record-breaking 265 GHz [19] by improving the processing technology, using in situ
doped silicon layers as P-type and N-type regions, and inserting a very thin double-concave
germanium absorbing layer between them.

Photonics 2023, 10, 455. https:/ /doi.org/10.3390/ photonics10040455

https:/ /www.mdpi.com/journal /photonics


https://doi.org/10.3390/photonics10040455
https://doi.org/10.3390/photonics10040455
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://orcid.org/0000-0001-9099-3883
https://orcid.org/0000-0002-5078-5219
https://orcid.org/0000-0003-1867-126X
https://doi.org/10.3390/photonics10040455
https://www.mdpi.com/journal/photonics
https://www.mdpi.com/article/10.3390/photonics10040455?type=check_update&version=2

Photonics 2023, 10, 455

20f12

WDM technology is a fundamental technology in optical communication, which
enables the transmission of multiple information signals at different wavelengths, thus
expanding communication capacity [20]. On-chip WDM devices commonly used in the
field include arrayed waveguide gratings (AWGs) [21,22], echelle gratings [23,24], and
Mach-Zehnder cascaded lattice filters [25,26]. However, the small optical bandwidth of
these devices makes them vulnerable to the effects of the fabrication process and tempera-
ture, requiring the use of complex temperature control systems. The use of multi-mode
waveguide output can provide a flat passband and effectively solve this issue, and such
WDM devices with multi-mode waveguide output are called MM-WDMs. Nevertheless,
it is crucial to effectively receive all the multi-mode beams at the photodetector facet, as
the light output from the multi-mode waveguide consists of both the fundamental mode
and higher-order modes. Direct transmission of multi-mode light to the photodetector
array through a single-mode waveguide would result in significant losses, leading to low
responsivity. To address this, Yoshiyuki Doi et al. installed a large area surface-illuminated
photodetector at the output facet of the multi-mode AWG, achieving an 8-channel multi-
wavelength optical receiver with a responsivity of 0.8 A/W. However, the single-channel
transmission rate was limited to 1.25 Gb/s [27] due to the photodetector’s large area. To
reduce the photodetector area, the group added a grated-index micro-lens array between
the multi-mode AWG and the detector array, which improved the data rate to 4 x 25 Gb/s
and enabled a responsivity of 0.7 A/W through optical sub-assembling [28]. However,
full integration is very beneficial, ref. [29] as integrating the WDMSs and PD array together
can reduce packaging steps, improve yield, and lower costs, and it is even a must for the
integration of more channels such as 8A and 16A, which is important for a co-packaged
optics (CPO) system to conserve fiber resources. Therefore, it is necessary to verify the
feasibility of directly using multi-mode waveguides to connect waveguide-type PDs and
MM-WDMs, which is more convenient and cost-effective.

In this paper, the structure of the multi-mode waveguide input photodetector is first
introduced. The use of a multi-mode waveguide preserves high-order modes from the
output end of the MM-WDMs, ensuring the complete transmission of light to the detector.
Then, the dark current and responsivity of the PD used in the experiment are measured.
Finally, the OE bandwidth measurements are executed under different biases. Furthermore,
the eye diagram measurements of NRZ modulation formats are also performed.

2. Materials and Methods

In photonics-integrated circuits, the input of a typical Ge photodetector (T-PD) is a
single-mode silicon waveguide, and the optical transport between the input waveguide and
PD is connected through a tapered silicon waveguide as shown in Figure 1a. To mimic the
high-order mode waveguide at the output of the WDM devices, a multi-mode waveguide
is used as the input of the PD in our experiment as shown in Figure 1b. Furthermore, in
this paper, this type of photodetector is named a multi-mode photodetector (MM-PD).

(a) Wsi = si0. mae (b)

Figure 1. Schematic: (a) Typical photodetector (T-PD) with a single-mode waveguide input. (b) Multi-
mode input photodetector (MM-PD), and the single-mode waveguide is the excitation source.

