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In this Letter, we report thermo-optic tunable and effi-
cient second-harmonic generation (SHG) based on an X-cut
periodically poled lithium niobate (PPLN) waveguide. By
applying an on-chip heater with thermo-isolation trenches
and combining a type-0 quasi-phase matching mechanism,
we experimentally achieve a high on-chip SHG conversion
efficiency of 2500-3000% W' cm= and a large tuning
power efficiency of 94 pm/mW inside a single 5-mm-long
straight PPLN waveguide. Our design is for energy-efficient,
high-performance nonlinear applications, such as wave-
length conversion, highly tunable coherent light sources, and
photon-pair generation. © 2022 Optica Publishing Group

https://doi.org/10.1364/0L.470867

Efficient second-order nonlinear (x®) processes [1]—including
second-harmonic generation (SHG), sum/difference-frequency
generation (SFG/DFG), and optical parametric oscilla-
tors—have numerous applications, such as entangled photon-
pair sources [2,3], coherent light generation [4], and optical
parametric amplifiers [5-7]. Among them are highly tun-
able coherent light sources—with SHG a prominent exam-
ple—playing a crucial role in optical communications [8],
spectroscopy [9], frequency metrology [10], and sensing [11].
This highlights the desire to achieve a high conversion efficiency
and large tunability in the SHG process.

Lithium niobate—benefiting from its large x® tensor
(ds3 ~27 pm/V), high refractive index (~2.2), and low-loss
optical window (from 0.35pum to 5.2um) [12]—is a supe-
rior material of choice for nonlinear optical applications. The
ferroelectric property [13] of lithium niobate allows periodic
inversion of the optical crystal domains to achieve type-0 quasi-
phase-matching (QPM) between fundamental spatial modes.
This technique takes advantage of the largest nonlinear coef-
ficient ds; as well as the large mode overlap, which is crucial for
achieving a high conversion efficiency.

Recently, thin-film lithium niobate (TFLN) [14] has emerged
as a versatile nanophotonic platform. With the advantages of
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high optical confinement, enhanced light-matter interaction,
and flexible dispersion control, TFLN-based PPLN devices offer
significant improvement to the nonlinear conversion efficiency
compared to their legacy PPLN counterparts [15-19]. How-
ever, with the large index contrast of TFLN waveguides (~0.7),
the phase-matching condition is very sensitive to waveguide
dimension variation, which places stringent requirements on the
accuracy of the device parameters of the TFLN-based PPLN
waveguide, such as poling period and waveguide dimensions
[20]. Indeed, the random variation of the TFLN thickness and
unavoidable fabrication imperfections strongly affect the device
performance, especially the central wavelength of the SHG.

To address this issue, a TFLN-based PPLN device capable
of actively tuning the central wavelength of SHG is highly
desirable. In legacy SHG devices, the central wavelength can
be tuned by changing the substrate temperature by using a
thermoelectric cooler (TEC) [21-23]. Based on a TEC-tuning
scheme, a tuning efficiency of ~1.06 nm/K [22] and —-1.71
nm/K [23] were achieved on a type-I unpoled waveguide and
a dispersion-engineered Z-cut type-0 PPLN waveguide, respec-
tively. However, the former was obtained by exploiting the strong
thermal birefringence of lithium niobate, but at the expense of
conversion efficiency because of the weak mode overlap. The
latter imposed stringent requirements on the waveguide size
required by delicate group-velocity matching, thus reducing the
design freedom of the functional device. Crucially, TEC-based
solutions suffer from bulky and power-consuming issues [24].

In this study, we experimentally demonstrate a method to
achieve tunable and efficient SHG based on an X-cut TFLN
platform by using an on-chip microheater and air trenches for
thermal isolation. Our design avoids heating up the entire chip
by generating a highly localized temperature field distribution,
which significantly reduces the heating power (~mW) and makes
it scalable to architecture comprising multiple tunable devices,
including but not limited to tunable nonlinear waveguides. In our
study, we achieved a wavelength tuning range of approximately
5 nm at a telecom band of only 50 mW, corresponding to a large
thermal-tuning efficiency of 94 pm/mW. Also, we achieved a
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Fig. 1. (a) Microscopy image of the fabricated thermal-isolated

device. (b) Schematic cross section of the tunable PPLN waveguide.

