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Abstract: In this work, we demonstrate and experimentally characterize a
new class of high-performance silicon photonic modulators—the adiabatic
microring modulator. The adiabatic microring modulator utilizes a vertical
PN junction and interior electrical contacts, leveraging all the advantages of
previously-demonstrated microdisk modulators. However, this device also
incorporates an adiabatic transition from the wide, multimode contact
region, to a narrow, single-mode coupling region, eliminating unwanted
spatial modes common to microdisks. As a result, the adiabatic microring
modulator demonstrated in this work is the smallest microring modulator
demonstrated to date, with a diameter of only 4 um, yielding a 6.92-THz
uncorrupted free spectral range. Here, we perform an experimental
comparative analysis between silicon adiabatic microring modulators,
silicon microdisk modulators, and a commercial lithium-niobate Mach-
Zehnder modulator. We show that the silicon adiabatic microring modulator
using partial doping is capable of operating at 12.5-Gb/s data rates and
beyond. This device combines the best of all modulator designs, leveraging
the depletion-based method to maximize the speed, utilizing the vertical-
junction configuration to minimize the power consumption, employing a
unique adiabatic design to eliminate higher-order modes, and using partial
doping to reduce resistance, further enhancing the speed of the device.
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1. Introduction

Compact, high-speed, low-power, and CMOS-compatible silicon photonic devices and
systems are being widely considered for achieving aggressive performance goals in future
computation and communication systems [1-3]. The silicon photonic toolbox already
comprises modulators [4-22], waveguides [23], switches [24,25], filters [26], lasers [27],
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photodetectors [28,29], polarization-manipulating devices [30-33], and nonlinear devices
[34,35]. Combining these components, compact, low-cost, wavelength-division-multiplexed
(WDM) communication links may be formed [36,37]. Silicon photonic modulators represent
the key components for encoding data from the electrical domain to the optical domain [4—
22]. Silicon microring modulators, first demonstrated in the injection-based lateral-junction
configuration by Q. Xu et al. [5], have been primarily considered for these applications
because they are compact, high-speed, low-power, and are capable of enabling WDM systems
with many wavelength channels.

Depletion-based devices improve on these early injection-based device designs, enabling
efficient high-speed operation of silicon microring and microdisk modulators. Recent work
has yielded depletion-based modulators leveraging lateral-junction configurations capable of
operating beyond 25 [17-19], and even 40 Gb/s [20-22]. Methods to interleave PN junctions
have been utilized to increase the electro-optic efficiency by enhancing the carrier-light
overlap, which reduces the voltage-length product V,L,, achieving 25-Gb/s operation of a 30-
pm-radius device with 4.5-dB extinction ratio at 2-V driving voltage [17], and 25-Gb/s
operation of a 250-um-circumference device with about 3.6-dB extinction ratio at 1.6-V
driving voltage and 41-f)/bit power consumption [18]. Another demonstration has achieved
25-Gb/s operation of a 7.5-um-radius device with about 5-dB extinction ratio at 1-V driving
voltage and about 7-fJ/bit power consumption [19]. By reducing the radius of the latter device
to 5 um, reducing the junction capacitance and the RC time constant, a similar device was
demonstrated to operate at 40 (44) Gb/s, with 7- (2.3-) dB extinction ratios at 2-V driving
voltages [20]. Leveraging PN-junction-interleaved cascaded microring resonators, 40-Gb/s
operation was demonstrated with a 20-um-radius device with 3.9-dB extinction ratio at 5-V
driving voltage [21]. Lastly, a method to zigzag the PN junction has been employed to
achieve 44-Gb/s operation with 3.01-dB extinction ratio at 3-V driving voltage [22].

Depletion-based devices leveraging vertical-junction configurations provide the added
advantage to the drive voltage, power consumption, size, and speed [7]. The vertical junction
naturally maximizes the overlap of the depletion region with the optical mode, reducing the
drive voltage and power consumption. It also enables direct electrical contacts to be made at
the interior of the silicon microdisk or microring resonator, forming a hard outer wall that
minimizes radiation, resulting in a significant size reduction of the device. This reduction in
size also reduces the capacitance, reducing the RC time constant and increasing the speed. For
example, depletion-based vertical-junction silicon microdisk modulators have enabled 12.5-
Gb/s modulation of a 1.75-um-radius device with 3.2-dB extinction ratio at 1-V driving
voltage and 3-fJ/bit power consumption [7]. This device occupies less than one-tenth the area
of traditional microring modulators, and maintains entirely-interior electrical contacts.

