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Abstract: We demonstrate unprecedentedly efficient second-harmonic generation in a thin-film
lithium niobate waveguide, with conversion efficiency as high as 9300% W-cm2 achieved, which
is enabled by greatly enhancing the modal overlap of the higher-order mode in polarization-
reversed dual-layer lithium niobate. © 2024 The Author(s)

1. Introduction

Quadratic nonlinearity (y@) is crucial for many important nonlinear optical processes, including second-harmonic
generation (SHG), optical parametric oscillation (OPO), and nonclassical spontaneous parametric down-conversion
(SPDC) [1-3]. For high-efficiency »® nonlinear processes, lithium niobate (LN) is a good candidate due to its high
2@ coefficient (ds3 ~ 25 pm/V) and wide transparent window (0.4-5 m) [4]. Rapid progresses of wafer-scale thin-
film lithium niobate on insulator (LNOI) has been witnessed, because the high refractive-index contrast between the
core and cladding leads to tightly confined optical modes and considerably improves the wave-mixing efficiencies in
various nonlinear optical processes [5,6]. Quasi-phase matching (QPM) has been successfully implemented in
periodically poled LNOI, and a conversion efficiency of up to 4600% W-lcm has been reported [7]. An alternative
is modal phase matching (MPM), which can avoid technical challenges associated with periodic poling in the QPM
scheme [8]. However, the poor modal overlap between modes of different orders in the MPM generally results in
low conversion efficiency. Recently, a double-layer LNOI waveguide with a reconfigured »® profile has been
proposed to solve such an issue, but the reported efficiency is still at a comparable level (~5540% W-tcm) to that of
the state-of-the-art QPM LNOI waveguides [9].

Here, we demonstrate that SHG reaches an unprecedented conversion efficiency in a double-layer x-cut LNOI
waveguide, which are fabricated with smooth sidewalls, and a record-high normalized conversion efficiency of
9300% W-icm2 is achieved, associated with an absolute conversion efficiency of 23%. These results hold great
potential for developing a variety of important applications, e.g., f-2f self-referencing for fully integrated self-locked
microcombs [10] and high-quality entangled photon generation toward large-scale quantum information processing
[11,12].
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Fig. 1. (a) Schematic of the waveguide cross-section, dominant electric field component (E;) of the TEq mode at fundamental
wavelength and TEo1 mode at second-harmonic (SH) wavelength. The polarization-reversed double-layer LN with the opposite
sign of ds3 matches the field distribution of the higher-order mode, E». (b) Dependence of the effective refractive indices of the
interacting waveguide modes on wavelength. PM occurs at 1555.6 nm. (c) SEM images of the cross-section of the waveguide and
waveguide sidewall.
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2. Device design and fabrication
To achieve an efficient nonlinear process, the phase matching (PM) condition should be satisfied, which implies:
k2a) = 2ka) (1)

where k, and k», are the wavevectors at fundamental and second-harmonic (SH) frequencies, respectively. Due to
the relation of k = nw/c, Eq. (1) indicates that one needs to find fundamental and SH modes with identical effective
refractive indices (n, = na). This can be achieved by selecting the fundamental mode at w and higher order mode at
2.

To utilize the largest component of the second-order nonlinear coefficient (dzz; = dss = 25 pm/V), TEg mode at
fundamental wavelength and TEg; mode at SH wavelength in an x-cut LNOI waveguide are chosen. The cross-
section of the double-layer LNOI waveguide is shown in the left panel of Fig. 1(a). The waveguide has a LN film
thickness of 500 nm, a top width, w, of 850 nm, an etching depth, h, of 450 nm, and a sidewall angle, 6, of 66.5<
The effective refractive indices of these two modes as a function of wavelength are calculated and shown in Fig.
1(b). The PM condition is achieved at the wavelength of 1555.6 nm. The middle and right panels of Fig. 1(a) show
the dominant electric field component (E;) of the TEq mode at 1555.6 nm and TEy; mode at 777.8 nm, respectively.
The conversion efficiency of SHG highly depends on the modal overlap integral (I'):
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Since the electric field of the higher order mode (i.e., TEo1 mode in this work) changes its sign across the waveguide
core (see TEo1 mode profile in Fig. 1(2)), the positive and negative contributions to the integral almost cancel out,
and the resulting 7" is generally small. However, by introducing a polarization-reversed double-layer structure (see
dss distribution in Fig. 1(a)), the nonlinear coefficient dss changes its sign as well across the waveguide, leading to a
significant enhancement of 7" and resolving the fundamental issue in the MPM scheme.

