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Thin-film lithium niobate (TFLN) based frequency doublers have been widely recognized as essential components

for both classical and quantum optical communications. Nonetheless, the efficiency (unit: %/W) of these devices is

hindered by imperfections present in the quasi-phase matching (QPM) spectrum. In this report, we present a thorough

experimental study of the spectral imperfections in TFLN frequency doublers with varying lengths, ranging from 5 mm

to 15 mm. A non-destructive diagnostic method based on scattered light imaging is proposed and employed to identify

the waveguide sections and primary waveguide parameters contributing to the imperfections in the QPM spectrum. By

applying this method, we obtain the evolution of the QPM spectrum along the waveguide’s length. Correlating this

information with measurements of the relevant geometric parameters along the waveguides suggests that TFLN film

thickness variation is the primary source for the measured spectral distortions. Furthermore, we numerically reproduce

the QPM spectra with the mapped TFLN film thickness across the entire waveguiding regions. These findings align with

and complement the simulation results from previous numerical studies, providing further evidence of the effectiveness

of the developed diagnostic method. This comprehensive investigation offers valuable insights into the identification

and mitigation of spectral imperfections in TFLN-based frequency doublers, paving the way toward the realization of

nonlinear optical devices with enhanced efficiency and improved spectral fidelity.

I. INTRODUCTION

Thin-film periodically poled lithium niobate (PPLN)

waveguides offer a compelling platform for achieving highly

efficient wavelength conversion devices, leveraging their high

second-order nonlinear coefficient (χ(2)) and tight confine-

ment of optical modes. These waveguides have found di-

verse applications in second-harmonic generation (SHG)1–8,

entangled photon-pair generation9,10, optical parametric am-

plification11, optical isolation12, and all-optical switching13.

However, compared to their bulk counterparts, these waveg-

uides exhibit an increased susceptibility to fabrication inho-

mogeneities, presenting a significant challenge to their overall

performance4,14,15. These inhomogeneities can give rise to

unfavorable effects in the QPM spectrum, including broad-

ened central peaks and unwanted side lobes, resulting in

reduced conversion efficiency. Furthermore, as phase er-

rors accumulate along the waveguide’s length, longer devices

experience more pronounced impacts from fabrication non-

uniformity, hindering further enhancements of their power

conversion efficiency (unit: %/W)16. To date, the demon-

strated thin-film PPLN devices have typically had lengths

ranging between 4 and 6 mm. As a result, even though
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these thin-film devices exhibit length-normalized conversion

efficiencies (unit: %/W/cm2) more than 20 times higher than

their bulk counterparts1,4–6, their power conversion efficien-

cies (unit: %/W) remain lower than the reported values from

the state-of-the-art bulk devices17,18. Therefore, it is impera-

tive to direct research efforts towards investigating approaches

that can enable the fabrication of longer thin-film PPLN de-

vices while ensuring good spectral fidelity. This will help

bridge the performance gap with bulk LN devices and unlock

the full potential of thin-film PPLN technology.

Prominent studies have examined the impact of fabrication

inhomogeneities on the QPM spectrum from Ti-indiffused

and diced Zn-indiffused bulk lithium niobate (LN) waveg-

uides19–21, with a specific focus on waveguide width variation

as the primary error source. In particular, in Ref. [19], 83 mm

Ti-indiffused PPLN waveguides were diced into shorter sec-

tions to analyze the generated QPM spectra from different re-

gions of the waveguides, thereby revealing the evolution of

the QPM spectrum along the waveguide’s length. In addi-

tion, through the usage of aperiodically poled bulk LN waveg-

uides and frequency-resolved optical gating, Chang et al. suc-

cessfully obtained the complex transfer function of the SHG

process and thus were able to infer the related fabrication er-

rors22. In the context of thin-film PPLN devices, numerical

studies have been reported to estimate sensitivity of the QPM

spectrum to various waveguide parameters, with efforts also

made to replicate the measured QPM spectrum based on esti-

mated TFLN film thickness profiles14,15,23,24. However, com-

prehensive experimental investigations akin to those described

in Ref. [19] for bulk LN waveguides, are currently lacking for

thin-film PPLN devices.
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FIG. 1. (a) Schematic of the experimental setup for SHG characterization. (b) Images of the collected scattered SH light from a 5 mm

long PPLN waveguide with the pump wavelength at 1594.4 nm and 1599 nm respectively. (c) Cross section of the PPLN waveguides. (d)

Second-harmonic microscope image of the periodically poled lithium niobate thin film.

