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Changing the frequency of light outside the laser cavity is
essential for an integrated photonics platform, especially
when the optical frequency of the on-chip light source is
fixed or challenging to be tuned precisely. Previous on-chip
frequency conversion demonstrations of multiple GHz have
limitations of tuning the shifted frequency continuously. To
achieve continuous on-chip optical frequency conversion, we
electrically tune a lithium niobate ring resonator to induce
adiabatic frequency conversion. In this work, frequency
shifts of up to 14.3 GHz are achieved by adjusting the voltage
of an RF control. With this technique, we can dynamically
control light in a cavity within its photon lifetime by tuning
the refractive index of the ring resonator electrically. ©
2022 Optica Publishing Group

https://doi.org/10.1364/0OL.473113

Changing the frequency of light outside the laser cavity is critical
in an integrated photonics platform especially when the opti-
cal frequency of the on-chip light source is fixed or cannot be
tuned precisely. For example, individual single-photon sources
from quantum dots [1] and color centers [2] have inhomoge-
neous broadening of multiple GHz, which makes it challenging
to build quantum circuits using many of them. The emergence
of frequency-modulated continuous wave lidar (FMCW lidar)
[3,4] demands continuous frequency modulation of the light fre-
quency during operation. All these applications require a robust
on chip method to tune the frequency of light continuously after
the device is fabricated.

Frequency conversion of multiple GHz can be done by
leveraging the electro-optic effect, acousto-optic effect, and
spectral shearing [5,6]. However, the on-chip demonstrations
of these methods have limitations when tuning the shifted fre-
quency continuously. The frequency conversion based on typical
electro-optic phase modulation (PM) generates additional side-
bands [7] and, intrinsically, cannot reach a high conversion
efficiency. Even in single-sideband demonstrations [8], the the-
oretical maximum frequency conversion efficiency is less than
34%. A frequency shifter based on electro-optical modulation in
the lithium niobate on insulator (LNOI) platform has shown near
unity efficiency and frequency shifts of up to hundreds of GHz
[9]. In this device, the frequency shifts are constrained to integer
multiples of the doublet splitting of the coupled resonator, which
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is fixed during device fabrication, and limits the device’s tun-
ability. The frequency can also be shifted via the acousto-optic
effect. However, the frequency shift shown in previous demon-
strations [10] in lithium niobate (LN) cannot be tuned because
it depends on the interdigital transducer (IDT) and Bragg angle,
which are fixed during device fabrication. Spectral shearing in
an optomechanical single-photon frequency shifter [6] shows
tunable single-photon frequency shifts of up to 150 GHz, which
are achieved by changing the drive phase, but it requires syn-
chronization of the photon arrival time and the RF signal. The
confinement of the mechanical wave is achieved with suspended
waveguides.

Adiabatic frequency conversion (AFC) [11-17] is a promis-
ing alternative method for continuous frequency shifting. In
AFC, light excites an optical cavity mode, then the cavity’s
refractive index is modulated to shift its resonant frequency
within the photon lifetime. Light trapped inside the cavity fol-
lows the cavity’s instantaneous resonance frequency [12]. In
previous works, on-chip AFC was demonstrated in silicon ring
resonators and photonic crystal cavities by carrier injection via a
p-i-njunction [11] or absorption of an optical pump from outside
the chip [14,16]. However, carrier injection introduces optical
losses [11,14,16] which reduce the cavity’s photon lifetime and
hence limits the conversion efficiency. It also requires a fem-
tosecond time scale high-power pulsed laser or lossy schemes
for carrier extraction or injection, which limit the scalability of
an AFC platform. AFC was recently demonstrated in a whis-
pering gallery resonator in bulk MgO-doped lithium niobate
crystal [15], using the Pockels effect, which is fundamentally
lossless. Due to the size of the whispering gallery resonator, the
electrodes cannot be placed near each other. Thus, the electrical-
optical efficiency is limited and only up to 5 GHz of frequency
shift can be achieved when applying 20 V of voltage.

