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Lithium niobate is the most well-known optical material with a second-order χ(2) nonlinearity that is widely 
employed in modern optical technology. Integrated lithium niobate platform has recently emerged as a promising 
candidate for next-generation, high-efficiency wavelength conversion systems that allow dense packaging and 
mass-production. Here we demonstrate efficient, phase-matched second harmonic generation in lithographically-
defined thin-film lithium niobate waveguides with sub-micron dimensions. Both natural phase matching in fixed-
width waveguides and quasi-phase matching in periodically-grooved waveguides are theoretically proposed and 
experimentally demonstrated. Our low-loss (~2.52 dB/cm) nanowaveguides possess normalized conversion 
efficiencies as high as 41% W-1cm-2, promising for future on-chip quantum wavelength conversion.  

 

1. INTRODUCTION 
Second order (χ(2)) nonlinear optical processes, including second 
harmonic generation (SHG), sum/difference frequency generation 
(SFG/DFG), and parametric down conversion, not only are crucial for 
accessing new spectral ranges in classical optics [1-3], but also act as 
key resources for non-classical light generation in quantum 
information processing [4-6]. Conventional second order wavelength 
conversion systems are mostly realized in ion-exchanged periodically 
poled lithium niobate (PPLN) waveguides, where quasi-phase 
matching is achieved by periodic domain inversion [7-11]. These 
devices take advantage of lithium niobate’s (LiNbO3, LN) large diagonal 
χ(2) coefficient (d33 = 27 pm/V) and wide transmission window from 
UV to mid-IR [12]. However, the low index contrast (Δn ~ 0.02) 
between waveguide core and cladding usually results in large device 
dimensions (~ cm long and ~ 10 µm wide) and large bending radii 
(mm scale) [13], preventing dense integration.  

On the other hand, recent years have seen tremendous progress in 
the field of nonlinear nanophotonics [14-22]. Nonlinear interactions 
could be enhanced by orders of magnitude due to the superior light 
confinement in these wavelength-scale devices. Moreover, the use of 
well-developed nanofabrication methods offers the possibility to build 
scalable, low-cost and highly integrated nonlinear optical systems. 

While LN’s linear and nonlinear optical properties offer unique 
opportunities for novel devices, realization of LN nanophotonics has 
remained challenging until the recent commercial availability of LN on 
insulator (LNOI) substrates and development on LN nanofabrication 
techniques [23]. Since then, various thin-film LN optical components 
have been realized, including microdisk resonators [24-26], microring 
resonators [27, 28], photonic crystals [29], and low-loss waveguides 
[30, 31]. 

In this work we demonstrate efficient SHG in low-loss (~2.52dB/cm) 
thin-film LN nanowaveguides, with normalized conversion efficiencies 
as high as 41% W-1cm-2.  This is enabled by the ability to precisely 

engineer the dispersion properties and device dimensions of the LN 
nanowaveguides by the top-down fabrication method we use. To 
achieve the phase matching condition in our devices, we theoretically 
propose and experimentally demonstrate two distinct schemes: (1) 
natural phase matching between 1st and 3rd order transverse-electric 
(TE) modes in waveguides of fixed width; (2) quasi-phase matching in 
periodically grooved lithium niobate (PGLN) waveguides. We show 
that both methods feature unique advantages and are promising for 
on-chip quantum nonlinear wavelength conversion. 

2. DESIGN AND SIMULATIONS 
Figure 1(a) displays the cross-section schematic of a typical x-cut thin-
film LNOI waveguide cladded in silica. The geometric parameters of 
such a waveguide include top width wt, bottom width wb, thickness t, 
and sidewall angle θ (introduced by the dry etching process). The 
coordinates in Fig. 1(a) are aligned with the crystalline directions of LN, 
where z is the extraordinary axis. This waveguide geometry supports 
both TE like and transverse-magnetic (TM) like modes. However, here 
we are interested in the TE modes only in order to access the largest 
nonlinear coefficient (d33 = 27 pm/V) [12]. Figure 1(b) shows the 
dependence of effective mode indices (neff) of both fundamental mode 
at pump wavelength (~ 1550 nm) as well as fundamental and higher 
order modes at second harmonic (SH) wavelength (~ 775 nm) as a 
function of waveguide top width (wt). Representative modal profiles at 
both wavelengths are displayed in Fig. 1(c). The results were obtained 
using a Finite Difference Eigenmode solver (MODE Solutions, 
Lumerical). In the simulation, we use t = 400 nm and θ = 40°, which are 
taken from actual device dimensions. To achieve phase matching, neff at 
both wavelengths need to be equal. In our system this cannot be 
achieved for fundamental TE modes at pump and SH wavelengths, due 
to both material and waveguide dispersions. In the following sections, 
we show two methods to address the phase mismatch issue based on 
the waveguide dispersion displayed in Fig. 1(b).  



