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Double-MRR RX with “Z” shape doping profile
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Supplementary Fig. 1. (a) Schematic cross section of “Z” shape doping profile. (b) Simulated electric field
of the junction. (c) Normalized transmission spectrum for the 4-channel “Z” shape doped RX. (d) Measured
total and dark current. (¢) Measured frequency response. Measured 92 Gb/s eye diagrams (f) without FFE
and (g) with FFE. Measured 144 Gb/s eye diagrams (h) without FFE and (i) with FFE.

Compared to the conventional APDs [1,2], the main limitation of the all-Si APD is the weak absorption
mechanisms. To enhance the light absorption, we also developed a novel “Z” shape PN junction, which is
created with two heavy P and N doping concentration of 6 x 10'® ¢cm™ and two light P and N doping
concentration of 3 x 10'® cm™. With the presence of the new doping profile, the junction interface enables
a better overlap by ~35% between the high electric field and the optical mode and improve the absorption
probability according to simulation [3]. Supplementary Fig. 1b shows the simulated electric field
distribution at -8.5 V in the junction, where the PAT effect can induce non-negligible photocurrent with the
narrower junction barrier. We prove the feasibility of the all-Si double-MRR RX in a standard Si photonics
process at the Advanced Micro Foundry (AMF). For the “Z” shape design, we only have double-MRR
structure with 12 pm radius, which works as a 4-channel RX.



The I-V characteristics are measured at the center resonance wavelength as illustrated in Supplementary
Fig. 2d where the solid blue line is the total current, the dash blue line is the dark current, and the solid red
line is responsivity. The all-Si APD demonstrates a dark current of only ~ 10 nA when responsivity is 0.6
A/W at -8.5 V. The highest responsivity is ~ 4 A/W at -8.68 V, where the input optical power is -16.5 dBm.
As a comparison, the double-MRR APD with PIN junction shows the responsivity of ~0.4 A/W at the same
dark current level and the same optical power. The “Z” shape implantation improves the photon absorption
and responsivity by more than 30%.

The frequency response of the MRR APD at different bias voltage are shown in Supplementary Fig. 1(e).
At -8 V, the APD shows 3 dB bandwidth of > 50 GHz, which is close to the calculated photon lifetime
limited bandwidth. The bandwidth decreases to ~ 40 GHz at -8.5 V and ~ 35 GHz at -8.6 V. The bandwidth
performance is similar to the PIN structure and is comparable to the conventional Si-Ge APDs.

The eye diagrams of the “Z” shape design was also characterized with PRBS9 signals at -8.5 V without
TIA. Due to the high bandwidth, the MRR APD thus can support open eye diagrams of 92 Gb/s NRZ with
a signal-to-noise ratio of 4 without FFE and a signal-to-noise ratio of 5.4 with 8-tap FFE. The all-Si MRR
APD also has sufficient bandwidth and amplitude to support 144 Gb/s PAM4 eye diagrams without
equalization with a SECQ penalty of 3.3 dB. With a combination of a third order Bessel filter and an 8-tap
feed forward equalizer (FFE), the SECQ penalty decreases to 3 dB. SECQ was measured at a threshold of
symbol error rate < 4.8E-4.

In conclusion, the “Z” shape design can improve the absorption and responsivity at the similar frequency
response performance for a double-MRR APD. It should be noted that this implantation condition is
designed for modulators and is too high for APDs. For the next tapeout with dedicated implantation
condition, the 18-channel “Z” shape double-MRR RX will be adopted, and responsivity is estimated to be
twice higher.

Analytic Model

Serially and parallel coupled MRR configurations have been described in detail in Chu et al. (1999) [4],
Little et al. (1997, 2000) [5,6] and Melloni (2001) [7]. Thus far, there is not much dynamic analysis work
to quantify the performance of the coupled MRR APD. To better understand the frequency response, we
derived the small-signal response of the MRR APD. We are concerned only with operation near the
resonance, the resonator may be modeled using the coupling of modes in time (CMT) approach, which
simplifies the small-signal analysis [8]. We view the wave oscillates and travels in resonator with amplitude
of a(t), and the |a(t)|? represents the total energy stored in the MRR. The rate of change for the amplitude
in two MRR can expressed as:
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where a, (t) and a, (t) is the energy amplitude travelling inside the first and second MRR, respectively; o,
is the resonant angular frequency of the MRR; y, is the amplitude decay rate in first MRR which consists
of a decay rate due to the loss in the resonator y;; and coupling to bus waveguide y,; y;, is the amplitude
decay rate due to loss in the second MRR; Ej is the input amplitude of waveguide mode; y,is the energy

coupling coefficient to bus waveguide, which is related to the coupling to bus waveguide y, and field
2

coupling coefficient k: u? = 2y, = :—1; U, is the energy coupling coefficient between MRRs, which is
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related to the field coupling coefficient between two MRRs k,: 35 = Tk—22 Ty is the round-trip transit time
rt

in the resonator. The input optical signal consists of a small sinusoidal signal of cos (wyt) and an optical

carrier of cos (w,t), where wy and w,, are modulation angular frequency and optical carrier frequency.