In this Letter, we demonstrate electrically induced adia-
batic frequency conversion in an LNOI integrated photonic
platform. Lithium niobate exhibits a large electro-optic effect,
which allows instantaneous, lossless modulation of its refractive
index. The LNOI platform enables high-quality factor resonators
[18,19] with photon lifetimes of 4ns (Q~107) [19]. The high
index contrast of the LNOI platform not only greatly reduces
the device’s footprint, but also increases the electro-optical effi-
ciency. In our device, the frequency of the shifted light is not set
upon fabrication but can be tuned by the amplitude of the RF
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Fig. 1. (a) Schematic of the AFC device. The waveguide layer
consists of a bus waveguide and a ring resonator. Side electrodes
generate an electric field along lithium niobate’s crystallographic
z axis. (b) Cross section of the fundamental TE mode of the bus
waveguide. (c) Measured spectrum. (d) Zoom-in of the resonance
at 1551.75 nm. The FWHM is calculated at the midpoint between
the maximum and minimum of the resonance.

control. This allows a continuous and dynamic control of the
laser frequency.

We fabricate a ring resonator with a 300-pm radius [Fig. 1(a)]
on the LNOI platform. The waveguide layer consists of a bus
waveguide and a ring resonator that are patterned through e-
beam lithography and etched with ion milling. We choose an
LNOI substrate that consists of a 600-nm layer of X-cut lithium
niobate (LN) on 4.7 um of thermal SiO, on a 0.5-mm-thick sil-
icon substrate. The bus is a single-mode ridge waveguide with
a top width of 1 um, an etch depth of 350 nm, and a slab thick-
ness of 250 nm [Fig. 1(b)]. The waveguide design ensures that
polarization coupling between the TE, and TM,, modes is inhib-
ited by a large difference between their propagation constants.
This, in turn, allows the resonance to be excited by pure TE
or pure TM polarization [20]. The waveguide width is tapered
from 3.5 ym to 1 um at the edges of the chip to obtain a higher
edge-coupling efficiency from the fiber to the device [21,22].
We use hot piranha and RCA-1 silicon wafer cleaning processes
to remove the micro masking and resist residues. After defining
the waveguides, we deposit 100 nm of SiO, through plasma-
enhanced chemical vapor deposition (PECVD) to protect the
waveguide. To induce electro-optical modulation, metallic side
electrodes surround the waveguide forming the ring resonator.
We balance the quality factor and the electro-optic efficiency by
setting the electrode separation to 4.6 um. These side electrodes
generate an electric field along the z direction of the LN crystal
to use its largest electro-optic coefficient (r3; = 30.8 pm/V). To
ensure precision in the distance between the waveguide and the
metallic electrodes, the side electrodes are defined with e-beam
lithography and lift-off of 300 nm of evaporated Pt with Cr as
an adhesion layer. Double-spun PMMA and evaporation reduce
debris during the lift-off. Two-micron-thick PECVD SiQ, is then
deposited as the cladding layer. Vias are patterned with pho-
tolithography, and reactive ion etching (RIE) is used to etch the
SiO, until the electrode layer is fully exposed. The top electrodes,
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Fig. 2. (a) Experimental setup. We use an oscilloscope to check
the beating signal and use an OSA to check the spectrum of the
output. (b) When setting the RF pattern to be “1110,” the ring is
charged up during the “0” period. During the “1” period, a voltage
is applied, and the ring’s resonance is shifted. The light trapped
inside undergoes AFC. We set the pattern to “1000” to invert the
direction of the applied electric field and change the direction of the
frequency shift.

which connect the two side electrodes and serve as contact pads
to the probes, are patterned with photolithography and deposited
with 400 nm of sputtered platinum followed by lift-off. Instead
of dicing through the waveguide or polishing, we etch the facet
of the device to obtain a higher edge coupling. The fabricated
device shows an intrinsic quality factor of 117k (the fitted data
can be found in Supplement 1) and a loaded quality factor of
93k, i.e., a photon lifetime of 0.1 ns [Figs. 1(c) and 1(d)]. The
calculated intrinsic quality factor corresponds to a propagation
loss of approximately 3.34 dB/cm. The state-of-the-art value is
2.7dB/m for a waveguide width of 2.4 ym that does not have
surrounding electrodes [19].