 

Fig. 1. (a) Cross-section schematic of the x-cut LNOI waveguide, where 
the coordinates are aligned with the LN crystal directions. (b) Mode 
effective indices as a function of waveguide top width at both pump 
and SH wavelengths. (c) Corresponding modal profile at both 
wavelengths. 

A. Natural phase matching between 1st and 3rd order TE modes 
To achieve natural phase matching, higher order modes at SH 
wavelength can be used to bring down the neff to match with that of the 
fundamental mode at pump wavelength. Note that conversion 
between TE1 mode at fundamental wavelength and TE2 mode at SH 
wavelength is prohibited by symmetry. Therefore the lowest possible 
phase-matching mode at SH wavelength is TE3. In fact, Fig. 1 (b) 
suggests that phase matching is readily achievable with wt ~ 580 nm. 

Using the slowly-varying envelope approximation, we can express 
the electric field inside a waveguide as: 

( , y, ) = ( ) ( , ) (− )  (1) 
where ( )is the field amplitude envelope that varies slowly along 
the y-axis, ( , )is the normalized electric field distribution in the 
waveguide cross section, and β is the propagation constant. 

∈ { , 2 } represents the corresponding optical frequencies. 
Substituting Eq. (1) into Maxwell’s equations, we obtain: 

( ) = − ∬( ( , ))∗ ( )  (2) 

where  is the nonlinear polarization, written as: 
= 2 ∗, =   (3) 

Substituting Eq. (3) into Eq. (2), the nonlinear coupled-mode 
equations can be written as: 

( ) = − 2 ∗ ( ) ∗( ) (− )   (4) 

( ) = − ( ( )) ( )  (5) 

where = − 2  is the phase mismatch, and the overlap factor 
g is given by: 

= ∬( ( , ))∗ ( , )( ( , ))  (6) 

In the low-conversion limit, the SHG conversion efficiency in a 
waveguide can be solved as: 

=
| ( )|

| ( )|
= (

( / )

/
)    (7) 

where L is the waveguide length, P0 is the input optical power. 
Note that, Eq. (7) has the same form as SHG in a bulk nonlinear 

crystal, except for the overlap factor g. Considering the natural phase 
matching case (δ = 0), the normalized (by length and input power) 
conversion efficiency ƞ is simply . 

Using practical waveguide parameters (wt  = 600 nm, wb = 1270 
nm, t = 400 nm), and mode profiles for fundamental pump and third 
order SH mode, we obtain a nonlinear overlap factor = 0.774 W-

1/2cm-1, which corresponds to a normalized conversion efficiency ƞ of 
59.9% W-1cm-2. 

B. Periodically-grooved lithium niobate (PGLN) waveguides 

In conventional nonlinear optics, quasi-phase matching is realized by 
periodically inverting the ferroelectric crystal direction [32]. Here, we 
utilize a periodically-grooved structure to achieve quasi-phase 
matching between fundamental TE modes at both pump and SH 
wavelengths. By introducing periodic modulation of the waveguide 
width, as shown in Fig. 2(a), with a period , an additional momentum 
“kick” Δk = 2π/ could be applied to the propagating electromagnetic 
wave, compensating for the phase mismatch δ. 

