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Thin-film lithium niobate has shown promise for scalable applications ranging from single-photon
sources to high-bandwidth data communication systems. Realization of the next generation high-
performance classical and quantum devices, however, requires much lower optical losses than the
current state of the art (~10 milion). Unfortunately, material limitations of ion-sliced thin film
lithium niobate have not been explored, and therefore it is unclear how high quality factor can be
achieved in this platform. Here we evaluate the material limited quality factor of thin film lithium
niobate photonic platform can be as high as Q =~ 1.8 x 10% at telecommunication wavelengths,
corresponding to a propagation loss of 0.2dB/m.

Thin-film lithium niobate (TFLN) platform has enabled a myriad of classical and quantum applications [I], many
of which crucially rely on low optical loss. For instance, the bandwidth of electro-optic (EO) frequency combs [2]
and the efficiency of microwave-to-optical transducers [3, 4] are proportional to the resonator quality factor @ or (loss
rate)t. Currently the lowest-reported optical loss in ion-sliced TFLN waveguides is ~ 3 dB/m [5], which compares
favorably to many photonic platforms. At the same time, a loss of ~ 0.2 dB/m was measured using whispering gallery
mode resonators created by polishing bulk congruent LN [6]. It is currently an open question if TFLN can reach this,
and ideally even lower, loss rates. For example, it has been speculated that ion slicing process, used to create TFLN
from bulk LN [7], may result in implantation damage that could yield higher optical absorption in TFLN than in
polished bulk LN.

Here, we first develop a post-fabrication process based on annealing in Oy atmosphere in order to reduce material
absorption rate kb of TFLN platform, and then we use Kerr-calibrated linear response measurements [8] to evaluate
Kabs- Lhis requires parameters such as the nonlinear refractive index no as well as the ratio between the photothermal
and Kerr-induced cross-phase modulation (XPM) responses (at bandwidths <10 MHz) ¥ = Xtherm/XKerr of TFLN.
These, and other parameters, are determined by performing laser pump-probe measurements on timescales shorter
than the response time of deleterious photorefractive (PR) effects in LN [9]. Using these pump-probe techniques, we
determine that the material limited loss in ion-sliced LN is ~1.5 dB/m, and demonstrate an annealing process that
reduces this to ~0.2 dB/m that approaches the limit of the bulk LN.

The micro-rings are fabricated on a 600 nm-thick x-cut LN thin-film bonded to a 4.7 pm-thick layer of thermal oxide
on a silicon wafer (NanoLN). Electron-beam lithography followed by physical reactive Ar™ ion etching, with target
etch-depth of 300 nm, yields micro-ring resonators of 140 pm radius and a waveguide top-width of 2.4 pm (Fig )

We prepare three sets of resonators from this wafer in the same fabrication run: cladded (Sample-A), annealed
(Sample-B), and annealed-cladded-annealed (Sample-C) resonators. Sample-A is fabricated with the process reported
in Ref. [B]. That is, the resonators are cladded with an 800 nm-thick layer of SiO5 using plasma-enhanced chemical
vapor deposition with substrate temperature of 300°C. For Samples-B and -C, the resonators are annealed at atmo-
spheric pressures in Oy at 520°C for two hours. The annealing step is used to improve the crystallinity of TFLN,
thereby repairing potential damages [I0] caused by ion slicing [I1]. We clad Sample-C with a 800 nm-thick layer of

Si0 deposited using inductively coupled plasma chemical vapour deposition (ICPCVD) at 80°C, and then re-anneal
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Figure 1. Low material loss in TFLN micro-ring resonators using thermal annealing. (a) Conceptual representation of optical
loss in a waveguide at low powers. Energy from an optical mode (profile cross-section shown) is dissipated due to photothermal
absorption and sidewall roughness-induced losses, which can result in generation of heat and scattering of light, respectively.
(b) A scanning electron microscope image of a fabricated waveguide. Scale bar represents 1 pm. (c) Statistics of intrinsic loss
rates (Q-factors) for resonators, denoted as Samples A-C, created by different fabrication methods, as discussed in the main
text. Vertical axis represents the fraction of the total number of resonances measured for the TE mode in each resonator for
wavelengths between 1480 nm and 1680 nm. Left insets: Schematized wafer cross-sections for Samples A-C. Right inset: A
split resonance observed from an annealed resonator, with extracted intrinsic loss rate. Horizontal axis denotes laser detuning
from resonance.