The input optical signal and the energy amplitude can be expressed as:
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atand a”are complex amplitudes of the upper and lower sidebands. In the small-signal regime, where the
modulation depth is much less than unity, we can neglect the second-order harmonic that arises from the
beating of upper and lower sidebands. Substituting the modulated input and amplitude into Supplementary
Eq. (1-2) yield:
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By equating terms at the same frequency, neglecting higher order oscillation terms and cancelling the
exponential factors, the equation can be separated into three equations sets:
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where Aw = wy — w,, is the angular frequency detuning of the input carrier frequency from the resonance
frequency. aJ is the steady state amplitude. a3, af and a; can be solved as:
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The photocurrent depends on the absorption coefficient, R, and optical power in the resonator. The transfer

function from optical power to photocurrent squared can be written as: H, = (a3 + a¥ + a3)|? and
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the RF part can be expressed as: %Re{(ag*a;r + agag*)}. By substituting Supplementary Eq. (11-13),
ofrt

the frequency response can be written as:
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When the Aw = 0 (input frequency is at resonance frequency) and this is the working condition for the
double-MRR PD. 1,, is the modulation depth. As the response has two complex poles and the magnitude
of the frequency response show an enhancement at frequencies in the proximity of the two poles, which
will introduce the peaking effect for the double-MRR PD bandwidth.

The PD frequency response is also limited by the RC time. The RC constant is >70 GHz for our Si PIN

junction as shown in [9], which can be neglected. The single-MRR PD is simulated using the method well
described in [10].

The APD bandwidth is also limited by the avalanche buildup time. The avalanche buildup process can be
described by a function as:
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Hbuildup (wm) =

where 1, is the avalanche buildup time and M is the multiplication gain. The detailed information is shown
in [11,12]. The overall frequency response would be the product of Heygn (@p,) and Hyyi1aup (@p).

Design considerations
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Supplementary Fig. 2 (a) Simulated frequency response, (c¢) simulated cavity enhancement, (c) simulated
spectrum and crosstalk of single-MRR APD and double-MRR APD with flat “box-shape” response.

As the tradeoff simulation shown in Fig.2 (a), the double-MRR APD can achieve high responsivity when
the coupling coefficient k, is low and it demonstrates a flat “box-shape” response spectrum. However, this
design does not show significant improvement and achieves a similar bandwidth as the single-MRR APD.
It demonstrates slight improvement at low frequency and shape roll-off at high frequency. The double-
MRR APD with flat response has the similar cavity enhancement region as the single-MRR APD. Based
on the frequency response comparison shown in Supplementary Fig. 2a, we chose to create a spectrum with
a split resonance feature rather than a flat feature for a high bandwidth.

Optical spectrum simulation



To compare the experimental data with the theoretical model, the exact parameters value of the double-
MRR configuration need to be obtained. Since the double-MRR structure has more parameters than the
single-MRR structure, it is hard to directly fit and obtain parameters from spectrum. On the same wafer,
we have the single-MRR structure with the same implantation condition and dimension. As shown in
Supplementary Fig. 3a, the spectrum of single-MRR structure with 7.5 um radius exhibits a DC extinction
ratio of 17 dB and a full width at half-maximum (FWHM), AA, of ~0.24 nm. The red line is the Lorenzo-
shape fitting to the measured spectrum. According to this, the round-trip field attenuation is ~0.966 and
corresponding loss (a;,¢) is 64 dB/cm. With the loss value, in Lumerical Interconnect, the spectrum of §-
channels double-MRR RX can be fitted as Supplementary Fig. 3b with channel spacing of 1.05 nm and
FSR of 9.02 nm, which is close to the measured spectrum. The extracted k? is 0.18, k3 is 0.02 and loss of
first MRR is 3 dB/cm. The coupling coefficient is slightly higher than our designed value due to the
fabrication error. The fitted spectrum also shows that channel crosstalk is negligible, and it can enable >8-
channels operation. It should be noted than the spectrum can also be calculated using laZO(TA—(:)lZ by varying
the Aw from Supplementary Eq. (11). The calculated spectrum is similar to the simulated spectrum in
Lumerical.
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Supplementary Fig. 3. (a) Measured and fitted spectrum for single-MRR APD and (d) simulated spectrum
of 8-channels double-MRR RX.

MRR APD Absorption Model
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Supplementary Fig. 4. (a) Measured and fitted photocurrent, (b) fitted responsivity and (c) fitted avalanche
gain versus bus WG power at -8V. (d) Measured and fitted photocurrent, (e) fitted responsivity and (f) fitted
avalanche gain versus bus WG power at -8.1V.

For a MRR APD, as the increase of the bias voltage and electric field, both the PAT probability and
avalanche gain will increase. Moreover, the resonant optical enhancement in an MRR structure can also
enhance the absorption mechanism. A model, including all the contributing mechanisms for high
responsivity in pure Si MRR photodetectors, is derived. We have identified three main mechanisms to
include in this model: PAT, MRR resonance enhancement effect and avalanche gain. The two-photon
absorption depending on the optical power intensity is weak and negligible for the low optical level. All
symbols in the model are listed in Supplementary Table 1.