To analytically solve the nonlinear coupled-mode equations in this 
case, we consider the PGLN waveguide as a perturbation from the 
uniform waveguide case (described in Section 2A), with both the linear 
permittivity  and nonlinear coefficient d33 periodically modulated 
along the propagation direction (y-axis). We can therefore expand 
both ∆  (permittivity difference between waveguide and environment) 
and d33  as Fourier series in y: 

∆ ( , , ) = ∑ ∆ ( , ) (− ∆ )  (8) 
( , , ) = ∑ ( ) ( , ) (− ∆ )  (9) 

In this case, the polarization term in Eq. (2) consists of both linear 
and nonlinear components, written as: 

= ∆ + 2 ∗   (10) 
= ∆ +    (11) 

By substituting Eqs. (8)-(11) into Eq. (2), the nonlinear coupled-
mode equations can be written as: 

( ) + 2 ( ) ( ) =

       − ∑ [ ( ) ( ) ]∗( ( ))∗ ( ) (12) 

( ) + 2 ( ) ( ) =

       − ∑ [ ( ) ( ) ]( ( ))   (13) 

with 
( ) = ∬( ( , ))∗ ( )( , )( ( , ))  (14) 

= ∬ ∆ ( , )| ( , )|   (15) 

= ∬ ∆ ( , )| ( , )|   (16) 

Replace  and  with: 
( ) = ( )  [− (2 /∆ )  (∆ )]  (17) 
( ) = ( )  [− (2 /∆ )  (∆ )] (18) 

and use  ∑ ( ) ( ∆ ) = [ (∆ )], we get the new 
coupled-mode equations: 

( ) = − ∗ ( )( ( ))∗ (− ) (19) 

( ) = − ( ) ( )  (20) 

Comparing with Eqs. (4)-(5), here the phase mismatch term 
becomes  = − 2 − 2 /, and the new overlap factor is 
expressed as: 

= ( )( ( ) + ( )) − ( ) ( )  (21) 
where Jp denotes the p-th order Bessel function (only first three terms 
with slow spatial variation are taken), and 

= 2( − 2 )/∆     (22) 
The new overlap factor consists of two terms. The first term 

results from the periodically varying nonlinear coefficient d33(1), which 
is the same effect as in PPLN. The second term originates from the 
constant nonlinear coefficient d33(0) and periodically modulated 
dielectric constant ∆ , or grating effect. Details of the PGLN theory can 
be found in Ref. [33]. 

For a typical PGLN waveguide (wt = 670 nm, wb = 1300 nm, t = 400 
nm) with a periodic groove depth of 80 nm, the nonlinear coupling 
coefficient is calculated to be = 0.345 W-1/2cm-1, which 
corresponds to a normalized conversion efficiency ƞ of 12.1% W-1cm-2. 
The total conversion efficiency ƞ in the low-conversion limit is plotted 
as a function of propagation length in Fig. 2(b), in comparison with a 
uniform waveguide without periodic grooves. Here we also take into 
consideration the oscillating phase-mismatched optical fields, which 
could be obtained simply by replacing the overlap factor in Eqs. (19)-
(20) with = + ( ) ( )  ( ∆ ). The net conversion 



efficiency features a quadratically increasing envelope with local 
oscillations. 

 

Fig. 2. (a) 3D cartoon of the proposed PGLN structure. (b) Simulated 
SHG efficiencies versus propagation length for a PGLN waveguide with 
a groove depth of 80 nm, in comparison with a uniform LN waveguide. 
(c) SHG efficiency dependence on groove depth and propagation 
length, showing the trade-off between the nonlinear overlap and 
scattering loss.  

In a realistic PGLN waveguide, the waveguide scattering loss due to 
the periodic grooves is not negligible. In fact, while a larger groove 
depth enhances the nonlinear overlap , it also induces more 
scattering loss. In order to model this trade-off, we introduce two loss 
terms in the nonlinear coupled-mode equations. Assuming that the 
pump is not depleted by the generated SH, the coupled-mode 
equations can be rewritten as: 

( ) = − ( )    (23) 

( ) = − ( ( )) ( ) − ( ) (24) 

where , are the loss coefficients of the PGLN waveguide for 
pump and SH wavelengths respectively, calculated using the Finite 
Difference Time Domain method (FDTD Solutions, Lumercial). 