However, one major limitation of microdisk resonators is that they support higher-order
spatial modes that corrupt the free spectral range (FSR) by introducing undesired resonances.
To combat this, several demonstrations have utilized adiabatic microring resonators, which
leverage single-mode coupling regions and multimode contact regions to achieve single-mode
operation [10-12]. These devices preserve all the benefits of microdisk resonators, with the
added advantage of enabling uncorrupted FSRs [10]. One demonstration has directly
integrated heaters within adiabatic microring resonators, achieving 4.4-uW/GHz power
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Fig. 1. (a) Top-view schematic of the silicon adiabatic microring modulator using partial
doping, utilizing a single-mode coupling region and a multimode contact region of the
microring resonator. (b) 3D finite-difference time-domain (FDTD) simulation overlaying the
schematic, showing that only the fundamental radial mode is excited.

dissipation and 1-ps thermal tuning speed of a second-order filter [11]. Another
demonstration has presented preliminary results of a depletion-based vertical-junction
adiabatic microring modulator, with an uncorrupted 6.9-THz FSR, achieving 12-Gb/s
operation of a 2-um-radius device with about 7.3-dB extinction ratio at 2.4-V driving voltage
[12].

In this work, we present the design and first quantitative results of the adiabatic microring
modulator. We show that the partial doping modulator configuration reduces the resistance
and enhances the speed of the device. We perform a detailed comparative analysis between
four silicon photonic modulators, including silicon microdisk modulators and silicon adiabatic
microring modulators, with full and partial doping configurations, and as well as the
commercial lithium niobate modulator. Our high-speed bit-error-rate and power penalty
characterizations show that the partial doping causes a reduction in relative power penalty for
both silicon microdisk and adiabatic microring modulators, enabling feasible operation of
both at 12.5-Gb/s data rates and beyond.

2. Adiabatic microring resonator

The design of the adiabatic microring resonator consists of a single-mode coupling region and
multimode contact region. The basic structure is depicted in Fig. 1(a). In the coupling region,
the microring waveguide has a width of 460 nm, and the bus waveguide has a width of 320
nm, both kept narrow to ensure single-mode operation. The coupling gap was then chosen to
be 360 nm, and designed to ensure critical coupling on resonance. The microring waveguide
is adiabatically widened with a half ellipse inner radius to enable electrical contact where
there is essentially no optical field. At the widest point, the microring waveguide reaches a
width of 760 nm, and the microring is clearly multimode. However, the single-mode coupling
region and adiabatic transition to the multimode contact region ensure that only the
fundamental radial mode is excited. A 3D finite-difference time-domain (FDTD) simulation
highlights this point in Fig. 1(b). Design and fabrication of similar adiabatic microrings has
previously been demonstrated both numerically [10] and experimentally [11,12], respectively.

The modulators in this work were fabricated at the CMOS fabrication facility of Sandia
National Laboratories, on a 240-nm-thick silicon-on-insulator (SOI) platform, with a 1-um
buried oxide (BOX) layer, using 248-nm deep ultraviolet (DUV) lithography. All of these
modulators incorporate 400-nm-diameter tungsten contacts that connect electrical probes to
the device. The anode (cathode) contact connects to the 10%° P + type (N + t%/pe) doped silicon
using titanium silicide at the interface, which then connects to the 2 x 10" P type (N type)
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doped silicon. The P + and N + type doped silicon regions act as ohmic contacts to the diodes.
The P and N type doped silicon layers are each approximately 100-nm thick, which form
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Fig. 2. (a) Top-view scanning-electron-microscope (SEM) image of the silicon adiabatic
microring modulator, which comprises a 4-um-diameter microring resonator, in the depletion-
based vertical-junction configuration to minimize the power consumption. (b) Spectral
response of this device, showing two consecutive resonances with an uncorrupted 56.12-nm
(6.92-THz) free spectral range (FSR).

depletion regions at their vertical junctions. The P + type (N + type) doped silicon is 100-nm
(240-nm) thick to connect to the P type (N type) doped silicon on top (bottom). A scanning-
electron-microscope (SEM) image of the fabricated silicon layer is shown in Fig. 2(a).