Since the performance of the MM-WDMs is related to the number of modes that can
be accommodated in the waveguide at the output [30], the effective refractive indexes of
the first 10 modes in the waveguide as a function of the waveguide width are calculated
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using Finite Different Eigenmode solver in Lumerical software [31]. The results, shown
in Figure 2a, and the mode profile of these modes in a waveguide with 4 um width that
are shown in Figure 2b, indicate that the first 10 modes in the waveguide are very excited
when the waveguide width is 4 um. Thus, a waveguide width of 4 um is chosen for the
multi-mode waveguide in this study.
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Figure 2. (a) Effective index of the first 10 modes in waveguide versus waveguide width. (b) Mode
profiles of the first 10 modes in a waveguide with 4 pm width.

For MM-WDMs, each wavelength of light arrives at a different position in the output
waveguide. Therefore, compared to single-mode waveguides, wider output waveguides
can accommodate more wavelengths of light, which is also the reason why MM-WDMs
have a flattened transmission spectrum. In the case of the MM-PD, this arrival is simulated
by controlling the Y-position of a single-mode waveguide that serves as the excitation
source, as shown in Figure 1b.

The MM-PDs were fabricated in an 8-inch commercial CMOS fab with developed
SiPh processes. An 8-inch silicon-on-insulator (SOI) wafer with a 220 nm thick device
layer and a 2 um thick buried oxide layer is used as starting material. The Ge waveguide
photodetector used in the experiment has a vertical N(Ge)-I-P(Si) (V-NIP) architecture. The
PD has a length of 20 um, a Ge waveguide width of 4 um, and a height of 500 nm, as shown
in the cross-sectional structure in Figure 3a. A scanning electron microscope (SEM) photo
of the fabricated device is presented in Figure 3b. The Ge waveguide has a thickness of
612 nm and a bottom width 4.4 um. The detailed fabrication process flow of the Ge V-PIN
photodetector is shown in Figure 4.
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Figure 3. (a) Cross-section schematic of the fabricated vertical N(Ge)-I-P(Si) photodetector. (b) Scan-
ning Electron Microscope (SEM) photo of the fabricated device.
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Figure 4. The schematic of the fabrication process flow for the waveguide and Ge PD. (a) Prepare the
starting SOI wafer, which has a 2 um thick layer of BOX (Buried) on a Si substrate and a 220 nm thick
layer of top silicon. (b) Si WG definition is performed by a nitride hard mask, which is deposited on
top of the Si layer and patterned using lithography. (c) Si layer is etched and the hard mask is removed
after resist stripping. (d) Base implants (P+, P++) are introduced on the Si layer for the photodetector.
(e) Oxide filling and chemical mechanical polishing (CMP). (f) Ge PD windows opening. (g) The Ge
layer is selectively grown by epitaxy. (h) N implant on Ge. (i) Oxide filling and CMP. (j) Opening
windows for contacts on Si and Ge. (k) Tungsten (W) is filled and CMP is performed to format contact
on both Si and Ge. (1) Metal 1 (M1) formation using the damascene process. (m) Via 1 (V1) and Metal
2 (M2) formation using the damascene process. (n) Via 2 (V2) and Pad aluminum (Al) are formed to
provide electrical connections. (o) A nitride passivation layer is deposited to protect the device from
external contaminants, and the passivation layer is then patterned using lithography to expose the
necessary contact pads and openings for electrical connections.

3. Results

As a reference, a T-PD with a single-mode waveguide input was also fabricated. The
experimental results are compared between the T-PD and MM-PD in the subsequent paper.