The electrical field profiles of TEy mode (c) at 1550 nm and (d) at

775 nm. (e) Simulated effective index of TEj, mode at FW and SH,

and calculated poling period curves as a function of wavelength.

type-0 QPM process with a high SHG normalized efficiency of
2500-3000% W' cm™ during thermo-optic tuning.

Figure 1(a) shows a microscopy image of the fabricated
device, based on an X-cut TFLN wafer (NANOLN Inc.) with a
360-nm-thick LN thin film and a 2.5-um buried oxide layer on a
silicon substrate. Figure 1(b) shows the schematic of the device.
The rib height and top width of the designed PPLN waveguide
were 180 nm and 800 nm, respectively. As shown in Figs. 1(c)
and 1(d), we chose the polarization of the fundamental wave
(FW) and second harmonic (SH) to be TE,,, corresponding to
a type-0 QPM mechanism. By simulating their effective indices
by using the finite-element method (FEM), we designed the pol-
ing period tobe A = ﬁ [in Fig. 1(e)], in which n, and n, are
the effective indices of the TEy mode at FW (4,) and SH (4,),
respectively. Considering that the fabrication error in the wave-
guide geometry results in a deviation between the predicted and
measured phase-matching wavelength, we experimentally pre-
pared several PPLN waveguides with poling periods ranging
from 2.87 to 2.93 um in 10-nm steps.

We tuned these PPLN devices thermally by heating the micro-
heaters with air trenches. The microheater was composed of
a nichrome (NiCr) electrode with a thickness and width of
200nm and 5um, respectively. It was located on top of the
PPLN waveguide, separated by an upper-cladding layer with a
thickness of 1.5 um that is large enough to minimize the metal
absorption loss. The current through the high-resistance metal
heater induced Joule heating, which was gradually transferred
to the TFLN devices. This changed the refractive index of the
LN waveguide because of the thermo-optic effect and further
shifted the phase-matched wavelength by affecting the QPM
condition. Importantly, the integration of air trenches around
and underneath the waveguide can significantly prevent heat
leakage in the vertical and lateral directions because of the low
heat conductivity of air [~0.026 W/(m K)].

We simulated two devices with and without air trenches to
study the thermal-isolation effect of air trenches. First, we per-
formed an electrothermal analysis by using a Multiphysics model
that included an electric current module in combination with a
heat transfer module. Figures 2(c) and 2(d) show the temperature

Letter

2019 With air-trench
|- - = Without air-trench
= With air-trench
= = = Without air-trench

ir-tren _—

K

o
o
=

Lffective index @ 775 nm
Effective index @ 1550 nm

Si substrate 22016

0 8 16 24
(©) (@) Heating power (mW)

1558 f-==—=With air-trench
~——— Without air-trench

330 =—s—With air-trench
—o— Without air-trench

1556

175 pm/mW,

310k 1554

QPM wavelength (nm)

O
b
)

'
341

2

]

S
O
O
S

32

8 16 24 32 8 16 24
Heating power (mW) Heating power (mW)

Fig. 2. Simulated temperature distribution of the (a) thermal-
isolated device and (b) isolation-free device with the heating power
of 18 mW. (c) Simulated temperature of the heated waveguide as
a function of heating power. (d) Calculated TEy, mode index at
775 nm (blue lines) and 1550 nm (orange lines) and the correspond-
ing QPM wavelength of the thermal-isolated device (solid lines) and
the isolation-free device (dot lines) as a function of heating power.
(e) Simulated QPM wavelength as a function of heating power for
poling period of 2.9 um.

field distributions of the two devices under the same power level
(~18 mW). Notice that the temperature of the device with an air
trench (~315 K) is much higher than that of the device without
an air trench (~298 K). Figure 2(e) shows the temperature of
the waveguide as a function of the heating power. The simu-
lated thermal tuning efficiency of the device with air-trenches
is 1.35 K/mW—almost 5-times larger than that achieved in the
isolation-free structure (~0.29 K/mW).