Adiabatic microring resonators are designed to eliminate the coupling of higher-order TE
optical modes to achieve uncorrupted FSRs and low insertion losses. Other suppression
methods, such as patterning highly-doped regions in the center of the microdisk, would lower
the quality (Q) factor of the second-order mode, but would not eliminate it. This would lead to
a high insertion loss, as well as crosstalk for other wavelength channels in a WDM scheme. In
order to achieve a low-enough Q factor for the second order mode, the first mode would also
experience additional insertion loss, which would increase the optical bandwidth (decrease the
Q factor), and decrease the dynamic extinction ratio for the same frequency shift.

The structures are first tested passively using a tunable laser source, and the results are
presented in Fig. 2(b). As also predicted by simulation [10], the adiabatic microring achieves
a wide, 6.92-THz FSR, uncorrupted by higher-order spatial modes.

3. Silicon photonic modulators

In this work, we quantify the electro-optic performance of adiabatic microring modulators,
and perform comparisons with silicon microdisk modulators, as well as with a commercial
lithium niobate modulator. The four types of silicon photonic modulators are depicted in Fig.
3. We first demonstrate and experimentally characterize silicon adiabatic microring
modulators, shown in Fig. 2(a) and Figs. 3(c)-3(d). Furthermore, we perform a comparative
analysis with the silicon microdisk modulators, depicted in Figs. 3(a)-3(b), as well as a
commercial lithium-niobate (LiNbOs;) Mach-Zehnder modulator. The presented silicon
adiabatic microring modulator using partial doping: (1) leverages the depletion-based method
to maximize the speed; (2) utilizes the vertical-junction configuration, which maximizes the
overlap of the depletion region with the optical mode, minimizing the power consumption; (3)
employs a unique adiabatic design that eliminates higher-order modes that are present in the
silicon microdisk modulator, as shown in Fig. 1(b); (4) is partially doped, as depicted in Fig.
3(d), reducing the resistance and enhancing the speed of the device. We demonstrate that the
silicon adiabatic microring modulator using partial doping has comparable performance to the
silicon microdisk modulator using partial doping, and that both devices are capable of feasibly
operating at 12.5-Gb/s data rates and beyond.
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4. Experimental setup

The experimental setup to characterize the silicon photonic modulators in this work, depicted
in Fig. 4(a), consists of a tunable laser (TL) source, which transmits a CW lightwave into the

(A Silicon Microdisk Modulator B | Silicon Microdisk Modulator
Using Full Doping Using Partial Doping

Silicon Adiabatic Microring Modulator BY silicon Adiabatic Microring Modulator
Using Full Doping Using Partial Doping

DE

- P Type Doped Silicon (2 X 10*¢), 100-nm Thickness - Depletion Region

- P+ Type Doped Silicon (10%°), 100-nm Thickness lj Intrinsic Silicon
- N Type Doped Silicon (2 X 10*8), 100-nm Thickness - Tungsten Contacts
- N+ Type Doped Silicon (102°), 240-nm Thickness |:] Silicon Dioxide

Fig. 3. Four types of silicon photonic modulators, including silicon microdisk modulators and
silicon adiabatic microring modulators, with full and partial doping configurations. These
depletion-based modulators all employ the vertical-junction configuration to minimize the
power consumption.