3.1. Dark Current

The dark current measurements of the PD were conducted at room temperature using
Keysight B2902 high-precision source meters. Figure 5a shows the typical I-V characteristic
curve of the PD, which was measured at a bias voltage ranging from —3 V to 1.5 V. The
device has a low dark current of about 10 nA at the bias of —1 V, and less than 50 nA at the
bias of —3 V. In addition, the dark currents of 60 identical devices were measured at different
biases and are presented using boxplots in Figure 5b. The devices were fabricated on five
different slices labeled as C03, C06, E04, F06, and G03. Each slice contained 12 devices that
are distinguished by different colors in the figure. Without some outliers, the distribution
of the dark current is concentrated, indicating the uniformity of the fabrication.
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Figure 5. (a) I-V curve of the photodetector plotted on a logarithmic scale for the y-axis. The dark
current at —1 V and —3 V is around 10 nA and 50 nA, respectively. (b) The boxplot of the dark
currents of 60 identical devices at different biases are presented, where the devices were fabricated on
5 different slices labeled as C03, C06, E04, F06, and GO03. Each slice contained 12 devices, represented
by different colors in the figure.

3.2. Responsivity

The responsivity experiments were carried out based on Figure 6. Firstly, the loss A
of the system link was measured. The light was from a Keysight 81608A O band tunable
laser (TLS), with the polarization adjusted to TE polarization using a Keysight N7786B
polarization controller, then passed through the left stage on the alignment platform to the
right stage. To eliminate any reflection from the interface of the two single-mode fibers, a
matching oil was used. The optical power was measured using a Keysight N7744A optical
power meter. Secondly, two grating couplers and a short waveguide with a length of less
than 1 mm were measured. The total loss is marked as B, and since the waveguide loss is
negligible, the loss of a single grating coupler can be calculated by (B — A)/2. In the third
step, a Thorlabs SMO5PDS5A surface-illuminated photodetector was used for calibration.
The optical power C that reaches the surface of the grating coupler can be calculated
by using the measured optical current and responsivity of the calibration photodetector.
Finally, the optical current D of the fabricated devices was measured. The responsivity of
the photodetectors can then be calculated using the formula R=D/(C — (B — A)/2).
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measurement of a single grating coupler. (c) Calculation of the optical power that reaches the surface
of the grating coupler. (d) The optical current measurement of the PD.

The measured transmission spectrum of the grating from 1250 to 1350 nm is presented
in Figure 7a. The grating has a limited 1 dB bandwidth of approximately 30 nm. The
insertion loss of the grating is —4.6 dB at 1310 nm and decreases to —21 dB at 1250 nm. The
apparent ripples at short and long wavelengths in the spectrum originate from interference
between incident light and reflected light at the grating surface. The high loss and strong
reflection at short wavelengths have a great impact on the accuracy of the measurement
results. Figure 7b shows the responsivity spectrum of the MM-PD at different biases
ranging from 1270 to 1350 nm. It was determined that the reverse bias has no effect on
responsivity, as the built-in electric field is strong enough to efficiently transport photo-
generated carriers to the contacts. The long-period ripple observed in Figure 7b is caused by
interference between different orders of optical fields inside the silicon as they couple from
silicon waveguide to germanium waveguide. The responsivity of the MM-PD at 1310 nm
is around 0.8 A/W, and it ranges from 0.8 to 0.9 A/W over the entire wavelength range. As
a reference, the responsivity of the T-PD was also measured. As shown in Figure 7c, the
response spectrum of the T-PD is comparable to the MM-PD, and the peaks of the ripples
are located at the same wavelength as Figure 7b, providing further evidence that the ripples
are not due to multi-mode input. The ripples in Figure 7c exhibit the same characteristics
as those in Figure 7b, indicating that the cause of the ripples in both figures is the same.