The photocurrent of the MRR APD can be expressed as [13]:
Iphoto = Py " RE - M 1= (16)

where P; is input optical power; RE is resonance enhancement; M is avalanche gain; 7 is internal quantum
efficiency per round; q is charge and hv is photon energy. The resonance enhancement of the MRR
structure is determined by the loss and coupling coefficients, which is extracted from spectrum.

The higher optical powers result in gain saturation, and the avalanche gain response commonly linearly
decreases with optical power at a dBm scale. Consequently, the gain can be modeled as:

M=—-a- 1010910(RE ) Pl) + b (17)
where a and b are gain saturation fitting parameters.

The total light attenuation coefficient per roundtrip @, = @p + @; can be divided into two parts: a,, is the
absorption coefficient to generate photocurrent which due to PAT and «; is the loss coefficient which
mainly comes from free carrier absorption. The internal quantum efficiency can be written as:
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where k is absorption ratio, L is MRR circumference and &, is the MRR propagation loss coefficient. The

ato¢ and corresponding 6, are from the spectrum.

Based on the MRR APD absorption model, the photocurrent and responsivity versus optical power under
different bias voltages can be plotted and fitted in Supplementary Fig. 4. At-8 V and -8.1V, the photocurrent
shows a saturation trend with the increased optical power, and thus responsivity decreases from ~0.47 A/W
to ~0.16 A/W and ~0.8 A/W to ~0.19 A/W, respectively. The parameters used in the model are listed in the
Supplementary Table. 1. RE is simulated in Lumerical based on the known loss and coupling value. With
the listed value, the calculated photocurrent achieves excellent agreement with the measured data. The fitted
avalanche gain at -8 V at -8.1 V can reach to 5.9 and 8.9, respectively. Overall, the PAT contributes ~1.2
% absorption per roundtrip inside the MRR. The resonance enhancement (~7.1) and avalanche gain (~8.9)
boost the absorption to enable a high total responsivity up to ~0.8 A/W at -8.1V.

Supplementary Table 1 | Symbol Meanings, Values, and Units for the MRR APD Absorption Model

Symbol Meaning Value Unit
RE Resonance enhancement 7.1 /
[ Ring propagation loss coefficient ~0.0673 /
QAtot attenuation coefficient 64 dB/cm
a Gain fitting parameters 0.186(-8V), 0.32(-8.1V) /
b Gain fitting parameters 4.34(-8V), 6(-8.1V) /
k absorption ratio 18% /
L Effective PN junction length 47.2 um

Noise measurement and analysis

The experimental setup for measuring the device noise is shown in Supplementary Fig. 5. In this setup, the
DUT is probed with a ground-signal probe. The output signal was collected by a spectrum analyzer after
amplifying by a TIA and a bias-tee.
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Supplementary Fig. 5. (a) Spectrum-analyzer-based noise figure measurement setup. (b) Measured noise
under a fixed illumination intensity with increasing bias (APD curve), the measured noise under a fixed
bias (-4 V) and varying illumination intensity (PD curve) and (c) excess noise factor using the point method
and line method.

The noise produced by avalanche multiplication and PAT can be expressed as:
Iszhot = quZ (Tlphoto + Idark)F(M)Af (19)

where q is the electron charge; M is the multiplication gain; T is the PAT gain defined as the tunneling
current at measured voltage divided by the tunneling current at unit gain point; F (M) is the excess noise
factor; Af is the operating bandwidth; L0t and Iy4 are the photocurrent and dark current at unit gain,
respectively. It should be noted that PAT will not happen without light and dark current-induced noise will
not increase with the PAT.

Normally, the method to determine the APD's excess noise is to use a constant light intensity and change
the bias to obtain different gain levels [14]. The noise without illumination is measured at each bias level
and subtracted from the noise with illumination. The measurement results are shown as blue curve in
Supplementary Fig. 5b. The excess noise factors of an APD were calculated by McIntyre model [15]:

F(M) = kM + (1 — k) (2 - %) (20)

where k is the ratio of the electron (@) and hole (5) impact ionization coefficients. For a MRR APD, when
the bias voltage is at a sufficiently low bias such that there is no avalanche gain, that point can be used as a
reference. Shot noise of the first point with avalanche gain (M=1) and PAT gain (T=1) can be expressed as:

Iszhot—photo—pointref = quphotoF(M)Af (21)

By increasing the bias voltage, avalanche and PAT gain will increase. F(M) can be calculated as following:

2
F (M) — Ishot—photo (22)

2772
M TIshot—photo—pointref

where Isz,wt_p noto 1S measured noise under different higher bias with gain. This method works if the error
of the first point measurement is small. The accuracy of the first point in a bias measurement is crucial, as
it determines the quality of the subsequent points along the line. Any noise or uncertainty in the first point
will propagate to the other points and affect the results. As the Supplementary Fig. 5S¢ shows, the two black
curves using point methods, where the first point were measured at two separate days. The change of F (M)
is visible and it represent the effect on the measured excess noise from the setup uncertainty noise.