We measure a frequency shift of 11 GHz of the laser light
by driving the ring resonator with an RF control of 6.5V at
4 GHz. To measure AFC, we perform the following process.
First, we set the tunable laser into one of the ring resonances at
1551.7490 nm. Then, we use a gain-tunable modulator driver to
amplify an RF control generated with a 40-GHz pattern genera-
tor [Fig. 2(a)]. With a bias tee, we combine a DC voltage from a
Source-Meter (Keithley) to compensate the DC offset from the
modulator driver. The RF control is applied to the device through
a 40-GHz RF probe. We set the frequency of the pattern gener-
ator to be 4 GHz with the pattern of “1110” [Fig. 2(b)], which
is repeated every 1 ns. During the “0” period, the ring resonator
is charged with the input light, and during the “1” period, the
control voltage is applied to the ring resonator. When the voltage
is applied, the refractive index of the ring resonator changes, the
light trapped in the cavity undergoes AFC, and the frequency of
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Fig. 3. (a) Observed signal pattern. (b) Enlarged view of the
beating signal. We calculate the converted wavelength by measuring
the beating period At.

the light is shifted. The frequency-shifted light interferes with
the original light from the laser at the transmission port and
generates an optical beat signal at the detector. To characterize
the beat signal, we amplify the light from the through port with
an erbium-doped fiber amplifier (EDFA) and remove the ampli-
fied spontaneous emission noise with a tunable filter. We use
the EDFA to make the optical beating signal strong enough to
be detected by our receiver/electronics setup. The EDFA is not
necessary for AFC to take place, nor does it affect its efficiency.
The amplified signal is detected by a 40-GHz p-i-n photodiode
and then sent to a real-time oscilloscope to display the pattern.
The pattern we observe shows the beating signal indicating that
more than one frequency of light is impinging on the detector
(Fig. 3).
The beating signal pattern can be described by [15]

t t
Sp =1 + Lipe exp(—;) + 2V L cosSRrAVE + ) exp(—a).
(1)

Here, I, is the intensity of the unshifted laser in the bus wave-
guide; I rc, the intensity of frequency-shifted light; T, the photon
lifetime; Av, the induced frequency shift Av = |v|, — Vgc|; and
¢, the initial phase term when the beat starts. The beating
signal decays in ~0.25ns during each period, which agrees
with the estimated photon lifetime of ~0.1ns. We observe a
beating period At of 90ps (Fig. 3), which corresponds to a
beat note Ay = All and a frequency shift of 11 GHz with a
6.5V control, or a wavelength conversion of approximately
88 pm in vacuum. The limit for adiabatic frequency conver-
sion is that the lifetime is longer than the rise time of the RF
signal. The rise time for our RF signal is 14 ps. The photon
lifetime of 0.1 ns is much longer than the rise time of the RF
signal.

We demonstrate frequency conversion to both shorter and
longer wavelengths by changing the sign of the refractive index
change. We connect the optical signal from the tunable EDFA
filter directly to an optical spectrum analyzer (OSA) to observe
the converted wavelength spectrum. When we set the pattern
to be “1110”, the change in refractive index is positive and the
wavelength is converted to longer wavelengths, i.e., lower fre-
quency. We then invert the sign of the refractive index change
by setting the pattern to be “1000” and adjusting the DC bias.
The optical spectrum shows that the wavelength is converted
to shorter wavelengths, i.e., higher frequency [Figs. 4(a) and
4(b)]. The frequency shift in adiabatic frequency conversion has
a single sideband compared to regular electro-optic modula-
tion which produces two. For this reason, we observe only one
shifted frequency shoulder in Figs. 4(a) and 4(b). Because the
period of “1” (the period for AFC process is 0.75ns) is much
longer than the photon lifetime (0.1 ns), for most of the time, the
OSA is receiving the original wavelength directly from the laser.
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Fig. 4. Light is converted (a) into a longer wavelength when we
set the RF pattern to be “1110” and (b) into a shorter wavelength
when setting the RF pattern to be “1000.”
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Fig. 5. (a) Beat signals stretch when we decrease the voltage. (b)
Frequency shift change with applied voltage.

That is why the peak of the original wavelength is much higher
than the peak of the converted light. The wavelength conversion
measured in Figs. 4(a) and 4(b) is 0.09 = 0.02 nm (limited by the
accuracy of the OSA), which corresponds to a frequency conver-
sion of Ay = 55AA=11.2 + 2.5 GHz. The measurement is done
at a drive voltage of 6.5V, which corresponds to a gain of 7.46.
This result is in good agreement with the conversion measured
using the beating period (11.0 + 0.6 GHz) of the signal shown
in Fig. 5(b).