Here, we introduce a non-destructive optical diagnostic

method that enables visualization of the QPM spectrum at any

location along the thin-film PPLN waveguide. This approach

is applicable to various types of thin-film PPLN waveguides

and requires a simple experimental apparatus with only minor

modifications to the traditional SHG characterization setup

(as illustrated in Fig. 1(a)). To accomplish this, we utilize

a monochrome camera positioned perpendicular to the chip

surface to capture the scattered second-harmonic (SH) light

across the entire PPLN waveguiding region. By acquiring

multiple images while sweeping the pump wavelengths, the

local QPM spectra at different locations on the waveguide can

subsequently be calculated and obtained. This technique un-

covers the contributions from different sections of the waveg-

uide to the final QPM spectrum, facilitating an in-depth under-

standing of the imperfections observed in the measured spec-

tra. To evaluate the efficacy of our approach, we conducted

investigations on thin-film PPLN waveguides with lengths of

5 mm, 7.5 mm, 12.5 mm, and 15 mm. Our findings indi-

cate that the observed imperfections in the spectra primarily

stem from variations in TFLN film thickness. Subsequently,

we mapped the film thickness across the entire waveguiding

regions. This mapping allowed us to numerically reproduce

the measured QPM spectra, further confirming the significant

influence of film thickness variations on the spectral imper-

fections and the effectiveness of the diagnostic approach in-

troduced in this study.

II. METHODS

The thin-film PPLN waveguides were fabricated using 5

mol% MgO-doped 300 nm x-cut lithium niobate on insula-

tor (LNOI) wafers. In this report, all measured waveguides

have a targeted etching depth of 150 nm and a waveguide top

width of approximately 850 nm, as shown in Fig. 1(c). These

waveguides were designed for efficient SHG from telecom-

munication wavelengths to near-visible wavelengths. The re-

quired poling period for QPM is about 2.46 µm, and all the

interacting waves are in the fundamental TE mode.

In the initial fabrication step, poling electrodes with lengths

varying from 5 mm to 15 mm were formed on the surface

of TFLN using photolithography, while maintaining a fixed

poling period of 2.46 µm for each electrode. High-voltage

pulses, as described in Ref. [25], were then applied to these

electrodes for periodic poling of the TFLN. To assess the fi-

delity of the fabricated domains, multiple SH microscope im-

ages were generated at different locations along each waveg-

uide. Figure 1(d) presents a representative SH microscope im-

age of the poled area, revealing domain structures with ideal

uniformity and duty cycles, which are crucial for efficient fre-

quency conversion. It is worth emphasizing that achieving

high-fidelity poling of TFLN with long lengths and small pe-

riods has been challenging. As the poling periods decrease,

adjacent domains tend to merge, while longer waveguides in-

troduce greater variations in the duty cycle. Here, even for the

15 mm long poling electrodes, the calculated poling duty cy-

cle remains highly uniform, at 52.83% ± 2.28%. Therefore,

contributions from imperfect periodic poling of TFLN (as dis-

cussed in detail through theoretical calculations in Ref. [26])

to the QPM spectra are not considered in our subsequent dis-

cussions and numerical simulations. The waveguides were

fabricated in the poled areas through aligned electron beam

lithography and dry etching, followed by a wet etching pro-

cess for sidewall deposition cleaning. Finally, the chip edges

were cleaved to ensure optimal edge coupling.