One approach to address this issue is to use a reference line so that the measured points are independent of
each other [16]. The MRR APD is biased at a low voltage (-4 V) to ensure unity gain. The noise is measured
at the fixed bias by changing the intensity of the incident light as shown by the orange points in
Supplementary Fig. 5b, which only represents the noise from the photocurrent. The points are fitted with a
straight line and the fitted curve are used to calculate the F (M) as follows:

2
F(M) — Ishot—photo (23)

2
Mlshot—photo—lineref

Iszhot_photo_lmeref is the fitted PD noise at the same photocurrent as the corresponding blue point. Note
that only M is being divided instead of M?T since reference line already accounts for factor of MT via the



increase in photocurrent. During the calculation, the MT can be obtained based on the photocurrent at
higher bias divided by the photocurrent at unit gain. The M is fitted using the method in last section. For
the calculated F (M) using this method, as the noise of the first point changes, none of the subsequent points
are affected. Therefore, this line reference method offers a more robust noise calculation.

S-parameter measurement
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Supplementary Fig. 6. (a) Bandwidth measurement setup and (b) measured S21 frequency response at
different bias voltage for all §-channels

The experimental setup for measuring the device bandwidth is shown in Supplementary Fig. 6. A 1310 nm
laser emitted a continuous wave (CW) optical signal, which was polarized by a controller and then
modulated by a lithium niobate (LiNbO3) Mach-Zehnder modulator (MZM). The MZM was biased at the
quadrature point and driven by a vector network analyzer (VNA). The modulated optical signal was injected
into the double-MRR RX using a grating coupler and the photoresponse was extracted using a ground-



signal probe. The radio frequency photoresponse was measured by the VNA with a bias-tee. Circuit and
line losses were calibrated out for the measurement.

At each bias voltage, the |S21| response was measured at the resonance wavelength. Each channel device
was measured at -7.6 V, -7.9 V, -8 V, -8.1 V, and -8.2 V, respectively. The |S21| results also show good
uniformity. At -7.6 V, the double-MRR APD shows 3-dB bandwidth of >50 GHz, which agrees with our
simulation results and is mainly limited by the photon lifetime. The bandwidth declines to ~40 GHz at -8
V at a responsivity of ~0.4 A/W, ~35 GHz at -8.1 V with a responsivity of ~0.8 A/W and ~15 GHz at -8.2
V ataresponsivity of ~3 A/W. With the increase of the voltage, gain will increase rapidly, and the avalanche
build-up time dominates the bandwidth limitation. We observe a trade-off between bandwidth and
responsivity. The gain-bandwidth product GBP are ~236 GHz and ~311 GHz at a bias voltage of =8 V and
-8.1 V at —16.5 dBm input. The GBP is comparable to the conventional Si—Ge and [1I-V APDs.

Eye diagrams and bit error rate measurement
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Supplementary Fig. 7 (a) Eye diagrams measurement setup and (b) Measured 92 Gb/s NRZ and 144 Gb/s
PAM-4 eye diagrams without equalization.

A commercial tunable CW laser, Santec TSL 570, was used as the input optical source with output of 18
dBm. The modulated signal was applied by an AWG and amplified by a power amplifier. After MZM
modulator, signal was detected by a double-MRR APD without a TIA, which produced eye diagrams that



were recorded using a DCA. The Thorlab MX65E-1310 modulator, polarization controller and grating
coupler results in a total loss of ~ 15.5 dB. Therefore, the optical power reaching the chip is less than 2.5
dBm. To enhance the eye diagram quality, we need to reduce the optical losses and increase the power at
the chip level.

The eye diagrams of the 8-channel RX were measured with pseudo-random bit sequence 7 (PRBS7)
patterns at the bias of -8 V as shown in Supplementary Fig. 7. All raw eye diagrams are measured without
any FFE and the eye diagrams improved with FFE are shown in Fig. 5. The left column is the eye diagrams
at 92 Gb/s NRZ without averaging. All eyes are open and symmetrical, which exhibit a signal-to-noise ratio
of 3.4 to 4.4. The circuit noise from oscilloscope lead to relatively high noise at both “0” and “1” levels.

PAMA4 is an efficient way to obtain higher bit rates with limited bandwidth. In this work, we measured the
72 Gbaud (144 Gb/s) PAM4 eye diagrams without FFE for all 8-channels and the SECQ was also measured
at SD-FEC threshold of symbol error rate< 4.8E-4 (IEEE 802.3cd). The PAM4 diagrams were measured
with 8 times averaging to suppress the circuit noise. The SECQs penalty of the 72 Gbaud eye diagrams is
from 5.6 dBm to 9.7 dBm. The eye diagrams can be further improved with a higher bandwidth AWG and
a lower noise oscilloscope.
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Supplementary Fig. 8. Measured 92 Gb/s NRZ w/o FFE, 144 Gb/s PAM4 without FFE and 160 Gb/s
PAM4 eye diagrams with FFE using PRBS9.