silicon chip using lensed fibers. Once on chip, the lightwave is then spectrally aligned to a
resonance of the microdisk or microring of the modulator, which is about 1574 or 1594 nm,
respectively. Induced by the plasma-dispersion effect, this resonance is then spectrally shifted
back and forth when we toggle an electrical bias, which toggles the depth of the depletion
region through the vertical PN diode. In this work, the electrical bias is a non-return-to-zero
(NRZ) on-off-keyed (OOK) signal, generated using a pattern generator (PG), encoded with a
2%-1 pseudo-random bit sequence (PRBS). This signal is then amplified and offset to
produce a 2.5-Vpp electrical signal with a —1-V voltage bias; the voltage rails are at 0.25 and —
2.25 V. The electrical signal is then transmitted into the chip using 50-Q-terminated electrical
probes. Because the modulators in this work employ the depletion-based configuration, which
does not suffer from electrical carrier lifetime limitations, there is no need to supplement the
driving signal with pre-emphasis at higher data rates.

The lightwave is spectrally aligned to the resonance such that when the voltage is at 0.25
V, the lightwave couples to the microdisk or microring and inhibits propagation out of the
chip, representing a logical 0 state. When the voltage is at —2.25 V, the lightwave bypasses the
microdisk or microring and propagates out of the chip, representing a logical 1 state.
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Therefore, by modulating the electrical signal with high-speed data, we encode this data onto
the optical domain. Off chip, the high-speed optical signal then passes through an erbium-
doped fiber amplifier (EDFA), a tunable grating filter (1) with a 1-nm 3-dB bandwidth, and a
variable optical attenuator (VOA). The signal is then received using a high-speed PIN

A NRZ-00K
PRBS 2311

| PG ke-{ clock |-»{ BERT |a-] L:\

Mc—@

L Silicon Chip
a NRZ-00K
PRBS 2311

| P:i ke-{ clock |-»{ BERT o] L:

PIN-TIA

e Optical Fiber Electrical Cable

Fig. 4. Experimental setup diagrams for characterizing the performance of the (a) four silicon
photonic modulators, as well as (b) the commercial lithium niobate modulator. Temporal
responses of the high-speed optical data were measured at 2.5-, 5-, 7.5-, 10-, and 12.5-Gb/s
data rates, and bit-error-rate (BER) characterizations were performed at 5, 7.5, and 10 Gb/s.

photodiode and transimpedance amplifier (PIN-TIA) receiver followed by a limiting amplifier
(LA), and is evaluated using a bit-error-rate (BER) tester (BERT). Both the PG and the BERT
are synchronized to the same clock. Using a power tap, a digital communications analyzer
(DCA) is used to examine the temporal response of the signal before the receiver. Polarization
controllers (PCs) are also used throughout the setup, configured for TE operation. The total
fiber-to-fiber insertion loss is about 17 dB for all of the devices; there is about —-8-dBm (-19-
dBm) average optical power ingressing into the modulator (EDFA), in every configuration. In
the experimental setup comparing the performance of the silicon photonic modulators to a
commercial lithium niobate Mach-Zehnder modulator, as depicted in Fig. 4(b), we replace the
silicon chip with the commercial modulator. The lithium niobate modulator has a 35-GHz 3-
dB bandwidth, and is driven with an AC-coupled 5.5-Vpp electrical signal. For this modulator,
there is also about —8-dBm average optical power ingressing into the modulator, and a VOA
is used right after the modulator to ensure that —19-dBm average optical power is ingressing
into the EDFA. During these experiments, there was no observable resonance wavelength
dependence on the data rate of the device or the PRBS pattern length.

5. Spectral characterization

We perform a spectral characterization of all the silicon photonic modulators to quantify the
resonance spectral shift associated with varying applied DC voltages at the modulator diode
junction, comparing the silicon adiabatic microring modulators to the silicon microdisk
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modulators. For all of these devices, as shown in Fig. 5 and Fig. 6, we observe larger spectral
blue (red) shifts as we apply larger positive (negative) voltages. We note that spectral blue
shifts induced by positive voltages follow an exponential trend, and become especially
significant above the threshold voltage of about 0.7 V. Spectral red shifts induced by negative
voltages follow more of a linear trend, and are less dramatic even down to -3 V. Moreover,
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Fig. 5. Experimentally-measured resonance spectral shifts, induced by varying applied DC
voltages at the modulator diode junction. This measurement, taken with —10 dBm of average
optical power injected at the input of the silicon chip, characterizes four silicon photonic
modulators, including silicon microdisk modulators and silicon adiabatic microring
modulators, with full and partial doping configurations.