To simulate the light at different wavelengths from various positions at the MM-
WDMs, the Y position of a single-mode waveguide, as shown in Figure 1b, was varied.
The light absorption was obtained using the Finite Different Time Domain solver and
responsivity was calculated with the Charge Transport solver in Lumerical software. As
demonstrated by the dashed black line in Figure 7d, the simulated responsivity of MM-PD
at 1310 nm is near 1 A/W when the source input waveguide overlaps with the multi-
mode waveguide but drops rapidly when the two waveguides stray from each other. The
experimental results for 1270 nm, 1290 nm, 1310 nm, and 1330 nm wavelength laser inputs
are displayed as solid green, blue, red, and purple lines in Figure 7d, respectively. The
overall trend of simulation and experiment coincides well with the responsivity of the
MM-PD at 1310 nm beyond 0.75 A/W in the whole width range (+2 pum) of the multi-mode
wave-guide, indicating that the MM-PD can be utilized to form a receiver with a flat
transmission spectrum. The measured response is lower than the simulated one because
light entering the photodetector is not completely absorbed, and this can be resolved by
increasing the device length.
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Figure 7. (a) Loss of grating coupler from 1250 to 1350 nm. Responsivity spectrum of the MM-PD (b)
and T-PD (c) from 1270 to 1350 nm at different biases. (d) Responsivity for different Y-position offsets
of the excitation source: the dashed line is the simulated result at 1310 nm, and the green, blue, red,
and purple solid lines are the experimental results, respectively.

3.3. Opto-Electrical Bandwidth

The OE bandwidth of a photodetector is determined by two factors: the RC time
constant in the circuit and the transit time for the photo-generated carriers to travel to the
electrodes. For the former, reducing the contact resistance and the resistance in the Si slab
region is a feasible approach. For the latter, increasing the electric field strength in the Ge
waveguide can accelerate the carrier migration velocity, especially in the weak electric field
at the corners of the Ge waveguide. The radio frequency characteristics measurements of
the photodetectors were performed based on Figure 8a. A modulated optical signal from
a Keysight N4373E vector network analyzer (VNA), with the polarization adjusted to TE
polarization using a Keysight N7786B polarization controller, passed into the photodetector
through a grating coupler. The photodetector was biased using a Keysight B2902A and a
50 GHz GSG RF probe connected to a 40 GHz bias tee. The photocurrent output was then
measured using the VNA. The normalized frequency response of the device is shown in
Figure 8b. At a bias voltage of —3 V, the device achieves a bandwidth of 23 GHz, which is
similar to that of the T-PD. The low bandwidth of the photodetector is due to the relatively
long carrier transport time, especially in the weak electric field of the corner region of
the active area, where the drift velocity of photo-generated carriers is slower. This can be
improved by using a Si-Ge-5i heterogeneous PIN junction [32].
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Figure 8. (a) Experiment setup for the OE bandwidth measurement. (b) The frequency response
of MM-PD. The 3 dB opto-electrical bandwidth reaches 23 GHz at —3 V bias. (c) Fitting of the real
(black line) and imaginary (green line) of the measured PD S11 parameter at —3 V according to the
equivalent small signal circuit model in the inset. In the model, R; is the junction resistance, C; is the
junction capacitance, R; is the series resistance, Cp, is the parasitic capacitance between the electrodes,
Coyx is the buried layer capacitance, and Rg; is the substrate contact resistance.

To analyze the reasons for the low photodetector bandwidth, the resistance and
capacitance values of the V-NIP PD are extracted by fitting the real and imaginary parts of
the small signal reflection (S11) parameter based on the equivalent circuit model [33] shown
in the inset of Figure 8c. The fitting was performed using the genetic algorithm in Matlab.
In the model, R; is the junction resistance, C; is the junction capacitance, R; is the series
resistance, C, is the parasitic capacitance between the electrodes, Cyy is the buried layer
capacitance, and Ry; is the substrate contact resistance. The difference between the reflected
coefficients calculated based on the equivalent circuit and the measured one is used as the
target optimization function, and the parameters to be extracted are used as optimization
inputs. In addition, to reduce the influence of measurement noise at high frequencies,
the weighting coefficient of low-frequency data is increased in the fitting process. The
extracted values are displayed in the bottom right corner of Figure 8b. The RC limited
3 dB bandwidth can be evaluated up to 55.8 GHz according to these values, which is much
higher than the measured one. This indicates that the limiting factor of the bandwidth is
carrier transport.