In the case that the groove period exactly compensates for the initial 
phase mismatch, or = 0, the new conversion efficiency including 
the waveguide loss can be expresses as: 

=
| ( )|

| ( )|
= (

( )  ( )
)  (25) 

Figure 2(c) shows the theoretical result of conversion efficiency as a 
function of groove depth and waveguide length. The optimal groove 
depth is smaller for a longer PGLN waveguide to limit the total loss to a 
reasonable value. For a waveguide length of 500 µm used in the 
following experiments, the optimal groove depth is ~ 80 nm. 

3. DEVICE FABRICATION 
Starting from an x-cut LNOI substrate (400 nm thick, NANOLN), 
uniform and PGLN waveguides were fabricated using a process 
modified from Ref. [24]. An amorphous silicon layer (a-Si, 800 nm 
thick) was first deposited on the substrate via plasma-enhanced 
chemical vapor deposition (PECVD). The a-Si layer was then patterned 
with a combination of electron-beam lithography (EBL) and reactive 
ion etching (RIE), and used as a hard mask for the subsequent LN dry 
etching in Ar+ plasma. After removing leftover silicon mask in KOH (80 
°C), the waveguides were cladded in silica using PECVD. Waveguide 
facets were diced and polished to ensure high coupling efficiency. 
Figure 3 shows the scanning electron microscope (SEM) images of 
uniform LN and PGLN waveguides without cladding. It can be seen that 
our fabrication process is well capable of delivering designed 
structures, while maintaining minimum surface roughness and 
manageable scattering loss. 

 

Fig. 3. Representative scanning electron microscope images of the 
fabricated devices. (a) An array of LN waveguides with slightly 
different widths. (b) A typical uniform LN waveguide with fixed width. 
(c) A typical PGLN waveguide with a spatial modulation period of 2.77 
µm and a groove depth of 80 nm. 

4. OPTICAL MEASUREMENTS 
We measured the SHG response of both naturally phase-matched LN 
and PGLN waveguides using the setup shown in Fig. 4(a). Tunable 
telecom lasers (Santec TSL-510, 1480 – 1680 nm) were used as light 
sources at pump wavelength. A fiber polarization controller was used 
to ensure TE mode input before end-fire coupling into the device under 
test.  Light is coupled into and out of the waveguide facets using 
tapered lensed fibers. The output light is sent to either an InGaAs 
photodetector, or a silicon avalanche photodetector (APD), to monitor 
the linearly transmitted telecom light and the SHG signal respectively.  

Figure 4(b) shows the linear transmission spectrum (in absolute 
unit) of a typical uniform waveguide at telecom wavelengths. It 
indicates a total fiber-to-fiber loss ~ 7.45 dB, resulting from a 
combination of facet coupling loss and waveguide propagation loss. 
The fringe pattern seen in Fig. 4(b) is a result of Fabry-Perot 
interference between the two polished facets of the waveguide. From 
the contrast between maximum and minimum of the transmission 
fringes, we can extract the waveguide propagation loss using the 
following equation [34]: 

=
.

−     (26) 

with  = 1 − √1 − , = . Here Imax and Imin are the 

maximum and minimum intensities of the transmitted light. R is the 
reflection coefficient at the waveguide facet, which is calculated to be 
0.147 using FDTD. L is the waveguide length, which is 3 mm in this 
case. The waveguide propagation loss is thus calculated to be 2.52 
dB/cm. This value represents the best propagation loss reported in 
thin-film LN waveguides with sub-wavelength light confinement (Aeff 
= 0.52 µm2 at telecom wavelength), and is consistent with the quality 
factor achieved in our previous microdisk resonators [24]. Using the 
calculated propagation loss and the measured transmission, we are 
able to estimate the fiber-to-waveguide coupling efficiency. By 
characterizing many waveguides on the same chip used in the 
following experiments, an average coupling efficiency of (25 ± 5)% on 
each facet is extracted. 

Figures 4(c) and 4(d) show the measured SHG efficiencies as a 
function of SH wavelength for both naturally phase matched LN 
waveguides (1 mm long) and quasi-phase matched PGLN waveguides 
(0.5 mm long). These values have accounted for the APD spectral 
quantum efficiency and the facet coupling loss, and are normalized by 
the pump laser power. For each scheme, a set of waveguides with 
slightly different widths are characterized. SHG peaks can be clearly 
observed at the corresponding (quasi-) phase matching wavelengths. 
The SHG peak wavelength changes with increasing waveguide width 
in both cases, but in opposite directions, which agrees with theoretical 
prediction. When normalized by waveguide length, the SH conversion 

 

(a) (b) 

(c) 



efficiencies for naturally phase matched and quasi-phase matched 
cases are 41% W-1cm-2 and 7.0% W-1cm-2, respectively.  