we see in Fig. 6 that the resonance frequency shift of all of the characterized silicon photonic
modulators does not change significantly between devices. Therefore, the static resonance
frequency shift as a function of applied modulator diode junction voltage does not have a
dependency on whether we are using the silicon adiabatic microring modulators over silicon
microdisk modulators, or partial doping over full doping. Furthermore, we see that both types
of silicon microdisk modulators have similar resonance depths and static extinction ratios
(Figs. 5(a)-5(b)), and both types of silicon adiabatic microring modulators also follow this
trend (Figs. 5(c)-5(d)). However, the silicon microdisk modulators have smaller resonance
depths, but larger static extinction ratios, compared to the silicon adiabatic microring
modulators. The larger static extinction ratios are expected to yield larger dynamic extinction
ratios during high-speed characterization, which will also influence the performance of these
devices.

The measured full width at half maximum (FWHM) is 28.94 (20.82) and 65.46 (57.32)
GHz, for the silicon microdisk modulator using full (partial) doping and silicon adiabatic
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microring modulator using full (partial) doping, respectively. For the same devices, the
measured loaded Q factor is 6581 (9149) and 2874 (3281), respectively. For the partially-
doped devices, we expect that the internal Q factors (not the loaded Q factors) are double that
of the fully-doped devices. The measured loaded Q factors have a dependence on the internal
Q factor, as well as the coupling Q factor. The magnitude of the coupling Q factors, which
could be different for the two types of devices, determines the magnitude of the impact that
the internal Q factor has on each device.

200 ‘ ;
Silicon Microdisk Modulator
Using Full Doping
Silicon Microdisk Modulator
150 | Using Partial Doping
Silicon Adiabatic Microring Modulator
- Using Full Doping
E Silicon Adiabatic Microring Modulator
) 100 | Using Partial Doping
>
)
c
S 50
o
2
-
<]
2 0
=i
i
[7)
o
-50 ‘ : :
-3 -2 =1 0 1
Voltage (V)

Fig. 6. Experimentally-measured resonance frequency shifts, induced by varying applied DC
voltages at the modulator diode junction, for four silicon photonic modulators.

6. High-speed temporal characterization

Using the aforementioned experimental setup, depicted in Fig. 4(a), we first characterize all
four silicon photonic modulators for a quantitative comparison. We drive the silicon
microdisk modulator using full doping (Fig. 3(a)), at data rates between 2.5 and 12.5 Gb/s,
and record the corresponding eye diagrams of the optical signal egressing from the silicon
chip, as shown in Fig. 7(a). We observe excellent noise performance and extinction ratios for
data rates up to 7.5 Gb/s. At 10 Gb/s, we begin to observe some added noise in the optical
signal, corresponding to its speed limitation; at 12.5 Gb/s, we observe that this optical signal
becomes even more constrained by this noise. For a direct comparison, we record similar eye
diagrams for a silicon microdisk modulator using partial doping (Fig. 3(b)), at the same data
rates. For this partially-doped modulator, for data rates up to 7.5 Gb/s, we observe a similar
noise performance but slightly-lower extinction ratios compared to its fully-doped modulator
counterpart. At 10 Gb/s, we observe better noise performance using the partially-doped
modulator; this discrepancy becomes even more apparent as we drive the modulator at 12.5
Gb/s. We observe here that the silicon microdisk modulator using partial doping has a
comparable performance at lower data rates to the silicon microdisk modulator using full
doping, and much better performance at higher data rates—the partially-doped method
enables this modulator to be feasible at 12.5-Ghb/s data rates and beyond.