As the Supplementary Fig. 8 shows, the eye diagrams of the double-MRR APD were also measured with
pseudo-random bit sequence 9 patterns at the bias of -8 V. The yellow figures are measured without FFE,
and green figures are measured with 8-tap feed forward equalization. The signals are significantly improved
with the FFE. The measured SNR for NRZ signal and SECQ for PAM4 signals does not degrade a lot from
PRBS7 to PRBS9.

80Gbit/s NRZ 92Gbit/s NRZ 144Gbit/s PAM4 160Gbit/s PAM4
SNR=9.9 SNR=5.9 SECQ=0.94 dB [ =

50mvw2p3

Supplementary Fig. 9. Measured 80 Gb/s NRZ, 92 Gb/s NRZ, 144 Gb/s PAM4 and 160 Gb/s PAM4 eye
diagrams with AWG directly connected to oscilloscope.

According to the M8194A data sheet, the 120 GSa/s arbitrary waveform generator (AWG) can generate
frequency content up to 50 GHz. Supplementary Fig. 9 shows the eye diagrams for setup AWG directly
connected to oscilloscope. The signal quality drops quickly as the data rate gets higher. For NRZ signals,
the SNR goes down from 9.9 to 5.9 when the data rate changes from 80 Gb/s to 92 Gb/s. For PAM4 signals,
the SECQ gets worse from 0.94 dB to 2.1 dB when the data rate changes from 144 Gb/s to 160 Gb/s. 92
Gb/s NRZ and 160 Gb/s PAM4 signals are the upper limit of the experimental setup. Our measurement
reached this capacity and tested the limits of the setup. The highest swing voltage Vpp of the AWG is 0.8



V, therefore 60 GHz electrical power amplifiers were added to amplify the swing voltage. The combination
of modulator, electrical power amplifiers, bias-tees, probes, and RF cables results in a loss of ~9.5 dB at 40
GHz and ~ 12 dB at 50 GHz. The signal distortion caused by these components was calibrated by the AWG
internal calibration tool, while resulting in reducing the Vpp of the AWG and signal quality. A higher data
rate is achievable with higher bandwidth AWG and RF components.

For the measurement setup, the total noise of levels “1”” and “0” mainly consisted of three parts: APD shot
noise, laser RIN noise, and electric circuit noise, which includes thermal noise and oscilloscope amplifier
noise. The noise can be expressed as:

Itzotal = Iszhot + II%IN + Ic?ircuit (24)

where 12, is expressed in Eq. (2); I3,y = I;hotocuwem -RIN - M? - BW; I%, i+ can be assumed to be a
constant. The RIN noise is measured to be -150 dB/Hz for this setup, and it is relatively small in the system.
The 12, cyir can be measured on the oscilloscope without any light in. IZ,.,;; dominates the whole noise
when the optical power is weak. To get rid of the effect of large circuit noise for the accurate APD
measurement, the 1%,..,,;, is subtracted from the measured I2,,,; to obtain a bit-error-rate after calibration.
The actual sensitivity after calibration can be improved by more than 1 dB for 92 Gbit/s signal as shown in
Fig. Sc. As discussed, the IZ%, ., plays important role for the measurement. All the eye diagrams in the
paper are raw eye diagrams and the performance can be improved with an off-chip DSP to remove the
additional circuit noise.

Double MRR APD Absorption Mechanism
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Supplementary Fig. 10. Simulated (a) electric field and (b) energy band diagrams of the Si PN junction at
different bias voltages.

To qualitatively understand the light absorption phenomena, we simulated electric field distributions and
the band structure of the silicon PN junction at 0, —5, and —8V as shown in Supplementary Fig. 10. With
increased bias, a strong electric field across the junction shorten the effective tunneling width wy,. The
reduction of w,, for this triangular barrier results in the exponential increase of tunneling probability, which
can be written as [13, 17]:

42m
T = exp (— g;n Ebwb). (25)




where m* is the effective mass of electrons of Si; wy, is the effective barrier width; b is the PAT coefficient;
E} is the potential barrier height, which corresponds to the E; — hv = 0.11 eV at 1310 nm. It should be

noted the bandgap will narrow with the existence of the dopants. As shown in simulation, w; decreases
from ~9.4nmat0 Vto~24nmat-5Vto~ 1.8 nm at -8 V. This makes it easier for the valence band
electrons to cross the energy gap and enter the conduction band through a process known as photon-assisted
tunneling. Tunneling probability at -8 V increases exponential by a factor of 3.3 x 105 and 2.7 compared
to tunneling probability at 0 V and -5 V, respectively. By increasing reverse bias, the electric field inside
the junction becomes stronger and depletion region becomes wider. It greatly increases not only the
tunneling probability but also the overlap of optical mode with depletion region. Therefore, the sub-bandgap
absorption effect will be much more significant at high reverse-bias voltage. In addition, as shown in
Supplementary Fig. 10 (a), the maximum electric field of the Si PN junction at =8 V is > 6 x 107 V/m.
Such a high electric field is sufficient to trigger impact ionization in silicon. Accordingly, avalanche gain
would also contribute to the overall responsivity at high reverse-bias voltage.