it under the same conditions.We emphasize the low temperature nature (80C) of ICPCVD process, which we found
to be important to maintain the benefits of the annealing step. We measure a mean Q¢ of 1.5, 2.5, and 5 million in
Samples-A,-B, and -C, respectively (Fig. ) We note that all resonances from Samples -B and -C exhibit asymmetric
mode splittings due to Rayleigh back-scattering (Fig. [ik).
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Figure 2. a The laser pump-probe setup for a step-response measurement to characterize the timescale of photorefractive
effects. b Dynamics of step excitation-induced cavity resonance shift (normalized to Kerr shift) of the probe after switching-off
the pump. Measurement is referenced to a thermally stabilized Fabry-Perot cavity. Pump is switched off at slightly different
times for Samples A-C. Timing resolution is 1 ms. IM: Intensity Modulator, OSC: Oscilloscope

Before the Kerr-calibrated response measurements, we first determine the timescale of PR effects in the micro-
rings since PR-induced resonance frequency change could distort the inferred material response at low modulation
frequencies. [9]. To do this, we optically pump a micro-ring then, after extinguishing the pump, we repeatedly measure
one of its resonances with a probe, monitoring the time-dependence of the detuning of the resonance (Fig. ) The
detuning is normalized to the Kerr shift (discussed later) for convenient comparison. For Sample-A, we observe a blue
shift with a time constant of ~ 100s, indicative of PR effects. We did not observe PR behavior for Samples-B and
-C over time scales of up to a minute (Fig. ) Thus, the PR effect can be ignored for measurements at timescales
significantly shorter than 100 s (bandwidths >> 0.01 Hz).



To calibrate the absorption rate of different devices, we need to evaluate

2cvngry (1)
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Rabs =

where V' the optical mode volume, n, the group index, neg the effective index, and dv/dP,ps the photothermal fre-
quency shift gradient at pump frequency v, mainly determined by the material thermo-optic coefficients [12] and is de-
termined from simulation, see Supplementary materials. The response ratio 7y is the DC offset of the measured response
function (w) in Fourier domain, and is obtained through fitting. The material absorption rate also requires a good
knowledge of ny from TFLN. We did an auxiliary pump-probe measurement to obtain ny = 1.51 x 10~ m?W~! for
our TFLN, details see Supplementary Material. We did not employ the commonly-used thermal triangle technique[T3]
to determine ny to avoid PR effects.
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Figure 3. (a) Laser pump-probe setup for measuring the DC offset of the measured response function (vy) with calibrated
modulation tones. (b) Measured photothermal and XPM responses for Samples A-C. A fit to the curve determines v. VNA:
Vector Network Analyzer, IM: Intensity Modulation, PM: Phase Modulation, RSA: Real Time Spectrum Analyzer.

The measurement of «y is accomplished by modulating an optical pump and measuring the resultant side-of-fringe
modulation of a probe, as induced by the material response of TFLN (see Fig.[3h). The pump modulation frequency is
varied to elucidate photothermal and Kerr-induced XPM on the probe, which can be distinguished at low (<10 kHz)
and high (>1 MHz) modulation frequencies, respectively [8]. The responses of all the devices were measured, and
all yield two plateaus corresponding to either predominantly Kerr induced (Ykerr) or photothermal-induced (Xtherm)
responses. The ratios of the plateaus v are 11.0, 2.5 and 1.5 for Samples -A, -B, and -C, respectively, indicating that
thermal annealing reduces the magnitude of photothermal response. Note that cascaded sum-frequency generation
of the pump with the probe will contribute an additional XPM indistinguishable from the Kerr contribution. Given
our system parameters, we expect this change to be ~ 10%, see Supplementary materials. For all measurements, the
wavelength of the pump is ~1550 nm while the probe is at wavelengths detuned several free-spectral ranges of the
resonator away. The pump power is kept low (<1 mW) to avoid nonlinearity induced self-feedback.