We further confirm the frequency shift is due to AFC by vary-
ing the applied RF voltage and demonstrate tunable frequency
conversion using the same 4-GHz “1110” RF pattern. Unlike
conventional electro-optic modulation, where the magnitude of
the frequency shift is determined by the RF modulation fre-
quency, the frequency shift due to AFC is determined by the
amplitude of the applied voltage. Thus, to verify that the phe-
nomenon we observe is the result of AFC, we modify the gain of
the modulator driver to change the amplitude of the RF control,
while maintaining the 4-GHz “1110” pattern. We characterize
the output voltage amplitude of the modulator driver as a func-
tion of gain by measuring the peak-to-peak voltage from the
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modulator driver on the oscilloscope and recording the corre-
sponding gain shown on the modulator driver. By tuning the
amplitude of the RF voltage, we successfully tune the frequency
of the converted light [Fig. 5(a)]. As we decrease the gain of
the voltage, the beat note frequency also decreases, indicating
a lower frequency shift of light. We measure frequency shifts
of 14.3, 8.3, and 5.5 GHz for voltage amplitudes of 7.5V, 4.2V,
and 2.6V, respectively [Fig. 5(a)]. The linear relationship of the
voltages and the corresponding vacuum wavelength conversion
is shown in Fig. 5(b).
The conversion efficiency of AFC can be calculated as [23]

27 y? 2 3

= IR - explyi) = T 1 - exp(yF

(2
The modeling and derivation of this equation can be found in
detail in Ref. [23]. Here, v, is the intrinsic decay rate and v,
is the extrinsic decay rate, the mode’s decay rate y is given by
Y =Y. + Yo. In our device, the loaded quality factor Q is 93 k;
the intrinsic quality factor Qy is 117k, and the modulation time t,
is 0.75 ns. The calculated conversion efficiency of our device is
22.6%. The maximum efficiency occurs when Q, = 2Q,, which
makes the ratio 24—7 QZQ:g(, equal to 1.

In conclusion, f(;r the first time to the best of our knowl-
edge, we demonstrate electrically induced frequency shifts of
light through adiabatic frequency conversion in an integrated
LN platform that is fundamentally lossless. The operation band-
width of the device is 2 GHz due to the 2 GHz ring resonator
linewidth. Since the AFC phenomenon is ensured as long as
the photon lifetime is longer than the RF signal rise time, we
believe that the performance of our device can be further opti-
mized. The extent of frequency conversion is constrained by
the electro-optic efficiency, which is limited by the minimum
separation of the metal electrodes. The electro-optic efficiency
increases as the electrode separation decreases. However, the
absorption loss to the electrodes increases as their separation
decreases, too. Assuming a quality factor of approximately
90,000 as the lower limit for achieving AFC, we calculate the
gap at which the loss is dominated by the electrode separation
to be 3.2 um. These conditions can be achieved by improving
the fabrication process and redesigning the device. Lithium nio-
bate has a broad transparency window [24] so our method can
also be applied to visible and NIR wavelengths. The optical
mode is more confined at shorter wavelengths and the elec-
trodes can be placed closer to the waveguide and achieve higher
frequency conversion. The calculated frequency conversion for
shorter wavelengths is shown in Supplement 1 (Fig. S3). In
[23], the authors find that the maximum efficiency occurs when
Q, =2Q,, or in terms of the decay rate, y. = 2Yy,. Optimiz-
ing the gap between the bus waveguide and the resonator to
achieve the y. = 27y, condition will maximize the conversion
efficiency.

Our work enables tuning the shifted frequency of light by
adjusting the applied voltage on a lossless, on-chip scalable
photonic platform. The on-chip resonator enables an order
of magnitude higher electro-optic efficiency (than bulk coun-
terparts [15]) on a scalable platform. Adiabatic frequency
conversion does not generate unwanted sidebands like tradi-
tional electro-optic modulators and frequency combs; and does
not need a high-power optical pump like previous AFC demon-
strations. The tunability feature paves the way for potential
applications in quantum dots and color centers. Considering
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that the inhomogeneous broadening of individual color centers
and quantum dot emission is approximately tens of GHz [1,2],
the demonstrated frequency conversion has the potential to align
the emission of different color centers to specific frequencies.
The tunability of over +14.3 GHz by changing the drive volt-
age has the potential for compact on-chip integration of FMCW
lidar.
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