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Silicon carbide (SiC) recently emerged as a promising pho-
tonic and quantum material owing to its unique material
properties. In this work, we carried out an exploratory inves-
tigation of the Pockels effect in high-quality-factor (high-Q)
4H-SiC microresonators and demonstrated gigahertz-level
electro-optic modulation for the first time. The extracted
Pockels coefficients show certain variations among 4H-SiC
wafers from different manufacturers, with the magnitudes of
r13 and r33 estimated to be in the range of (0.3–0.7) pm/V and
(0–0.03) pm/V, respectively. © 2023 Optica Publishing Group

https://doi.org/10.1364/OL.482844

Silicon carbide (SiC), a wide-bandgap compound semiconduc-
tor composed of silicon and carbon, is playing an increasingly
important role in modern power electronics including electric-
vehicle charging [1]. In addition, considerable research efforts
have been devoted to studying its potential for photonic and
quantum applications, resulting in the demonstration of low-
loss SiC-on-insulator (SiCOI) integrated photonics platforms
and the discovery of a variety of color centers with promising
quantum properties [2,3]. Among its many polytypes (such as
3C, 4H, and 6H), 4H-SiC gains the most attention from the
industry as single-crystal 4H-SiC substrates up to six inches
are already commercially available. Thanks to the continuously
improved material quality, 4H-SiCOI has achieved a much lower
propagation loss compared with other polytypes [4], which
is a key enabling factor for applications such as low-power
optical parametric oscillation [5] and broadband microcomb
generation [6].

For integrated photonic circuits, one important functionality
that underpins applications including optical signal modulation
and switching is the electro-optic (EO) tuning [7]. That is, the
application of an external electric field in the radio frequency
or below leads to a change in the optical absorption and/or
the refractive index of the hosting material. Two prominent
examples are the plasma dispersion effect in silicon [8] and
the Pockels effect in lithium niobate [9]. In the SiCOI integrated
photonics platform, 3C-SiC has been experimentally shown to
possess the fast Pockels effect and hence is capable of deliver-
ing modulation bandwidths of the order of gigahertz [10,11].
For 4H-SiC, theoretical calculations and EO sampling measure-
ments in bulk wafers pointed to the existence of a similar Pockels
effect [12,13]. However, to date there has been no direct con-
firmation of the Pockels effect in 4H-SiCOI and it is unclear

whether gigahertz-level EO modulation/switching is attainable
in on-chip devices [14].

In this Letter, we carry out a first experimental investigation of
the Pockels effect in the 4H-SiCOI photonics platform. For this
purpose, low-loss microresonators are fabricated on on-axis [i.e.,
c-axis along z in Fig. 1(a)], semi-insulating 4H-SiCOI wafers,
which are obtained using a customized bonding and polishing
process (NGK Insulators) [6]. One such example is provided
in Fig. 1(b), where light from a tunable laser source is coupled
to a racetrack resonator using on-chip waveguides and grating
couplers [6]. To realize efficient EO tuning, electrodes are placed
near the waveguide mode without introducing additional optical
losses [Fig. 1(a)]. Given the large resistivities from the 4H-SiC
and surrounding oxide layers, there is no current flow between
the signal and ground electrodes. (The resistance between the
signal and ground pads is experimentally verified to be larger
than 10 MΩ.) Instead, the EO effect is expected to be dominated
by the field-induced change in the refractive index of SiC (i.e.,
the Pockels effect), which in turn shifts the cavity’s resonance
wavelength.

As illustrated in Fig. 1(c), we quantify the EO effect in
SiC microresonators by fixing the input laser’s wavelength at
a proper bias and applying a sinusoidal electrical signal with
varied amplitudes and frequencies. The laser input power is set
to be well below 1 mW to avoid any nonlinear effect in SiC
microresonators. If the EO-induced wavelength shift [∆λc, see
Fig. 1(d)] is smaller than the cavity linewidth, we typically set the
bias corresponding to the midpoint of the optical transmission
(i.e., detuning equals half of the linewidth). For larger wave-
length shifts, however, the bias is chosen at the bottom of the
transmission to increase the measurement range (the maximum
measurable ∆λc is approximately two to three times the cavity
linewidth). With the information of the bias, ∆λc is then inferred
from the modulation amplitude in the laser transmission, which
should have the same frequency as the electrical signal [see one
example in Fig. 1(d)]. In this regard, a high-quality-factor (high-
Q) resonance is beneficial given that the minimally detectable
∆λc is proportional to the cavity’s linewidth.