 

Fig. 4. (a) Schematic of the measurement setup. Light from the telecom 
tunable laser source (TLS) is coupled into the device under test (DUT) 
after passing through a fiber polarization controller (FPC). SHG signal is 
measured using a silicon avalanche photodetector (Si APD), while 
linear transmission at telecom wavelength is monitored using an 
InGaAs photodetector (IGA PD). (b) Transmission spectrum of a typical 
uniform LN waveguide. Inset: zoom-in view of the wavelength range 
used for calculating propagation loss. (c-d) Conversion efficiency 
versus SHG wavelength for uniform LN waveguides (c) and PGLN 
waveguides (d) with different waveguide top widths. Insets: 
comparison between experimental (solid) and theoretical (dotted) 
SHG efficiencies and bandwidths. (e-f) CCD camera images of the 
scattered SHG light at the output facets of a uniform LN waveguide (e) 
and a PGLN waveguide (f), indicating the corresponding output optical 
modes. 

The dotted curves in the insets of Figs. 4(c) and 4(d) show the 
theoretical SHG response calculated using the methods described in 
Section 2. The measured (quasi-) phase matching bandwidths match 
well with theoretical prediction, while the peak efficiencies are slightly 
lower than theory, indicating possible inhomogeneity in the waveguide 
dimensions throughout the chip. 

To confirm that the generated SH light couple to third-order and 
fundamental mode in the case of natural and groove-assisted phase 
matching, respectively, we used a high NA (0.8) lens and a black & 
white visible CCD camera to monitor the scattered SH light at the 

output facet [Figs. 4(e) and 4(f)]. In the case of uniform LN waveguide 
[Fig. 4(e)], the SHG signal clearly radiates in three lobes, indicating SH 
light being generated in the 3rd order transverse mode. In comparison, 
the SH light generated in the PGLN waveguide [Fig. 4(f)] is in the 
fundamental mode and radiates only in one lobe. 

5. CONCLUSIONS 
To conclude, we have demonstrated efficient nonlinear wavelength 
conversion in sub-wavelength LN waveguides, which are realized by a 
top-down fabrication method and can be densely integrated and mass 
produced. Our waveguides feature a low propagation loss of 2.52 
dB/cm, which is crucial for a practical nonlinear optical system. The 
lithographically defined nano-structures offer versatile phase matching 
possibilities for SHG. We have presented both natural phase matching 
in uniform LN waveguides and quasi-phase matching in PGLN 
waveguides, achieving normalized conversion efficiencies of 41% W-

1cm-2 and 7.0% W-1cm-2, respectively. These values are on par with 
PPLN in both ion-exchanged waveguides [9, 11] and recently reported 
SiN-LNOI hybrid waveguides [31], but are achieved with a single 
lithographic step, and without the need for periodic domain inversion. 
While phase-matched LN waveguides feature higher conversion 
efficiency and are easier to fabricate, PGLN waveguides provide 
fundamental optical modes at both input and output channels, which is 
more appealing in many applications. 

Further optimization on the etched sidewall roughness, including 
reflow of the resist, could reduce the propagation loss by at least an 
order of magnitude [26]. This would allow us to extend the total 
waveguide length beyond conventional PPLN (~ 10 cm). For PGLN 
waveguides, optimization on the width modulation profile (e.g. 
sinusoidal modulation) could possibly reduce the scattering loss. 
Moreover, both methods could be used in a micro-resonator geometry, 
which would further boost the conversion efficiency by several orders 
of magnitude, as is already demonstrated in other materials (e.g. AlN 
[19]). We believe this work is a crucial step towards on-chip quantum 
wavelength conversion at the single-photon level. Our nanofabricated 
LN devices are also promising for applications at short wavelengths 
(UV-visible) where conventional PPLN approaches become 
challenging since much smaller poling periods are required. 
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