We then similarly characterize the silicon adiabatic modulator using full doping (Fig.
3(c)), between 2.5- and 12.5-Gb/s data rates, as shown in Fig. 7(c). Here, we see good noise
performance up to 5 Gh/s, with slower rise and fall times compared to the silicon microdisk
modulator. This speed limitation becomes more apparent at higher data rates. At 7.5 and 10
Gb/s, we observe an increasing degradation of the optical signal, and at 12.5 Gb/s, the eye
diagram becomes too distorted to distinguish the bits of the pattern. However, using the
silicon adiabatic microring modulator using partial doping (Fig. 3(a)), we observe a dramatic
improvement in the optical signal integrity, as shown in Fig. 7(d), compared to its fully-doped
modulator counterpart. In fact, we observe noise performance comparable to the best silicon
microdisk modulator, shown in Fig. 7(b), at data rates up to 10 Gb/s. Furthermore, the partial
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doping of the silicon adiabatic microring modulator also enables it to be feasible at 12.5-Gb/s
data rates and beyond. Using the experimental setup depicted in Fig. 4(b), we then perform a
similar characterization of the commercial lithium niobate Mach-Zehnder modulator, as
shown in Fig. 7(e), for the baseline back-to-back measurement. As expected, the eye diagram
for this device remains open as we sweep the data rate from 2.5 to 12.5 Gb/s.

Furthermore, we measure the dynamic extinction ratio and insertion loss for each
modulator at every data rate between 2.5 and 12.5 Gb/s. The extinction ratio is defined as the
ratio between the one and the zero of the optical signal, relative to the true zero; the true zero

Silicon Microdisk Modulator Using Full Doping
2.5Gb/s 5Gb/s 7.5 Gb/s 10 Gb/s 12.5Gb/s

b

Silicon Microdisk Modulator Using Partial Doping
2.5Gb/s 5Gb/s 7.5Gb/s 10 Gb/s

Silicon Adiabatic Microring Modulator Using Full Doping
5 Gb/s 7.5Gb/s 10 Gb/s 12.5 Gb/s

Silicon Adiabatic Microring Modulator Using Partial Doping
2.5Gb/s 5Gb/s 7.5Gb/s 10 Gb/s 12.5 Gb/s

Commercial Lithium Niobate Mach-Zehnder Modulator
7.5Gb/s 10 Gb/s 12.5Gb/s

o

Fig. 7. Experimentally-measured optical eye diagrams egressing from the (a—d) four silicon
photonic modulators, including silicon microdisk modulators and silicon adiabatic microring
modulators, with full and partial doping configurations, and (e) the commercial lithium niobate
modulator, for 2.5-, 5-, 7.5-, 10-, and 12.5-Gb/s data rates. The eye diagrams are overlaid with
the true zero corresponding to each configuration.

is recorded using the same experimental setup depicted in Fig. 4(a), with the laser turned off,
and is overlaid in Fig. 7 for each configuration. The insertion loss is defined as the ratio
between the true one and the one of the optical signal, relative to the true zero; the true one is
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recorded using the same experimental setup depicted in Fig. 4(a), and tuning up the
wavelength of the ingressing CW lightwave 3 nm, along with the tunable grating filter, to
spectrally bypass the resonance of the modulator. With a constant electrical driving signal that
induces a finite resonance shift, it is possible to optimize the extinction ratio and insertion
loss, trading off one of these parameters for the other. For example, operating closer to the
center of the resonance optimizes the extinction ratio at the cost of the insertion loss. Shifting
away from the resonance produces a converse effect. Since our experimental setup is not
limited by insertion loss, for each configuration we optimize and measure the extinction ratio
by operating closer to the center of the resonance. In this same state, we then also measure the
insertion loss for each configuration. These results are summarized in Fig. 9.
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Fig. 8. Experimentally-measured bit-error-rate curves for four silicon photonic modulators,
including silicon microdisk modulators and silicon adiabatic microring modulators, with full
and partial doping configurations, and the commercial lithium niobate modulator, for 2.5-, 5-,
7.5-, 10-, and 12.5-Gb/s data rates. The bit-error-rate curves for the commercial lithium niobate
modulator are set as the back-to-back cases for the silicon photonic modulator curves,
producing a comparative power penalty between the two types of technologies in each
configuration.