We further studied the thermo-optic (TO) tuning efficiency
of the phase-matched wavelength. The TO coefficients of TE-
polarized lights at FW and SH are given by the following [25]:

dN
(—1) =-26+198x107° T(10° K™),
dr

dN, -3 -5 -1
(dT ) =-26+224x107 T(107 K).

These equations apply to the temperature range of 300-515
K. We obtained the effective TEy,-mode indexes at both wave-
lengths under different heating powers. As shown in Fig. 2(d),
the TEy-mode indices depended linearly on the heating power.
The slopes of the device with the air trench were >5-fold larger
than those achieved in the isolation-free structure at both wave-
lengths. Because the effective refractive index curve of FW
exhibits a steeper slope than that of SH, the phase-matched
wavelength is red-shifted as the temperature increases. [22,20]
We obtained the QPM wavelength under different heating pow-
ers with a constant poling period of 2.9 um, according to the
QPM condition:

2 [(ny = ny) + (Any = Any)] l

Al A

In this equation, An is the difference in the effective refractive
index of the TE,, mode with and without the heating power.
As shown in Fig. 2(e), the device with the air trench exhibits
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Fig. 3. (a) Fabrication flow of the device. (b) Period domains
of devices with poling period of (i) 2.87 um, (ii) 2.9 um, and (iii)
2.92 um, which are observed by SH confocal microscopy. The yel-
low boxes represent the area used to define the waveguide. (c)
Scanning electron microscopy (SEM) image of the cross sectional
view of the fabricated device.

a tuning efficiency of 175 pm/mW, whereas that of the device
without the air trench is 34 pm/mW.

We fabricated thermally isolated TO PPLN waveguides by
using the procedure depicted in Fig. 3(a). First, we evapo-
rated comb-shaped poling electrodes, including 30-nm NiCr
and 40-nm Au, on top of the TFLN [step (i)]. The gap
between the in-plane positive and negative electrodes was 6
um. By applying high-voltage pulses to the patterned elec-
trodes, we formed a ferroelectric domain structure and checked
it by confocal microscopy [15]. Figure 3(b) shows the period
domains of several devices with poling periods of 2.87, 2.9,
and 2.92 um.

After poling, we completely removed the electrodes and fab-
ricated the ridge PPLN waveguides by using electron beam
lithography (EBL) and inductively coupled plasma (ICP) etch-
ing [step (ii)]. Then, we deposited a cladding layer of 1.5-um
silicon oxide on the chip via plasma-enhanced chemical vapor
deposition (PECVD) [step (iii)]. Next, we formed NiCr heaters
on the top of the PPLN waveguide [step (iv)], with EBL, elec-
tron beam evaporation (EBE), and lift-off processes. Finally, we
removed SiO, windows on both sides of the waveguide and the
underlying silicon substrate around the tuning region by per-
forming dry-etching processes in steps (v) and (vi), forming air
trenches. [27] The cross sectional view of the fabricated device,
shown in Fig. 3(c), indicates that the substrate was successfully
removed.