Double MRR APD Saturation Characteristic

The receiver's saturation power is a key parameter that indicates the highest input power level that the
receiver can process without introducing distortion. However, due to the gain saturation, APDs exhibit a
strong nonlinearity in the RF output power. The space charge effect is a major cause of this phenomenon.
The intrinsic region absorbs light and creates electron and hole pairs. These pairs are amplified by the
avalanche effect and move toward the anode and cathode. Due to the limitation of carrier velocity, the
excess charges accumulate near the edges of the depletion region and create an electric field that opposes
bias. This electric field is distorted by these charges and causes a stronger space charge effect that reduces
the impact ionization process as the optical power increases. Although it is hard to define saturation power
for APD, the analysis of the output power versus input powers for our device is still important and helpful.

The photocurrent of the microring APD were measured and plotted as a function of the input optical power
in Supplementary Fig. 11 (a). We can observe strong gain saturation due to the space charge effect as the
optical power increases. The RF output power of APD exceeds the theoretical power that would be obtained
from a PD with the same responsivity at unit gain, as shown in Supplementary Fig. 11 (b). This is attributed
to the avalanche gain of the MRR APD. It should be noted that the RF output of our experiment is
constrained by the components of our test setup. The electrical power amplifiers, bias-tees, modulator, and
RF cables have 3dB bandwidths of 60 GHz, 50 GHz, 65 GHz, and 50 GHz, respectively. This leads to a
loss of ~ 9.5 dB at 40 GHz. We show the calculated results with and without considering the setup loss as
APD with loss and APD without loss, respectively. As shown in Supplementary Fig. 11 (c), the RF
compression is calculated to decrease rapidly as the photocurrent increases due to gain saturation.
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Supplementary Fig. 11. (a) Photocurrent versus input optical power, (b) RF output power of MRR APD
versus input output power and (c) RF output power and compression versus average photocurrent.



APD experiences the strong nonlinearity with increased optical power, but this is not a problem for APD
applications. APD are mainly used to detect relatively weak signals. For telecommunication applications,
the typical input power range for APDs is from -20 dBm to -10 dBm. We conducted most of our experiments
at -16 dBm, which is consistent with the actual operating condition.

Double MRR APD Discussion

As the model developed in Supplementary MRR APD Absorption Model section, photon-assisted tunneling
converts ~1.2 % light to photocurrent per round-trip inside the cavity, and the MRR enhancement effect
(~7.1x) boost responsivity to 0.086 A/W with avalanche gain. There are three ways to further improve
responsivity. The first approach is to adopt “Z” shape doping profile as shown in Supplementary Double-
MRR RX with “Z” shape doping profile section. The junction is created with two heavy P and N doping
concentration and two light P and N doping concentration. As Supplementary Fig. 1(a) shows, the junction
interface enables a better mode to overlap by ~35% between the high electric field and the optical mode
and improves the absorption probability. We prove the feasibility of the all-silicon double-MRR RX in a
standard Si photonics process at AMF. The measured results agree with simulated results verify that the
novel structure improves the responsivity by ~35% with the same high-speed performance as
Supplementary Fig. 1(d) and (e) shows. The responsivity of our MRR PD is improved to ~0.12 A/W.

It should be noted the current implantation condition is optimized for modulators, not for the APD, which
results in a high doping level that causes more free carrier absorption loss and reduces the MRR
enhancement effect. The second solution is to decrease the doping concentration. We demonstrate the all-
silicon MRR APD with lower doping concentration at Leti, which can achieve a responsivity of >65 A/W
[17]. For a conservative estimation, the MRR enhancement effect can be doubled without compromising
the bandwidth. The responsivity of our MRR PD can be increased to ~0.24 A/W.

In addition, the all-silicon PD can achieve higher responsivity by creating lattice defects with related deep-
level charge states [23-26]. A deep level with a charge-state energy below the conduction band can produce
photocurrent by optically exciting an electron from the valence band to the deep level state, and then
thermally transferring the carrier to the conduction band. We can use Si+ ion implantation to create lattice
defects in a controlled way, which is also compatible with Silicon photonics process. We can make devices
with both photo-assisted tunneling and defect-mediated absorption with an extra doping layer based on our
process. As ref [23] shows, 4.5 % light can be absorbed for 50 pm length waveguides by defect-mediated
absorption. The enhanced MRR enhancement effect can boost overall responsivity to ~0.87 A/W, which is
comparable to the conventional PD.