Finally, using Eq. 1 we calculate k,ps/27 to be 8.4 MHz, 1.8 MHz, and 1.1 MHz for Samples -A, -B, and -C,
respectively. The absorption rate corresponding to each process is calibrated individually, with Sample-C yielding
a material-limited quality factor of 180 Million ( 0.2dB/m) which is among the highest within integrated photonic
platforms, see Table [ Our results suggest that the main source of loss in our high-confinement LN waveguides is
line-edge roughness-induced scattering, which limits the average intrinsic quality factor iy /27 of resonances around
1550 nm to 34 MHz.(Fig. )

In conclusion, we demonstrated that post-fabrication annealing and low-temperature oxide cladding can significantly
reduce optical absorption in TFLN waveguides. Absorption at telecommunication wavelengths is reduced by removing
damage potentially caused by ion implantation and reactive-ion etching even at temperatures in which other chemical
bonds (e.g. Si-H and O-H) are still present. Consequently, annealing reduces the material absorption loss significantly
over a broad frequency range [I0]. Our annealing technique yielded absorption-limited loss on par with ~0.2 dB/m
measured in bulk LN [6], corresponding to a material-limited Q-factor of 180 Million. We anticipate that, by improving
TFLN fabrication strategies, @-factors approaching the material limit can be achieved, reaching the low-loss regime



Table I. Comparison of material-limited properties among state-of-the-art integrated photonics platforms [13]

Platform n x2(pm/V) n2(10~m? /W) Q-factor (10°)
Si0, 1.45 0 2.2 5363
SiN 2.0 0 24 287
Ta205 2.0 0 62 2.64
Alg.2Gag.gAs 3.3 119 2600 2.04
TFLN (this work) 2.2 30 15 180

required for transformative quantum and classical technology, e.g. deterministic room-temperature single photon
source with periodically-poled TFLN micro-ring [I4].
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SUPPLEMENTARY MATERIALS
Estimated contribution of cascaded sum-frequency generation to XPM

Determining ny relies on pump-probe measurements (e.g. the detuning of a resonance with modulating the pump)
in our experiment. In this case, cascaded sum-frequency generation (SFG) of the bright pump with the dim probe
will contribute to an effective XPM term since the shift of the cavity resonances is measured as a function of pump
power rather than probe power. However, for TFLN, owing to its large x(?), cascaded second order nonlinearities can
contribute an ny with nearly equal and opposite sign to the pure electronic no of LN. As a result, values of ny inferred
from Z-scans in bulk material or the thermal triangle in ring resonators may differ by an order of magnitude from the
real value[I5] [16]. We may estimate the strength of these contributions for the waveguides under consideration here
by finding both the nonlinear coupling and phase-mismatch between the pump, probe, and generated sum-frequency.

The coupled wave equations for three-wave mixing are given (in power normalized units) by

6ZA3 = —ngAlAQ exp(iAkz), (23«)
0, A2 = —ikg A3 AT exp(—iAkz), (2b)
0, A1 = —irg As A exp(—iAkz), (2¢)

where k3/ws = ko/ws = k1 /wi. In the undepleted limit, we may assume that the bright pump is given by As(z) =
A2(0) exp(—idnL,2(2)), and A;1(z) = A1(0) exp(—ipnL,1(2)), where ¢ni,1(2) = k12 is assumed to be approximately
linear in 2. We assume 0k;(2) < Ak, in which case the sum frequency is given by

As(z) = fZ—ZAl(O)AQ(O) (exp(i(Ak + 0k + 0kz)z) — 1). (3)

Substituting Eqn [3] into Eqns we have

.R2R3

0,4, =1 A% |A1(0)|? exp(—idkyz), (4a)
0.A1 = i 22 Ax (0) exp(—idks2), (4b)

where we have ignored oscillatory exp(—iAkz) terms that do not contribute to the average phase accumulated by A
and As. Substituting the approximations As(z) = A2(0) exp(—ignL 2(2)), and A1(z) = A1(0) exp(—i¢nL,1(2)) into

Eqns [b{{a] we find

RaR,

0:0(2) = == 1A O = a2l A1 (0), (5a)
R1R,

0:01(2) = =" [42(0)1” = a1 A2(0) (5b)