3.4. Eye Diagram

On-off key data transmission experiments were carried out based on Figure 9a. A
(2! — 1) long electrical NRZ pseudo-random bit sequence data pattern, generated by an
arbitrary waveform generator, was launched into a linear reference transmitter to generate a
modulated optical signal. The modulated optical signal reached the photodetector through
the grating coupler. A —3 V bias voltage was applied to the PD using a 50 GHz GSG
RF probe connected to a 40 GHz bias tee. The photocurrent output was then measured
with a Keysight N1000A oscilloscope with a 110 GHz remote sampling head plug-in. The
12.5Gb/s, 25 Gb/s, and 50 Gb/s eye diagrams of the multi-mode waveguide input detector
at —3 V bias are shown in Figure 9b. The clear eye diagrams indicate high-quality data
reception of the MM-PD at 50 Gb/s in the O band. The data rate measurements are limited
by the OE bandwidth of the V-NIP PD, which can be improved up to 100 Gb/s when using
a high-bandwidth PD.
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and 50 Gb/s eye diagrams of the MM-PD.

4. Discussion

To scale up the capacity of optical communications and interconnects, there is a need
for robust and low-cost silicon photonic WDM transmitters and receivers. However, the
fabrication process can result in significant variation in the effective index of a silicon
waveguide, leading to phase uncertainty when an optical signal propagates through the
waveguide. This phase uncertainty makes it difficult to achieve accurate wavelength
control in narrow-bandwidth components such as the AWG. The MM-WDM, which has a
large passband, can effectively solve this problem and possesses the advantage of lower
losses. In [34], a WDM receiver using a single-mode output AWG has a responsivity below
0.5 A/W, whereas a receiver using the MM-WDM achieved a responsivity greater than
0.7 A/W [28]. However, the coupling between MM-WDM s and detectors is only in sub-
assembly, while a fully integrated WDM receiver has more potential to reduce cost and
packaging complexity. As there is relatively little research on the on-chip implementation of
MM-WDM and photodetector arrays, the multi-mode waveguide coupling method studied
in this paper is meaningful.

In our experiment, a typical V-NIP PD configuration was directly used to confirm that
the MM-PD had no significant performance degradation when compared with a T-PD. In
V-NIP detectors, the doping of the Ge region leads to additional metal absorption, which
reduces responsivity and increases dark current. These issues can be effectively addressed
by using a lateral PD with Si contacts [35]. The electric field strength in the corner region
of the 4 um wide and 500 nm high germanium waveguide is weak, resulting in limited
bandwidth due to the long transit time of the photo-generated carriers in that region.
Reducing the height of the germanium layer can effectively resolve this problem [36]. The
use of a Si-Ge-5i heterojunction [32] can also enhance the confinement of the germanium
waveguide, allowing the photo-generated carriers to be more concentrated in the center of
the waveguide and alleviating this issue.

5. Conclusions

In this work, a multi-mode waveguide-integrated PD is demonstrated to show that
the integration scheme can be effectively used as a component in the WDM receiver. It
can be concluded that the MM-PD can effectively absorb different wavelength light, and
it has no performance degradation in responsivity and OE bandwidth when compared
with the reference single-mode input devices. The dark current of the PD in the experiment
reaches below 50 nA at a bias of no more than —3 V. The OE bandwidth of the device
for demonstration is 23 GHz at the bias of —3 V, and a clear NRZ 50 Gb/s eye diagram
is observed, which indicates that 100 Gb/s at high-grade modulation is achievable. The
flat transmission when connecting the MM-WDM and PD via a multi-mode waveguide
is verified by sweeping the Y position of a single-mode input, which acts as an excitation
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source to simulate light coming from the MM-WDMs. As high-capacity co-packaged optics
switch and intra-chip interconnection are about to enter the stage of volume applications,
making full use of wavelength channels is an inevitable choice; thus, the results in this
work provide very useful evidence for direct and effective on-chip coupling.
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