We model the frequency response of the MRR PD with and without gain, and show that the bandwidth can
reach larger than ~60 GHz at low gain region as shown in Supplementary Fig. 12 (a). For more simulation
details, please refer to the Supplementary Analytic Model section. To obtain the frequency response over
50 GHz, we also measured the bandwidth of the double MRR APD with “Z” shape doping profile using
another VNA up to 65 GHz. At this region, APD can achieve more than 55 GHz operation as shown in
Supplementary Fig. 12 (b). At the low gain region of -7.5 V, the APD shows a 3 dB bandwidth of ~ 55
GHz. One possible source of discrepancy between the experimental and simulated results is the absence of
a suitable calibration kit that can operate at frequencies up to 50 GHz. This may lead to an underestimation
of the bandwidth in the measurements. The internal bandwidth—efficiency product of our device is 50 GHz.
Based on the bandwidth, the device can support at least 200 Gb/s per channel, maybe up to 240 Gb/s per
channel.
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Supplementary Fig. 12. (a) simulated and (b) measured frequency response for double MRR APD with
“Z” shape doping profile

Compared to conventional APD, our MRRs can also function as demultiplexer. Thanks to the suppressed
channel crosstalk as shown in Fig. 3, if the 5-um radius MRR was adopted, our double MRR APDs can
enable an 18-channels DWDM link within a single FSR with less than less than -40 dB crosstalk. Assuming
a conservative estimation, a single chip can achieve 18x200 Gb/s (3.6 Tb/s). The single mode spectral
efficiency can reach up to 1.53 bit/s/Hz for a single device, that would be much higher than the commercial
receiver.

Regarding the state-of-the-art Si-Ge PD in Ref. [27], the results are quite impressive. It shows internal
responsivities of 0.3 A/W (265 GHz) and 0.45 A/W (240 GHz). The internal bandwidth—efficiency product
of the device is 86 GHz. However, for their ingenious germanium-fin design, the narrowest fin width is
only ~ 60 nm, which limits the compatibility of their device with existing Si photonics fabrication platforms.
For instance, Leti and AMF have a minimum feature size of 140 nm. Features smaller than that are not
reliable and gaps below 100 nm cannot be created. Moreover, the germanium-FinFET structure is not
standard in the foundry. The process is specific for this PD fabrication. The small feature requirements and
process change may lead to reliability and yield issue. Our approach provides a distinctively simple and
accessible route to realize PD in standard silicon foundry processes.

The next generation of optical interconnects with 1.6 Tb/s capacity, which requires 100 Gb/s or 200 Gb/s
per line. Some of the leading research groups in this field are II-VI Inc. and Intel Inc., who have
demonstrated their use of photodetectors with high responsivity and bandwidth for their optical interconnect
prototypes. II-VI Inc. used a PD with 0.82 A/W responsivity and supporting 106 Gb/s eye diagrams [28],
while Intel Inc. used a PD with 0.66 A/W responsivity, 50 GHz bandwidth and supporting 200 Gb/s [29].
In contrast, our double MRR resonator APD can achieve better performance than these most-recent PD
used for the next generation of optical interconnects.

Wavelength Stabilization

The performance of MRR resonator is sensitive to fabrication variation and external conditions, such as
temperature and humidity. This poses a challenge for its practical application. To address this, we need a
circuit to automatically tune and stabilize the wavelength of the double MRR resonator to ensure its optimal
performance.
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Supplementary Fig. 13 (a) Block diagram of CMOS circuit-based wavelength stabilization circuit; (b)
flow-chart of wavelength stabilization process and (c) block diagram of FPGA based wavelength
stabilization circuit.

To adjust and lock the wavelength, CMOS thermal control circuits with feedback loops are often used.
CMOS thermal tuning schemes with integrated heating resistors are common in the current MRR resonator-
based transceiver and switch system [30-32]. Typically, multi-ring systems are designed such that the
resonance of all the MRRs are aligned with the input laser’s wavelength. If split resonance is needed, the
MRR response can be adjusted after the initial alignment. Our double MRR APD design has a unique
feature: the photocurrent on the second MRR can directly monitor the degree of resonance aligning with
the laser wavelength. This eliminates the need for external PDs to monitor the power levels at through and
drop port. We can align the resonances of the two MRR by tuning them sequentially to maximize the
photocurrents. The circuit for stabilizing the wavelength based on the photocurrent is shown in
Supplementary Fig. 13(a). It consists of two current segmented digital-to-analog converters (DACs) for
individual heaters control, a DAC for reference, a simple resistor based low-pass TIA, a filter and a Finite
State Machine (FSM) controller. The photocurrent from the integrated photodetector is converted to voltage
by the resistor TIA. The voltage is then compared with the reference DAC output by a sense amplifier. The
FSM receives comparator output after digitally filter the for closed-loop control. The CMOS circuit logic
has the following steps, as illustrated in Supplementary Fig. 13(b). The first phase is to align the wavelength
automatically. To do this, the reference DAC is set to a safe reference level, which corresponds to a stable
point on the resonator curve. This means that the voltage is neither too low nor too high, to avoid locking
to noise or zero values in the resonator curve. We use thermal 1 and 2 to tune the temperature of MRR 1
and 2. However, we can observe non-negligible thermal crosstalk between the MRR at the same channel