The experimental setup for SHG characterization is de-

picted in Fig. 1(a). A tunable laser operating at telecommu-
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FIG. 2. Measured and simulated QPM spectrum mappings and end-point QPM spectra from thin-film PPLN waveguides with different lengths

of 5 mm (a)-(c), 7.5 mm (d)-(f), 12.5 mm (g)-(i), and 15 mm (j)-(l). (a), (d), (g), and (j): Measured QPM spectrum mappings using scattered-

light imaging. (b), (e), (h), and (k): Calculated QPM spectrum mappings based on measured TFLN film thickness profiles. (c), (f), (i), and (l):

Measured end-point QPM spectra using the conventional method (blue curves), as well as scattered-light imaging (yellow curves), overlaid

with calculated plots (dashed black curves) based on TFLN film thickness profiles.

nication wavelengths serves as the pump source for the PPLN

waveguides, with its polarization adjusted by a set of polar-

ization controllers to ensure TE mode injection at the waveg-

uide’s input facet. Light is coupled into and out of the chip us-

ing tapered lensed fibers to optimize the coupling efficiency.

While sweeping the pump wavelength, the corresponding SH

light is collected at the output waveguide facet using a lensed

fiber and detected by a Si photodetector, following the con-

ventional method for obtaining the QPM spectrum. Addition-

ally, we developed and employed a second approach for SHG

characterization, which not only provides QPM spectrum in-

formation at any location along the waveguide but also facil-

itates the identification of sources causing spectral imperfec-

tions. Specifically, while sweeping the pump wavelengths, a

monochrome camera (Allied Vision Alvium 1800 U-511) was

used to image the scattered SH light along the waveguide re-

gion. For example, Fig. 1(b) presents the measured scattered

SH light images from a 5 mm thin-film PPLN waveguide with

pump wavelengths of 1594.4 nm and 1599 nm, respectively.

As we can see in these images, SH light with different wave-

lengths is scattered from distinct parts of the waveguide. In

the case of this waveguide, the 799.5 nm SH light forms an

unwanted side lobe in the QPM spectrum, and Fig. 1(b) in-

dicates that it is primarily generated near the initial section of

the PPLN. Such information proves valuable for comprehend-

ing and addressing QPM spectral imperfections, particularly

in longer waveguides, as further elaborated in the subsequent

sections.

III. RESULTS

We measured SHG from PPLN waveguides with lengths

of 5 mm, 7.5 mm, 12.5 mm, and 15 mm. Note that these

waveguides are located on the same chip, sharing an iden-

tical total length of approximately 18 mm, with their input

and output ports extending to the edges of the chip. Their

relative positions are indicated in Fig. 3(a), with the black

lines showing the locations and the lengths of the periodically

poled regions, which are the concerned regions for the subse-

quent QPM spectra analysis. The QPM spectra obtained by

the conventional method (as described in the previous para-

graph) are shown as the blue curves in Figs. 2(c), (f), (i),

and (l). Upon comparing these plots, it becomes evident that

increasing the waveguide length leads to the generation of

more side lobes, thereby diminishing the spectrum fidelity

and the overall achievable conversion efficiency. The vari-

ations in the main peak wavelengths can be attributed to a

combination of slight differences in the designed waveguide

widths and the film thicknesses from one waveguide to an-

other, as illustrated in Fig. 3(b). The spectrum fidelity val-

ues (F), calculated using the definition from Ref. [16], are

0.46, 0.24, 0.17, and 0.15 respectively for the four lengths.

To gain deeper insights into the origins of these side lobes,

we captured scattered SH light images for each waveguide

while sweeping the pump wavelengths, similar to the repre-

sentative images shown in Fig. 1(b). By integrating the pixel

values in each column of these images (perpendicular to the

waveguide’s direction), we obtained mappings of the SH light

in terms of propagation length and pump wavelength, which
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are presented as color images in Figs. 2(a), (d), (g), and (j).

These visual representations conveniently illustrate the evo-

lution of the QPM spectrum along the waveguide. Moreover,

end-point QPM spectra, which correspond to the QPM spectra

obtained at the end of the PPLN waveguides, can be generated

by averaging the final column values of the SH light map-

pings. The purpose of this averaging process is to smooth out

the non-uniformity present in the measured scattered SH light

along the length of the waveguide, which is likely attributed

to speckle patterns/noise generated by the interference among

scattered coherent SH light originating from various locations

on the waveguide. This averaging process proves effective

for the scope of this study, ensuring that the non-uniformity

in the scattered SH light does not impact the discussion and

analysis presented here. The generated QPM spectra are de-

picted by the yellow curves in Figs. 2(c), (f), (i), and (l). The

close alignment between these curves and QPM spectra ob-

tained through the conventional method provides compelling

evidence that valid QPM spectra can be obtained using the

scattered light imaging technique at any location along the

PPLN waveguide. Therefore, we analyze imperfections in the

QPM spectra based on the SH light mappings. Notably, these

mappings exhibit a consistent trend: side peaks with longer

wavelengths than the main peaks predominantly arise from the

initial section of the waveguides, while the SH light from the

main peaks only begins to emerge at approximately 2-3 mm

away from the waveguides’ starting points. This similarity

suggests the presence of one or several waveguide geometry

parameters that consistently vary along the direction of light

propagation across the entire chip.