In Fig. 2, measurement results for two racetrack resonators
fabricated on a 4H-SiC wafer from ST Microelectronics (for-
merly known as Norstel AB and hereinafter referred to as
“Norstel” for short) are provided. Both devices have an approx-
imate waveguide width of 2500 nm, a nominal SiC thickness of
850 nm, and a pedestal layer of 250 nm. The bending radius of the
racetrack resonator is chosen to be 100 µm (with circumference
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Fig. 1. (a) Cross sectional view of a 4H-SiC rib waveguide with
the signal (S) and ground (G) electrodes implemented near the wave-
guide mode (red colored). The 4H-SiC waveguide is surrounded by
plasma-enhanced chemical vapor deposition (PECVD) oxide. (b)
Optical micrograph of a SiC racetrack resonator along with the
electrical pads. The inset shows the scanning electron micrograph
of the conjunction between the signal electrode on top of the wave-
guide and the connecting wire to the pad. (c) EO effect is quantified
by measuring the optical transmission of a high-Q SiC microres-
onator in response to an applied electrical signal. (d) Exemplary
transmission measured in a high-Q racetrack resonator with a sinu-
soidal electrical input at a frequency of 10 kHz. The corresponding
resonance shift (∆λc) is inferred from the modulation amplitude.

Fig. 2. (a)(i) and (b)(i) Plots of the swept-wavelength transmis-
sion (blue dots) and the corresponding Lorentzian fitting (red solid
line) of the select high-Q resonance for the fundamental TE (TE00)
and TM (TM00) modes in 4H-SiC (Norstel) racetrack resonators
in the 1550 nm band. Here detuning is defined as the wavelength
difference between the laser wavelength and the cavity resonance,
and QL and Qi are the loaded Q and intrinsic Q, respectively. (a)(ii)
and (b)(ii) Measured resonance wavelength shifts (blue stars) and
the corresponding linear fit (red solid line) for varied peak-to-peak
voltages (Vpp) of a sinusoidal electrical signal at a fixed frequency
of 10 kHz.

near 1.3 mm) to minimize the radiation loss. After ebeam lithog-
raphy and dry etching, a 1 µm-thick PECVD oxide is deposited
on top of the SiC microresonator, and electrodes made of Ti/Au
layers (30 nm Ti and 70 nm Au) are fabricated using the ebeam
evaporation and liftoff process. To avoid the optical loss from

the metal layer, the ground electrodes are placed 1 µm away
from the sidewall of the SiC waveguides.

As can be seen from Fig. 2, optical resonances with intrinsic
Q up to 5 × 106 are observed for the transverse-electric [TE,
dominant electric field in the x–y plane as indicated in Fig. 1(a)]
and transverse-magnetic [TM, dominant electric field along the
z axis as indicated in Fig. 1(a)] resonant modes in the 1550 nm
wavelength band. These optical Q are comparable to the state-
of-the-art [4,5], which make our EO measurement extremely
sensitive to even a small amount of resonance shift. In addition,
by focusing on the amplitude modulation at the exact same fre-
quency of the applied electrical signal, we can suppress the
ubiquitous thermal noise, which causes random fluctuations
(albeit small) in the bias point due to wavelength instabilities
from both the microresonator and the input laser.

To understand the significant difference in the EO responses
between the TE and TM polarizations and extract their corre-
sponding EO coefficients, we utilize the fact that on-axis 4H-SiC
wafers have a hexagonal crystal structure (C6v point group) with
an extraordinary refractive index (ne) along the z axis and an
ordinary refractive index (no) in the x–y plane [see Fig. 1(a)].
For the electrode configuration shown in Fig. 1(a), the dominant
component of the electrical signal is along the z axis (denoted
as Ẽz). A straightforward analysis based on the EO tensor yields
the change of the refractive index as ∆nSiC, TE = −n3

or13Ẽz/2 and
∆nSiC, TM = −n3

er33Ẽz/2, with r13 and r33 being the EO coefficients
of 4H-SiC. The corresponding resonance wavelength shift (∆λ0)
can be computed using the following relationship [15]:

∆λ0

λ0
=

∬
core
ϵr |E(x, z)|2dxdz∬
ϵr |E(x, z)|2dxdz

·
⟨∆nSiC⟩

nSiC
= Γ

⟨∆nSiC⟩

nSiC
, (1)

where ϵr is the relative permittivity; E(x, z) is the electric field of
the optical mode; Γ, which is the mode confinement factor, rep-
resents the fractional optical energy stored within the waveguide
core (Γ ≈ 1 for the waveguide modes studied in this work); and
⟨∆nSiC⟩ is the spatially averaged change in the refractive index
of SiC due to the EO effect. The EO-induced wavelength shift
∆λc, which is defined as the magnitude of ∆λ0 corresponding to
a sinusoidal input with peak-to-peak voltage of Vpp in Fig. 1(d),
can be computed as

∆λc(TE) =
λ0n2

oΓ

2
|r13⟨Ẽz,Vpp⟩|, (2)

∆λc(TM) =
λ0n2

eΓ

2
|r33⟨Ẽz,Vpp⟩|, (3)

where ⟨Ẽz,Vpp⟩ is the spatially averaged electrical signal inside the
SiC waveguide corresponding to Vpp. By numerically simulating
the electric field for a given voltage (see examples in Fig. 3), we
extract the magnitude of r13 and r33 for the Norstel 4H-SiC to be
around 0.64 pm/V and 0.023 pm/V, respectively.

In order to investigate the nature of the observed EO effect,
we vary the frequency of the electrical signal for the TE mode in
Fig. 2(a) with a fixed voltage and bias, and normalize the meas-
ured modulation amplitude to that of f = 10 kHz. As observed
in Fig. 3, the EO response becomes significantly smaller at mod-
ulation frequencies below 100 Hz, and nearly disappears at 1 Hz
or below [11]. In fact, the inferred∆λc at DC is still much smaller
than 1 pm even with 100 V applied voltage. While surprising
for the supposedly high-quality semi-insulating 4H-SiC wafers,
this kind of frequency dependence can be explained by the sig-
nificantly smaller resistivity of the 4H-SiC layer compared with
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Fig. 3. Blue stars are the measured and normalized (using f = 10
kHz as the reference) modulation amplitude of the TE00 mode in
Fig. 2(a) at varied testing frequencies for a fixed Vpp = 2 V. The
red dashed line is the simulated EO response using SiC’s actual
resistivity of 1.7 × 109 Ω · cm, whereas the red solid line depicts
the expected EO modulation amplitude in an optical microcavity
with a linewidth of 45 MHz (corresponding loaded Q of 4.3 × 106).
The two insets plot the simulated electric field at f = 1 Hz and
f = 10 kHz.

that of the surrounding oxide. For example, the average resistiv-
ity of the Norstel 4H-SiC wafer used in this work is measured
around 1.7 × 109 Ω · cm [16], which is 7–8 orders of mag-
nitude lower than that of silicon dioxide. The two simulation
examples for f = 1 Hz and f = 10 kHz included in Fig. 3 suggest
that the degraded EO response at low modulation frequencies
can be primarily attributed to a smaller electric field within
the SiC waveguide [i.e., |⟨Ẽz,Vpp⟩| in Eq. (2)], which leads to a
reduced ∆λc. A more intuitive explanation is that near the DC
frequency, the majority of the applied voltage falls on the oxide
layer instead of the SiC waveguide. Nevertheless, our simulation
predicts that the impact of the limited resistivity from 4H-SiC
should become negligible for high-enough modulation frequen-
cies, hence acting like a high-pass filter for the applied electrical
signal (red dashed line in Fig. 3). This frequency behavior is
confirmed by the experimental data, which is also the main rea-
son for us to characterize the EO coefficients at f = 10 kHz in
Fig. 2. On the high-frequency side, a fast photodetector (New-
port AD-200 with 200 ps rise time) and an oscilloscope with
>1 GHz bandwidth (Keysight DSO-X 6002A with 20 GSa/s
sampling rate) are employed. As can be seen in Fig. 3, the
modulation amplitude maintains a flat shape until the testing fre-
quency gets close the cavity linewidth. Notably, we see a slight
increase in the EO response when the modulation frequency
equals the bias detuning (set at half of the linewidth), which is
followed by a characteristic roll-off when the modulation fre-
quency exceeds the cavity linewidth (45 MHz for the example
studied in Fig. 3). Unlike the low-frequency case, such frequency
behaviors can be well explained by assuming a constant∆λc (red
solid line in Fig. 3), indicating that our EO modulation band-
width is simply limited by the narrow linewidth of the optical
resonance. One can intuitively understand the roll-off in the high-
frequency range as when the modulation frequency gets close
to the cavity linewidth or above, the generated optical sidebands
become out of resonance, hence resulting in diminished EO
responses.