7. High-speed bit-error-rate and power penalty characterizations

Using the experimental setups described in Fig. 4, we then perform BER and power penalty
characterizations for every type of silicon photonic modulator (Fig. 8). We first record the
BER curves for the silicon photonic modulators operating at 5-, 7.5-, and 10-Gb/s data rates,
which are shown in Fig. 8. For every shown BER curve, we also verify error-free operation,
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which is defined as being capable of achieving BERs below 107*2. We then record similar
BER curves for the commercial lithium niobate modulator, operating at the same data rates,
and plot these as back-to-back curves for the silicon photonic modulators (Fig. 8). This way,
the resulting power penalty is defined as the relative signal integrity of each silicon photonic
modulator, compared to the commercial lithium niobate modulator.

By setting the commercial lithium niobate modulator as the back-to-back cases for the
silicon photonic modulators, we measure the resulting power penalty for every configuration.
This measured power penalty is summarized in Fig. 9. For the silicon microdisk modulator
using full doping, we observe a small negative power penalty of —0.22 dB, while operating at
5 Gh/s—at this data rate, this silicon photonic modulator has a superior signal integrity

Modulator T Data Rat Extinction Insertion Loss Power
oauiatorLype i Ratio (dB) (dB) Penalty (dB)
2.5 14.94 1.92 —
5 13.13 1.86 —0.22
Silicon l\{llcrodlsk Ml?dulator 75 11.90 2.45 072
Using Full Doping
10 9.84 2.25 2.85
12.5 9.15 2.59 —
2.5 9.17 0.14 =
5 8.16 0.19 0.20
S|I|con.M|crod{sk Mm.iulator 75 7.28 024 0.94
Using Partial Doping
10 7.42 0.24 0.89
12.5 7.76 0.45 -
2.5 8.52 0.70 -
5 8.69 1.16 1.44
Silicon Adlab'atlc Mlcrorlr.ig Modulator 75 703 1.43 377
Using Full Doping
10 8.20 1.60 -
12.5 7.73 1.66 -
2.5 9.03 1.86 —
5 8.67 1.99 1.12
Silicon AdlaPatlc Ml.crorlng. Modulator 75 215 2.59 2.05
Using Partial Doping
10 8.21 2.25 2.20
12.5 7.34 2.59 —
2.5 14.24 4.00 —
5 13.59 4.00 -
Commercial Lithium Niobate
Mach-Zehnder Modulator Ls SZEZ 200 -
10 11.56 4.00 —
12.5 11.49 4.00 —

Fig. 9. Table summarizing the experimentally-measured performance of four silicon photonic
modulators, including silicon microdisk modulators and silicon adiabatic microring
modulators, with full and partial doping configurations, and the commercial lithium niobate
modulator, for 2.5-, 5-, 7.5-, 10-, and 12.5-Gb/s data rates. The measured power penalty of the
silicon photonic modulators is in reference to the measured performance of the commercial
lithium niobate modulator.

compared to its commercial counterpart. As we then modulate at 7.5 and 10 Gh/s, we observe
that this power penalty turns positive and increases sharply to 0.72 and 2.85 dB, respectively.
For the silicon microdisk modulator using partial doping, we observe a small positive power
penalty of 0.20 and 0.94 dB, at the data rate of 5 and 7.5 Gb/s, respectively. At these lower
data rates, the fully-doped version of the silicon photonic modulator outperforms the partially-
doped version. However, as we modulate at 10 Gb/s, the power penalty for the partially-doped
modulator is 0.89 dB, representing almost 2 dB of improvement over the fully-doped version.
For the silicon adiabatic microring modulator using full doping, we observe a moderate
positive power penalty of 1.44 and 3.77 dB, at the data rate of 5 and 7.5 Gb/s, respectively. As
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we then modulate at 10 Gb/s, the signal degradation is so large for this device that it is no
longer capable of achieving error-free operation. However, the silicon adiabatic microring
modulator using partial doping achieves a moderate positive power penalty of 1.12, 2.05, and
2.20 dB, for 5, 7.5, and 10 Gb/s. This partially-doped version of the modulator outperforms
the fully-doped modulator at every data rate, and is capable of achieving error-free operation
at least up to 10 Gb/s.