as shown in Supplementary Fig. 14, which means that we cannot control the two thermal heaters
independently. It should be noted there was no significant thermal crosstalk between the different channels,
due to their large separation. As shown in flowchart, we keep comparing the signals with reference DAC
and gradually tune MRR 1 and 2 one by one with two feedback loops. After each comparison is achieved,
the reference DAC saves the successful locking point and then increases gradually in a trail-and-error
fashion to search for the temporary maximized photocurrent. When one of the MRRs 1 or 2 reaches its
maximum photocurrent temporarily, subsequent increasing of the reference level will trigger an over-
searching signal. This is detected and the reference DAC is stepped back with an offset to the last successful
locking point and then allows the other MRR to adjust for a higher photocurrent. When both of the MRR
trigger the over-searching signals, it means maximum photocurrent has been achieved and auto-alignment
process is finished. The second phase is background wavelength stabilization. In this phase, the FSM reuses
the digital filter to realize bang-bang type feedback. Based on the output of digital filter, the thermal DAC
adjusts one least significant bit up or down for small shift at one cycle to compensate for temperature
changes caused by the environmental factors such as thermal or humidity change. Our APDs have low
optical channel crosstalk, which allows us to adjust one channel at a time by measuring the respective
photocurrent. This way, we can avoid interference between the channels.

A simple way to tune the wavelength for small-scale experiments is to use microcontroller boards like
FPGA, as shown in the schematic diagram Supplementary Fig. 13(c). The coordinate descent algorithm
[33, 34] can be applied by changing the voltage in small steps and measuring the photocurrent, and then
selecting the tuning that gives the highest reading. The algorithm cycles through the coordinate directions
(thermal 1 and 2), reducing the problem to two one dimensional optimization subproblems along each
coordinate direction (i.e., a line-search), using the optimum value in the current direction as the starting
point for the search in the next direction. Coordinate descent algorithm usually refers to minimization, but
we use it for maximization by minimizing the negative of the objective function. Any detuning that occurred
in the MRRs due to thermal crosstalk can be accounted for in optimization process. This algorithm is
available as SciPy.Optimize in Python library.
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Supplementary Fig. 14. Resonant wavelength shifts due to same-ring heating and thermal crosstalk for (a)
heater 1 and (b) heater 2.

Another continuous tuning of a double silicon MRR is using a calibration look-up table [35, 36]. By
recording the MRR resonance wavelengths under different power, strongly correlated linear tuning curves
can be obtained in the presence of thermal crosstalk effects on the resonant frequencies as shown in
Supplementary Fig. 14. The resonance shift of each individual MRR was determined by measuring the
resonance wavelength of that MRR at the output port when it was sufficiently detuned from the other. From
the linear best fit lines of the shifts due to same-ring heating, we obtain same-ring thermal tuning rates of
t11 = 99.6 pm/mW for MRR 1 and t,,= 110.6 pm/mW for MRR 2. We also note that each MRR in the
same channel experienced significant thermal crosstalk. The rate of resonance changes of MRR 1 due to



heater 2 is t;, = 22.4 pm/mW and that of MRR 2 due to heater 1 is t,; = 18 pm/mW. The general relation
between the frequency shift of each MRR and the electrical power delivered to the respective heater can be
represented by the response matrix:

A [t b2 [P1]
Mz] - [1:21 t22] P, (26)

where the tuning rates t;4, t12, t21, and t,, are given above. The tuning matrix allows the double MRR to
be tuned to any arbitrary wavelength without the need for further optimization. As for background
wavelength stabilization stage due to environment fluctuations, for example, the change in resonant
wavelength as a function of waveguide temperature variation can be expressed as [37]:

AL (AT) = A,[1 + (e +id—”) AT] 7)
ng dT
where € and n, are the thermal expansion coefficient and group index of the MRR. dn/dT is the index
thermo-optic coefficient of silicon, which is ~1.94x10-4 K-1 at 1310 nm. Since the resonance changes
almost in linearity with the temperature, the required the tuning power under different temperature variation
can be obtained with equation (26) and (27) if we know the temperature variation from thermometer. Other
environment variation can be calibrated using the same method.

For our measurements, we need to adjust the thermal wavelength shift by about 500 pm at most and 250
pm on average to account for the fabrication variation. The required thermal tuning power per MRR is 2.4
mW. The thermal control of the circuit consists of 4 op-amps for feedback control [38, 39], plus 2 op-amps
for TIA and comparator, making a total of 6 op-amps. These op-amps have a bandwidth of about ~MHz
and can be implemented in CMOS technology with a power consumption of only 20 pW each. Moreover,
DAC can also be realized in CMOS technology, with a power consumption of 100 uW [40]. Therefore, the
total power consumption of the thermal control is estimated to be 5.2 mW per channel. Assuming a data
signal of 160 Gb/s for the MRR resonator, the power consumption of the thermal control is equivalent to
32.6 fJ/bit. To minimize the effects of thermal crosstalk, which complicates the tuning process, some
thermal isolation methods can be implemented. For example, air trenches can be etched near and below the
MRR waveguides to reduce heat transfer. In addition, this can increase the thermal tunning efficiency to
about 300 pm/mW [41, 42]. As a result, the power consumption of the thermal control can be reduced to 2
mW per channel and 12.6 fJ/bit.
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