For uniform waveguides, the QPM spectrum (Φ, normal-

ized per unit length) can be calculated as15,16:

Φ = sinc(
∆βL

2
)exp(i

∆βL

2
),

∆β =
2π

λSH

nSH −2
2π

λpump
npump −

2π

Λ
,

(1)

where L is the length of the waveguide, λpump, SH denotes the

pump and SH wavelengths, and npump, SH indicates the effec-

tive mode indices for the pump and SH light. To determine

the type of fabrication errors causing these spectrum imper-

fections, we calculated partial derivatives of the momentum

mismatch (∆β , as defined in Eq. 1) with respect to waveguide

top width w, etching depth hetch, and film thickness tLN as fol-

lows:

(
∂∆β

∂w
){hetch=154 nm, tLN=303 nm, λpump=1580 nm} =−0.485 µm−2

,

(
∂∆β

∂hetch

){w=850 nm, tLN=303 nm, λpump=1580 nm} = 1.842 µm−2
,

(
∂∆β

∂ tLN
){w=850 nm, hetch=154 nm, λpump=1580 nm} =−4.018 µm−2

.

(2)

The calculations reveal that ∆β of the waveguide structure

employed in this study is most sensitive to variations in

film thickness, which agrees with simulation results and in-

sights from previous investigations in Refs. [1,2,14,15,24]. In

addition, according to the general framework developed in

Ref. [16], the correlation between QPM spectral fidelity and

phase mismatch errors can be approximately fitted through a

Lorentzian-like function as:

F(σL) =
1

(1+A(σL)B)C

σ ≈ |
∂∆β

∂ p
|∆p,

(3)

where A, B and C are fitted values from Ref. [16] as 0.0054,

2.12, and 0.35 respectively, p stands for a single waveguide

parameter (here as w, hetch, and tLN), and ∆p is the ampli-

tude of the waveguide geometry variations, reflecting the de-

viation from the nominal waveguide parameter values. This

is obtained under the assumptions that the phase mismatch

errors are sufficiently small to be considered as frequency-

independent, and they exhibit 1/f noise to account for the long-

range correlations arising from the fabrication processes. Us-

ing Eq. 3, we further estimated the contribution from each in-

dividual waveguide parameter (∆p) to the QPM spectrum infi-

delity for all four waveguides, and the results are summarized

in Table 1. This estimation assumes that the spectrum infi-

delity is primarily influenced by a single waveguide parame-

ter. The similarity in the calculated variations for each param-

eter across all four waveguides provides further evidence of

the consistent nature of the fabrication variations throughout

the entire chip.

TABLE I. Estimated waveguide geometry variation for all four

waveguides based on the measured QPM spectra.