We first characterized the SHG by launching a telecom-band
tunable laser into a pumping device. We used a fiber polarization
controller (FPC) and two tapered fibers to couple the TE, mode.
We adopted a cladded double-layer inversed-taper LN mode size
converter [28] in the input port for efficient coupling of FW light.
The measured fiber-to-chip coupling losses were 2.2 dB/facet at
FW and 5 dB/facet at SH, respectively. By scanning the pump
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Fig. 4. (a) SHG conversion spectrum of device with poling period
of 2.9 um. (b) Second harmonic power as a function of pump power
with fixed wavelength of 1535.7 nm. Linear fitting of the exper-
imental data exhibits an on-chip conversion efficiency of 646%
wl

wavelength, we recorded the conversion efficiency spectrum of
SHG and measured the sinc’-like curve plotted in Fig. 4(a)
(blue line). The main peak was located at 1535.7 nm with a
full width at half maximum of 1 nm. Compared with the the-
oretical expectation [gray line in Fig. 4(a)], the measured side
peaks likely were introduced by the potential non-uniformity of
the waveguide thickness along its propagation direction, which
is also the primary reason for the reduction in the main peak
efficiency [29,30]. By varying the power of the fundamental
light with a fixed wavelength of 1535.7 nm, we recorded the
power-dependent SH response by using a silicon power meter.
In Fig. 4(b), SH shows a quadratic power dependence on FW,
which agrees well with the theoretical expectation. By using the
fitted slope of 646% W-', we calculated the on-chip normal-
ized efficiency to be 2580% W~' cm™, ~61% of the theoretical
efficiency of 4200% W' cm™2.

Figure 5(a) shows the experimental setup for the thermal tun-
ability and dynamic time response. We first used a voltage source
and DC probes to apply DC voltages to the heater. We calculated
the heating powers as the product of the applied voltages and
currents. Figure 5(b) shows the SHG conversion profiles meas-
ured at 0, 15, 26, 40, and 50 mW. The QPM wavelength can be
continuously tuned from 1534.8 to 1539.6 nm with an efficiency
variation of <500% W~' cm™. We achieved the highest SHG
conversion efficiency at 3000% W~' cm2 by heating at 40 mW.
By mapping the QPM wavelength as a function of heating power,
we obtained a large tuning slope of 94 pm/mW [see Fig. 5(c)].
A smaller slope than the simulated one is possible because of
other thermally induced nonlinear effects, such as the thermal
expansion effect [31,32]. Then, we investigated the dynamic
time response of the devices by launching a square-wave elec-
trical signal via an arbitrary waveform generator (AWG). The
frequency, amplitude, and duty cycle of the electrical signal
were 100Hz, 4V, and 50%, respectively. We detected the out-
put SH light intensity by using a Si PD and then recorded it
by an oscilloscope together with the trigger signal. Initially, we
fixed the pumping wavelength at the QPM wavelength. With
a 4-V heating signal, the SH signal was attenuated due to the
phase mismatch [see Fig. 5(d)]. Compared with the electrical
signal, the waveforms of the light signal have slightly smoother
edges indicating the slow response of the heat generation and
dissipation. The heating and cooling time were measured to be
0.5 and 1 ms, respectively, corresponding to a TO bandwidth
of 700 Hz.

To conclude, benefiting from the design of an integrated
microheater with a thermally isolated structure, we demonstrate
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Fig. 5. (a) Experimental setup for thermal tuning of SHG and
thermal response time: fiber polarization controller (FPC), pho-
todetector (PD), arbitrary waveform generator (AWG), and optical
spectrum analyzer (OSA). (b) Conversion efficiency spectra at dif-
ferent heating power. (c) Measured phase-matched FW as a function
of heating power. (d) Time response of the device. Blue curve is
the waveforms of the input electric signal; red curve is the output
optical power signal.

a highly tunable SHG process while sustaining high conversion
efficiency with a type-0 QPM scheme. This allowed us to achieve
a high thermal-tuning efficiency of 94 pm/mW. Meanwhile, the
phase-matching profiles maintained a high peak conversion effi-
ciency of 2500-3000% W~'cm™ with an average bandwidth
of 1nm over the entire tuning range. Our device shows great
promise for efficient on-chip wavelength conversion to produce
highly tunable miniature coherent visible light for broad appli-
cations, while taking advantage of mature and cost-effective
telecom laser technology.
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