The frequency characterization in Fig. 3, in particular that
the EO response above the megahertz range is only limited by

Fig. 4. (a) Measured EO-induced wavelength shifts (markers)
and the corresponding linear fitting (solid lines) for the TE and TM
resonant modes in racetrack resonators made of 4H-SiC from Cree
(production grade). Note ∆λc for the TM mode has been multiplied
by a factor of 10 for ease of comparison. All the measurements
are carried out at a fixed modulation frequency of 10 kHz. (b)
Same as (a) except that the 4H-SiC wafer (research grade) is from
Shanghai Famous Trade (SHFT). (c) Frequency characterization for
the TE00 mode in (b): the blue stars are the measured and normalized
(using f = 10 kHz as the reference) modulation amplitude for a
fixed Vpp = 5 V. The red dashed line is the simulated EO response
using SiC’s actual resistivity of 5 × 109 Ω · cm, while the red solid
line depicts the expected EO modulation amplitude in an optical
microcavity with a linewidth of 280 MHz (corresponding loaded
Q of 0.7 × 106). The inset shows the recorded optical transmission
corresponding to a modulation frequency of 1 GHz.

the cavity linewidth, provides strong evidence that the observed
EO effect is the Pockels effect. To collaborate this result, we
performed similar nanofabrication and EO measurements for
4H-SiC wafers from other wafer manufacturers [16]. Two such
examples are provided in Fig. 4 for racetrack resonators fabri-
cated on high-purity, semi-insulating 4H-SiC wafers from Cree
[5] and SHFT [17]. As can be seen, the extracted Pockels coeffi-
cients for these two materials are slightly different, but the overall
characteristic, that the magnitude of r33 is nearly zero while that
of r13 is of the order of 0.5 pm/V, is consistent with the obser-
vation made from the Norstel wafer. In addition, the intrinsic Q
for microresonators made in these two wafers are lower (of the
order of 1 × 106–2 × 106), mainly due to the slightly larger sur-
face roughness from the polishing step. This allows us to check
whether the EO modulation bandwidth can be proportionally
enhanced by the increased cavity linewidth. The example shown
in Fig. 4(c) confirms our hypothesis, as decent EO modulation
is observed up to 1 GHz for a cavity linewidth of 280 MHz and
a Vpp of 5 V. For convenience, we have summarized the esti-
mated Pockels coefficients for all the 4H-SiC materials tested
in this work in Table 1. The observed variations in the Pockels
coefficients among 4H-SiC wafers from different manufacturers,
while interesting, will be investigated in future work.
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Table 1. Estimated Magnitudes for the Pockels Coeffi-
cients of 4H-SiC Wafers from Different Manufacturersa

Pockels
Coefficient

Norstel (pm/V) SHFT (pm/V) Cree (pm/V)

|r13 | 0.6 ± 0.1 0.4 ± 0.1 0.3 ± 0.1
|r33 | ≈ 0.02 ≈ 0.01 ≈ 0.01

aNorstel is also known as ST Microelectronics; SHFT stands for Shanghai
Famous Trade. All the measurements were carried out at a modulation
frequency of 10 kHz.

To conclude, we performed an extensive experimental inves-
tigation of the EO effect in on-axis, semi-insulating 4H-SiC
wafers from multiple manufacturers. Our results confirmed the
existence of the Pockels effect and demonstrated gigahertz-level
EO modulation in the 4H-SiCOI integrated platform for the
first time. Overall, the observed EO response is much stronger
for the TE-polarized optical modes than the TM polarization
(i.e., |r13 | ≫ |r33 |). In addition, the EO effect is shown to be
weakened at low modulation frequencies (<1 kHz), which is
primarily attributed to the smaller resistivity of the 4H-SiC layer
compared with that of the surrounding oxide. Nevertheless, our
work points to a promising path toward achieving high-speed
(>gigahertz) modulation and switching in the 4H-SiCOI plat-
form, which is of critical importance for a wealth of chip-scale
applications.
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