Waveguide length ∆w ∆hetch ∆tLN

5 mm 13.16 nm 3.47 nm 1.59 nm

7.5 mm 22.04 nm 5.81 nm 2.66 nm

12.5 mm 20.70 nm 5.46 nm 2.50 nm

15 mm 20.42 nm 5.38 nm 2.47 nm

We conducted precise measurements using atomic force

microscopy (AFM) on a twin chip to assess the variations

in waveguide width and etching depth along a 15 mm long

waveguide. The calculated errors for both parameters were

found to be lower than the estimated values mentioned in Ta-

ble 1, with the measured widths (etching depths) showing a

maximum deviation of 10.6 nm (1.9 nm). On the other hand,

the estimated variations in film thickness appear more plau-

sible, as such levels of long-range variation can often arise

from the thin-film fabrication process (including ion implan-

tation and chemical-mechanical polishing) and are consistent

with the labeled thickness uniformity value provided by the

wafer vendor. In order to examine the film thickness varia-

tions, we conducted spectral reflectance measurements across

the entire etched chip, using a thin-film metrology instrument

named Filmetrics F-54. To achieve accurate fitting of the mea-

sured reflectance at normal incidence, we utilized a dispersive

model for the refractive index of MgO-doped TFLN at room

temperature27. The light source has a spot size of 17 µm, and

the measurements were taken with a step size of 200 µm, re-

sulting in the thickness mapping illustrated in Fig. 3(a). It is
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FIG. 3. (a) Measured TFLN film thickness mapping over the entire chip, with the black lines showing the position of PPLN waveguides. (b)

Measured TFLN thickness along the waveguides with periodically poled regions of 5 mm (blue), 7.5 mm (red), 12.5 mm (yellow), and 15 mm

(black). The black dashed lines indicate the end of the PPLN region for each waveguide.

important to note that, since LN is anisotropic and the UV-

light source utilized in the reflectance measurement is unpo-

larized, the measured film thickness may not be accurate in

absolute terms, with a potential constant error across differ-

ent points of the mapped film. However, for the purpose of

this study, our main concern lies in determining the relative

thickness variation rather than obtaining the absolute thick-

ness across the chip. Notably, the goodness of fit (GOF) for

all the measured points exceeded 97%, indicating the accuracy

of the fitting process. It is worth mentioning that this measure-

ment was conducted subsequent to the dry-etching process

of the waveguide. Therefore, the plotted thickness values in

Fig. 3 represent the raw measured data, augmented by a con-

stant etching depth of 154 nm (measured after the dry etching

process). As depicted in Fig. 3(a), it is evident that the film

thickness exhibits consistent variations across the entire chip,

which aligns with our hypothesis based on the QPM spectrum

mappings shown in Fig. 2. Specifically, the thickness gradu-

ally increases from the left edge of the chip (the input port of

the PPLN) and subsequently decreases towards the right side

(the output port of the PPLN). In addition to the overall map-

ping, Fig. 3(b) provides a detailed plot of the measured TFLN

thickness along four specific waveguides with lengths of 5 mm

(blue), 7.5 mm (red), 12.5 mm (yellow), and 15 mm (black).

The dashed lines in the figure indicate the end of the PPLN

regions. Notably, the chip analyzed in this study was obtained

from an area near the edge of the wafer. The thickness pro-

file, which exhibits a high-order polynomial trend, observed

in this specific chip was not present in subsequent measure-

ments conducted on chips extracted from regions in the center

of the wafer.