8. Conclusion

In this work, we demonstrate and experimentally characterize a new class of silicon photonic
modulators—the adiabatic microring modulator. This device leverages the adiabatic
microring resonator, designed to eliminate the coupling of higher-order TE optical modes to
achieve uncorrupted FSRs and low insertion losses. This modulator, similar to the silicon
microdisk modulator, leverages the depletion-based vertical-junction configuration, which
maximizes the overlap of the depletion region with the optical mode, minimizing the power
consumption. Furthermore, the silicon adiabatic microring modulator employs a unique
adiabatic design that eliminates higher-order modes that are present in the silicon microdisk
modulator, yielding an uncorrupted 56.12-nm (6.92-THz) FSR. Moreover, we demonstrate
that the partially-doped configuration of these silicon photonic modulators reduces the
resistance and enhances the speed of these devices.

We perform a detailed comparative analysis between four silicon photonic modulators,
including silicon microdisk modulators and silicon adiabatic microring modulators, with full
and partial doping configurations, and as well as the commercial lithium niobate modulator.
Our experimental spectral characterization of the silicon photonic modulators shows that the
resonance frequency shift as a function of applied modulator diode junction voltage does not
have a dependency on whether we are using the silicon adiabatic microring modulators over
silicon microdisk modulators, or partial doping over full doping. Our experimental high-speed
temporal characterization shows that for lower data rates, the performance of all four silicon
photonic modulators is comparable. As we modulate at higher data rates, the partially-doped
silicon photonic devices show much better performance. Our high-speed bit-error-rate and
power penalty characterizations confirm this; the partial doping causes a reduction in relative
power penalty for both types of silicon photonic modulators, enabling feasible operation of
both at 12.5-Gb/s data rates and beyond. Using this partial doping, the power penalty of the
silicon adiabatic microring modulator, relative to the silicon microdisk modulator, is 0.92,
1.11, and 1.31 dB, for data rates of 5, 7.5, and 10 Gb/s, respectively.

All the modulators demonstrated in this work have laterally-separated P + and N + doped
regions in the center of the microdisks and adiabatic microrings. However, the PN vertical
junction is circular. The capacitance of the modulators is dominated by this vertical PN
junction area, for both microdisk and adiabatic microring modulators. Typical capacitances
for the partially- and fully-doped modulators are about 12.5 and 25 fF, respectively. These
modulators also experience high-resistance contacts where the PN vertical junction is not
directly contacted by P + or N + doped regions. The contact resistance increases as the
junction is separated from the P + or N + doped regions. For instance, half of the circular
vertical junction is not directly contacted by one type of highly-doped regions in the fully-
doped modulator. Non-directly-contacted regions are wider in the adiabatic microring
modulators compared to microdisk modulators, leading to higher contact resistances.
Therefore, we see that the microdisk modulators exhibit better electrical performance metrics
such as the speed, dynamic extinction ratio, and power penalty, compared to the adiabatic
microring modulators. Partial doping also minimizes the capacitance of the modulator, since
the PN vertical junction area is decreased. Therefore, partially-doped modulators exhibit
higher electrical bandwidths than fully-doped modulators, since both resistance and
capacitance of these devices are minimized.

The devices in this work are currently limited to about 12.5-Gb/s data rates due to the
contact resistance, which is about 0.8-1 kQ for each via and the non-directly-contacted
vertical junction combined. The resistance of the microdisk modulator can be further
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minimized by increasing the number of P + and N + doped regions in the center, instead of
dividing into just two laterally-doped regions. The contact resistance of the adiabatic
microring modulators can be minimized either by optimizing the doping concentrations of the
PN devices, increasing the number of tethers, or widening the tethers that directly contact to
the adiabatic portions. Decreasing the RC time constant through this optimization could
enable the adiabatic microring modulator to operate at 40-Gh/s data rates and beyond.

The silicon adiabatic microring modulator combines the best of all modulator designs,
yielding an uncorrupted 56.12-nm (6.92-THz) FSR that can sustain over 100 wavelength
channels in WDM systems. This compact, high-speed, and low-power modulator was also
fabricated using standard CMOS-compatible wafer-scale photolithography, capable of dense
integration with advanced electronics, and low-cost mass-volume production.
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