The cross-phase modulation that occurs during phase-mismatched SFG between the bright pump and dim probe
signal is indistinguishable from the XPM typically encountered in x(*) media, since both are linear in pump power,



and has the opposite sign for typical values of Ak. The Ak~! scaling associated with cascaded nonlinearities may
render the strength of this effect a strong function of waveguide geometry. We also note here that while Eqns
are accurate for TM modes in Z-cut thin films, these expressions need to be corrected for TE modes in X-cut thin
films. In this case, k3(2) oscillates periodically during propagation around a ring since the d; ;i tensor associated with
x? interaction is not invariant with respect to rotations around the crystalline X axis. We further note that typical
waveguide geometries in LN exhibit avoided crossings between TE and TM modes for propagation angles offset from
the crystalline axes. For large radii rings, these avoided crossings cause a TE-polarized mode to undergo adiabatic
conversion between TE and TM, thereby contributing more rapid oscillations to both x3(z) and Ak(z). In this more
general case, we may Fourier series expand k3(z) exp(iAk(z)z) and k1(z) exp(—iAk(2)z), and solve Eqns for
each Fourier component. The total contribution to the XPM coefficient is given by

(2) K’%,mwl
TxpMmz2 T T %: sk, (6)
where k3., is the mth Fourier component of x3(z) exp(i(Ak(z) — Ak(0))z) and Ak, = ks — ko — k1 — m/R is the
phase-mismatch associated with each Fourier component. For large radii rings Ak, =~ ks — ko — k1, and the total
contribution from each component may be evaluated using Parseval’s theorem. Using this approximation and the

waveguide geometry shown in main text Fig.1, we estimate that the contribution of cascaded nonlinearities to the net
XPM coefficient is below 10%.

n2 calibration method

The material absorption rate requires evaluation of ns. Since there is no reliable literature on ny of TFLN, we
perform measurements on an auxiliary z-cut sample with similar waveguide geometry to determine ny. We chose
this specific crystal direction to minimize error of the cascaded yo calculation and mitigate the impact of adiabatic
evolution of the modes from TE to TM during propagation in x-cut sample due to birefringence.

Due to the presence of PR effects, commonly-used thermal triangle technique[I3] that uses high optical power to
determine nq is not suitable for our platform. Instead, we use a pump-probe scheme (setup see Fig. ) similar to
the one used in the main text to determine the value of ny in TFLN at low optical power. The main idea of this
measurement is to carefully calibrate how much pump intracavity power density modulation dp is applied, and how
much probe cavity frequency modulation dv is induced by Kerr effect, after which the value of no can be retrieved
through relation

2vcng

ov=— T dp (7)

where T are the mode intensity weighted average of the corresponding physical quantities, retrieved from simulation.
The intracavity power density modulation dp is determined by the intensity modulation depth v and the waveguide
circulating power Pwa,

op = ap(Pwa)-

We intensity modulate the pump intensity I(t) = Ip[l + acos(2nQmt)] at Qv = 10 MHz and determine the
modulation-depth « using heterodyne measurements (Fig. red spectrum), frequency offset by 100 MHz using
Acousto-optic modulators. The intracavity power density p(Pwg) as a function of waveguide circulating power Pyg
depends on many parameters. Apart from cavity coupling rates, the power is also affected by the background etalon
formed due to the chip facet reflections. Transmission trace thus consists an overall broad background sine modula-
tion, and a Fano-shaped narrow cavity resonance dip. We express the intracavity power density considering all these
effects as

(P) e () I
p(P) = ‘ Vv’
1= R(1 = /FexXeav (A))2err@) |V
A) = —2 A
Orp(A) ™Aoen T Orp,
K;ex
Xeav(A) =

(%-l—iA)’



with kex the cavity external coupling rate, x the cavity linewdith, A the laser detuning, Avpp the waveguide back-
ground etalon fringe periodicity, Afpp the etalon phase offset, R the characteristic etalon reflectivity, and V' the
mode volume of the pump mode. Here, power P is the waveguide circulating power at the quadrature point of the
waveguide background etalon fringe. All the parameters used in the power density function is fitted from the pump
mode transmission profile shown in Fig[dd, using fitting function,

1 -V HexXcav(A) 2
F(A) = 2pi0r0 (A) |
1 — R(1 — \/KexXcay (A))2eifrr(
Sidebands at 300 MHz are applied to calibrate the laser detuning. The fitting results are shown in the following table:

Hex/Qﬂ' H/Q’]T R AZ/FP/QW AQFP
14.2 MHz|47.8 MHz|0.152|11.0 GHz | —0.57 rad

After the intracavity power density function is determined through fitting the cavity transmission trace, we need to
calibrate how much Kerr frequency modulation dv on the probe cavity is induced from a given waveguide circulating
power P. To calibrate the cavity frequency modulation depths, we use the method from Ref [I7] by comparing
the Kerr frequency modulation signal to a reference phase modulation with known depth f (calibrated also using
heterodyne measurements, Fig. 4b blue spectrum). The phase modulation E(t) = Eye'? cos(2memt) g applied to
the probe laser at Qpy = 9MHz, and is visible in Fig. [ right next to the cavity frequency modulation signal at
Qv = 10MHz. The reference phase modulation acts as a ruler and allows us to compare and retrieve the cavity
frequency modulation depth at different optical powers. To isolate the cavity frequency modulation contributed by
Kerr effect from the one from thermal effect, we also measured the XPM response at different pump modulation
frequencies using a vector network analyzer. We retrieved the fraction of pure Kerr contribution to the total XPM
signal T'(Qm) = xKerr (M) /xxpm (i) = 0.6 at Qpy = 10 MHz by fitting the measured response (Fig. ) After
that, the Kerr induced cavity frequency modulation can be expressed as

ov = BQpMD(Qny) €2

where & = Sxpn/Sref 18 the power spectral density ratio between the reference phase modulation signal S;es and the
XPM total signal Sxpy measured on the real-time spectrum analyzer.

Since we do not have direct access to the on-chip waveguide circulating power, and the coupling efficiencies at the
chip facets can be different, we mitigate the uncertainties by taking the geometry average of the input power P,, and
output power P, of the chip as the waveguide circulating power P = /Py, P,yt, measured at the etalon quadrature
point. We measure the XPM ratio {r at the given setting, and repeat the measurement (measure ratio {g) after
reversing the input and output of the micro-ring, in order to take into account different coupling efficiencies at the
chip facets. The spectrum when measuring both {r and g are shown in Fig. [d, and we take their geometric average
as well £ = /EréR.

For all measurements, the wavelength of the pump is ~1550 nm while the probe is at wavelengths detuned several
free-spectral ranges of the resonator away. The pump power is kept low (<1mW) to avoid nonlinearity induced
self-feedback. With all relevant parameters measured/fitted, by inverting Eq our measurements allow calibrating
ng using

— BQpuT () [ErER]Y Tigm
ng = 9
2cvap([Pin Pout)Y/?)

(8)

and we find a material nonlinear refractive index of ny = 1.51 x 1071 m?W~"! for our TFLN.
Note that cascaded sum-frequency generation of the pump with the probe will contribute an additional XPM
indistinguishable from the Kerr contribution. Given our system parameters, we expect this change to be ~ 10%.
All the physical quantities measured/fitted for the no calibration are shown in the following table:

parameters values
a 0.1619
B 0.1245
(Qm) 0.60
¢ 44.07
13 1.915
P, 680 pW
P 6.0pW

P([PaPout)/?) 57.43/m3




and the other parameters used in either the ng calibration or the absorption calibration are retrieved from COMSOL
simulation, shown in the following table:

ng parameters values
g 4.53
14 7.47 x 10715 m3
abs parameters values
cladded V_—2— 2.82 x 10~ m?/W
ol —18 3
uncladded V _2— 4.05 x 10~ ° m*/W
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Figure 4. a Laser pump-probe setup for measuring n. with calibrated intensity modulation and phase reference tones. b Power
spectral density of heterodyne measurement at 100 MHz offset frequency to calibrate pump intensity modulation and probe phase
reference for the XPM-induced modulation. ¢ Measured XPM signals at 10 MHz along with the phase modulation reference
tone at 9 MHz. Forward and backward coupling directions are measured to account for facet losses. d Parameter extraction
by fitting a resonance profile of a micro-ring. e XPM frequency modulation response function. Intensity modulation frequency
used to calculate mo is shown by a vertical dashed line. The horizontal dashed line indicates the pure Kerr XPM response.
IM: Intensity Modulation, PM: Phase-Modulation, AOM: Acousto-optic Modulation, RSA: real-time spectrum analyzer, VNA:
Vector Network Analyzer
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