Utilizing these film thickness values, we numerically cal-

culated the QPM spectrum mapping for all four waveguides,

based on the methods described in Refs. [20,28]. To perform

this simulation, we calculated the refractive indices and opti-

cal mode profiles of the TFLN waveguides using a commer-

cial eigenmode (FDE) solver named Lumerical MODE Solu-

tions. Subsequently, the calculations for the QPM spectrum

mappings were conducted in MATLAB using data acquired

from Lumerical MODE Solutions. These mappings are pre-

sented in Figs. 2(b), (e), (h), and (k). We also depicted the

end-point QPM spectra in Figs. 2(c), (f), (i), and (l), overlaid

with the curves acquired experimentally. A thorough com-

parison of these plots highlights the successful reproduction

of the main side lobes observed in the measured QPM spec-

tra for all four waveguides. Moreover, the simulations accu-

rately captured the evolution trend evident in the measured

QPM spectrum mappings. Several factors may contribute to

the observed discrepancies between the measured and simu-

lated mappings in this study. These factors include local vari-

ations in waveguide widths and etching depth, which are con-

sidered secondary factors here and thus are not included in

the numerical calculations. Furthermore, considering the high

sensitivity of the spectra to film thickness variations, even

slight deviations from the true values, such as the absence of

fine features in the captured thickness profile and errors re-

sulting from imperfect measurement accuracy, can contribute

to the observed disparities. Taking the 15 mm PPLN waveg-

uide as an example, in Fig. 4, we show that slight local varia-

tions in the film thickness profile can provide better alignment

to the measured QPM spectra. The optimized film thickness

profile, as shown in Fig. 4(a), was obtained using the Parti-

cle Swarm Optimization algorithm, where upper and lower

thickness constraints were set at 305 nm and 295 nm. The

aim of this optimization process was to reproduce the QPM

spectra at various positions along the waveguide, as displayed

in Fig. 4(c). Note that the difference between the optimized

thickness profile and the raw data can be introduced by waveg-

uide parameters other than film thickness, such as waveguide

width and etching depth. As for the 12.5 mm long waveg-

uide, we could achieve a better matching with the measured

QPM spectrum mapping (shown in Fig. 2(h)) by adding 2 nm

to the poling period, shifting the whole spectrum to longer

wavelengths, though the alignment with the end-point QPM

spectrum would be compromised. We emphasize that the pri-

mary goal of this work is not to achieve a perfect replication

of the measured QPM spectrum mapping. Instead, the focus

is on experimentally identifying the main sources (waveguide
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FIG. 4. (a) Comparison of the measured and optimized film thickness profile for the 15 mm long waveguide. (b) Simulated QPM spectrum

mapping using the optimized thickness profile. (c) QPM spectra at different locations along the waveguide obtained through the experiment

(solid blue curve), simulations with raw thickness profile (solid red curve), as well as simulations with optimized thickness profile (dashed

black curve).

sections and parameters) responsible for the spectral imper-

fections. Nevertheless, the close agreement between the sim-

ulated and measured QPM spectra provides strong evidence

supporting the hypothesis that the observed imperfections pri-

marily originate from variations in the film thickness along the

waveguiding region.

IV. CONCLUSION AND DISCUSSION

In conclusion, our study introduces a simple yet effective

non-destructive optical diagnostic method for assessing im-

perfections in QPM spectra from thin-film PPLN waveguides.

This approach allows for the extraction of QPM spectra at

any position along the waveguide without the need for phys-

ically dicing the waveguides. By comparing the measured

spectrum mappings with ideal ones, we can accurately iden-

tify specific regions contributing to unwanted distortions in

the QPM spectra, providing crucial insights into the sources

of these spectral imperfections. Using this approach, we ob-

tained QPM spectrum mappings from four fabricated thin-film

PPLN waveguides with lengths of 5 mm, 7.5 mm, 12.5 mm,

and 15 mm. Based on these mappings, we identified variations

in TFLN thickness along the waveguide as the primary source

of the observed spectral imperfections. Moreover, we repli-

cated the main features of the measured QPM mappings us-

ing film thickness data obtained from the spectral reflectance

measurements. The strong alignment between the simulated

and measured mappings serves to validate the efficacy of the

introduced diagnostic technique.

There are several potential avenues for improving the fi-

delity of QPM spectra. One straightforward approach is to

fabricate PPLN waveguides in an area close to the center of

the LNOI wafer, where the film thickness is expected to be

more uniform and exhibit a reduced variation trend observed

in this study. Another promising strategy involves designing

waveguide structures that are less sensitive to thickness varia-

tions, as explored in simulations detailed in Ref. [14], which

may come at the cost of reduced conversion efficiency. SHG

devices designed following this concept have been demon-

strated experimentally in a recent study24. Additionally, ob-

taining a detailed TFLN thickness mapping prior to waveg-

uide fabrication and compensating for thickness variations

through adjustments in other waveguide parameters such as

poling period and waveguide width is another viable option.

It is also possible to design folded waveguides that possess

a smaller area with more uniform film thickness29, although

this would require additional components to control the accu-

mulated phase mismatch in the curved waveguides.

Taken together, our research facilitates the experimental

characterization of the sources of imperfections in QPM spec-

tra originating from thin-film PPLN waveguides and comple-

ments the numerical studies reported previously14,15,23,24. The

integration of experimental findings with numerical simula-

tions provides helpful insights into the path toward the devel-

opment of long thin-film PPLN devices with enhanced overall

conversion efficiency. These insights hold great potential for

benefiting applications in both classical and quantum commu-

nication domains, opening up new possibilities for enhanced

performance and functionality.

Note: While preparing this manuscript, we became aware

of a related study (Ref. [30]) reporting the demonstration of

long thin-film PPLN devices achieved by adapting the poling

period of TFLN to compensate for film thickness variations.
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