The waveguides for SHG are fabricated from an x-cut double-layer LNOI. Each LN layer has a thickness of
approximately 250 nm (h; = h, = 250 nm), sitting on 2-um-thick buried oxide. First, a layer of negative electron-
beam resist is spin-coated as the etching mask, and the device patterns are defined by an electron-beam lithography
system. Then the patterns are transferred to LN by argon plasma etching in an inductively coupled plasma reactive
ion etching (ICP-RIE) tool. The etching depth is measured to be 450 nm. We preserve a 50-nm-thick unetched LN
layer to prevent the buried oxide from etching by the hydrofluoric acid in the following cleaning step. The left panel
of Fig. 1(c) shows the cross-section of a fabricated waveguide whose geometry is very close to our design. One can
see that the two LN layers are tightly bonded together. In particular, as presented in the right panel of Fig. 1(c), the
waveguide sidewall is very smooth, implying a low propagation loss. The total length of the waveguide (L) is 2.7
mm.

3. Experimental results

Pump light from a continuous-wave tunable semiconductor laser is coupled into the waveguide using a lensed fiber.
We use an in-line fiber polarization controller to ensure TE polarization at the input. When the pump laser is tuned
to the PM wavelength, strong SH light can be observed at the waveguide output facet. The SHG signal is collected
using an aspheric lens (Numerical Aperture = 0.5) and detected by a photosensor.
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Fig. 2. (a) Experimental (black) and theoretical (red) » as a function of wavelength, Maximum 7 of 9300% W-cm-2 at 1555.6 nm
is observed. (b) Red and black: theoretical dependence of SHG power (at the output facet of the waveguide) on the pump power
(at the input facet of the waveguide) under non-depletion and depletion conditions. Green: measured data. (c) Measured and
simulated PM wavelengths as a function of temperature, in a good agreement. Also, this exhibits a desirable thermal tunability.
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By scanning laser wavelength, we are able to measure the dependence of the SHG signal on wavelength.
Taking into account the fiber-to-chip coupling loss (around 9 dB per facet) and assuming that the SHG power
generated in the waveguide is completely collected by the lens, the pump power (P,,) at the input facet and the SHG
power (P) at the output facet of the waveguide can be determined. Then, » can be calculated according to the
formula: # = P2./(P.,L)% We plot # as a function of wavelength in Fig. 2(a). Maximum 7 of 9300% W-lcm™ at
1555.6 nm is observed, slightly lower than the theoretical value of 11300% W-lcm2. This is associated with an
absolute conversion efficiency of 23%. The small discrepancy can be attributed to the uncertainties from the
measurement, waveguide propagation losses, and scattering losses arising from the rough waveguide facets (see Fig.
1(c)). The inset is the top-view optical micrograph of the scattered SH signal at the waveguide facet as indicated by
the arrow. To the best of our knowledge, this is the highest conversion efficiency reported in LN or LNOI
waveguides pumped around the telecommunication band. The main peak of the recorded efficiency spectrum in Fig.
2(a) basically coincides with the theoretical expectation.

By fixing the pump wavelength at 1555.6 nm, where the maximum # locates, the SHG power is recorded as a
function of the pump power as shown in Fig. 2(b). As expected, in the low power regime, their relation basically
follows a quadratic dependence characteristic of an SHG process. We use an erbium-doped fiber amplifier to further
increase the pump power. The discrepancy between the measured SHG power (blue dots) and the theoretical
quadratic dependence (red curve) occurs, which is due to the depletion of the pump light when the pump power is
high. We modify the model by considering the pump depletion and find that the measured SHG power matches well
with the theoretical prediction under pump-depletion condition (black curve).

We leverage the thermo-optic effect in LN to achieve a tunable SHG device. A temperature change would lead
to a refractive-index change of LN and thus shift the PM wavelength of the SHG process. Figure 2(c) shows the
simulated and measured PM wavelengths as a function of temperature. PM condition moves towards longer
wavelengths as the temperature increases. The extracted tunability of the measured result, 0.072 nm K2, agrees well
with simulation, although small discrepancies occur for PM wavelengths at each temperature, which can be
attributed to the thermal expansion and pyroelectric effect which are not considered in the simulation model.

4. Conclusion

In conclusion, highly efficient SHG in the double-layer LNOI waveguide is demonstrated. Leveraging the
significantly enhanced modal overlap integral in the polarization-reversed LN layers and high-quality nano-
fabrication, an on-chip normalized conversion efficiency as high as 9300% W-cm is achieved, associated with an
absolute conversion efficiency of 23%, when pumping around 1555.6 nm. Our results lend strong support to the
competitiveness of MPM scheme in such a new platform for a variety of nonlinear applications when compared to
previously reported methods such as PPLN.
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