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High-efficiency integrated difference frequency generation (DFG) has long
been pursued for optical communications and signal processing. Recent
developments of the thin-film lithium niobate platform enable strong optical
confinement in nanoscale waveguides, greatly enhancing the nonlinear effi-
ciencies. However, the absolute DFG conversion efficiencies (CEs) in recent
studies are limited because of fail to satisfy the phase-matching condition
strictly. Here, we demonstrate an integrated DFG device based on an adapted
thin-film periodically poled lithium niobate waveguide. The generated idler
wave achieves a maximum output power of 13.2 dBm and a CE of 48.6%. Fur-
thermore, our device exhibits flat optical responses and high-quality eye dia-
grams when converting a signal at 1638 nm to an idler at 1556 nm, enabling
bringing unique-band light into the amplifier’s gain band. By overcoming the
efficiency limitations of previous DFG implementations, our work opens wider
possibilities for practical applications in optical communications, wavelength
conversion, and signal amplification.

Global data traffic has emerged as a critical challenge amid the expo-
nential growth of link capacity requirements in the era of artificial
intelligence. Accessing new wavelength spectra beyond the conven-
tional communication band in optical communications is crucial for
increasing transmission capacity, as it enables more data channels to
be multiplexed within the same fiber. However, coherent light waves
are typically generated through stimulated emission in IlI-V semi-
conductor materials, such as InP and InGaAs-based laser sources'”.
The achievable wavelengths are fundamentally constrained by the
electronic band structure of these materials, making it difficult to
produce coherent light at certain desired wavelengths. Additionally,
conventional optical fiber amplifiers, such as erbium-doped fiber
amplifiers (EDFA), exhibit limited gain bandwidth, restricting the use of
wavelengths outside their amplification spectrum. Nonlinear para-
metric processes, including second-harmonic generation®”, sum-
frequency generation®™, and difference-frequency generation
(DFG)"?, provide a powerful solution to these challenges by

transforming coherent light within conventional gain spectra into light
at desired wavelengths. Crucially, they can also shift light from outside
the amplifier’s gain band into the amplifiable range, thereby over-
coming spectral limitations. Among these techniques, DFG stands out
due to its broad wavelength tunability, making it uniquely valuable for
flexible and wideband optical signal processing.

Periodically poled lithium niobate (PPLN) has been widely
explored for nonlinear wavelength conversion through parametric
processes owing to its excellent optical properties, such as a broad-
band transparency window ranging from 400 nm to 5um and large
second-order nonlinear coefficients (27 pm/V@ds;3). The emergence of
thinfilm lithium niobate (TFLN) platform with nano-scale confinement
of optical fields enhances light-matter interaction strength for several
orders, significantly reducing the device length and pump power when
compared with bulky PPLN*7°, Moreover, compact thin-film PPLN
devices make nonlinear wavelength conversion easier be integrated
with other optical components to realize versatile and functional
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chips®™>*. Consequently, DFG devices based on thin-film PPLN have
attracted significant interest in the past few years. In 2019, Liu et al.
demonstrated the DFG process in a TFLN microdisk with a conversion
efficiency (CE) of approximately 10*?°. In 2019, Luo et al. demon-
strated the DFG process in a TFLN microring resonator with a con-
version rate of =53 dB?.. In 2021, Mishra et al. proposed an on-chip DFG
device based on a thin-film PPLN waveguide, enabling wavelength
conversion from near-infrared region to mid-infrared region of 3.3 pm
with a normalized CE of 200% (W'cm?)*. In 2024, Koyaz et al.
demonstrated an ultrabroadband tunable DFG device covering
1418-1862nm using a dispersion-engineered thin-film PPLN
waveguide”. However, high absolute CE DFG devices based on thin-
film PPLN waveguides have barely been reported because the thick-
ness inhomogeneity of TFLN can severely disrupt the phase-matching
condition.

In this work, we present a high-efficiency and broadband inte-
grated DFG device based on a thin-film PPLN waveguide. An adapted-
poling method was adopted to overcome the thickness inhomogeneity
issue [11]. The device achieves remarkable performance by generating
an idler wave with a maximum output power of 13.2 dBm and a record
CE of 48.6%, while maintaining a normalized CE exceeding 100%
Wecm™ across a 90 nm bandwidth. Significantly, the demonstrated
DFG device achieves excellent signal fidelity when converting a
modulated 1638 nm signal (outside conventional amplifier bands) to a
1556 nm idler (within the EDFA gain spectrum), as evidenced by flat
optic-optic response and well-preserved eye diagrams after DFG con-
version. The breakthroughs in efficiency and bandwidth overcome
previous DFG limitations, paving the way for practical applications in
optical communications, wavelength conversion, and amplifier
technologies.

Results

Design and fabrication

Figure 1a shows a schematic illustration of the DFG process in a thin-
film PPLN waveguide. A cross-sectional view of the designed wave-
guide with a width w of 2 pm, waveguide thickness ¢ of 600 nm, and
etch depth A of 300 nm is shown in Fig. 1b. The sidewall angle of the
waveguide was set as 60° due to the isotropic etching process of the
TFLN. It should be noted that the exact thickness t is not strictly
600nm across a TFLN wafer because of imperfect smart-cut

SiO2
I Si

technology. The thickness variations are more than 5 nm for the state-
of-the-art TFLN wafers currently. Therefore, the exact thickness of the
TFLN layer was measured using an optical thickness measuring
instrument based on reflectance measurements, as shown in Fig. 1c
first. A two-dimensional motorized moving stage was placed under the
thin-film PPLN chip to precisely acquire the thickness distribution.
Subsequently, the poling period distribution along the waveguide was
calculated according to the measured thickness distribution. There-
fore, the phase-matching condition can be satisfied even with a non-
uniform thickness distribution along the waveguide; thus, the absolute
DFG efficiency limitation can be overcome. The fitted curve of the
measured thickness distribution (dashed) with a step of 200 um along
a 1-cm-thin-film PPLN waveguide is plotted in Fig. 1d. As a result, the
corresponding poling period distribution involving three wave mixing
wavelengths of 798 nm, 1550 nm, and 1645 nm in the designed wave-
guide can be obtained according to the phase-matching condition.
Figure 1d plots the calculated poling period distribution (solid) along
the 1-cm-thin-film PPLN waveguide (see note 2 in the supplementary
information).

Figure 2a-c present the simulated modal profiles of the interact-
ing waves in the thin-film PPLN waveguide, the pump, signal, and idler
waves were fixed at 798 nm, 1607.9 nm, and 1584.3 nm, respectively, to
satisfy the energy conservation condition (see note 1 in the supple-
mentary information). Figure 2d-f present the simulated DFG con-
version characteristics in the thin-film PPLN waveguide, obtained by
solving the coupled-wave equations (see note 1 in the supplementary
information). Under ideal conditions with perfect thickness uni-
formity, the simulations (Fig. 2d) show stable and efficient energy
transfer from pump to signal and idler waves. When accounting for the
actual measured thickness variations in the TFLN layer (Fig. 2e),
although initial power transfer occurs, the signal and idler powers
quickly begin oscillating around low values, resulting in fundamentally
limited conversion efficiency that cannot be improved by simply
increasing the interaction length (see note 3 in the supplementary
information). However, implementing customized compensation
through adaptive poling period adjustments can effectively counteract
the thickness inhomogeneity effects as shown in Fig. 2f, leading to
substantial improvements in both signal and idler output powers.

Figure 2g illustrates the simulated normalized CE across varying
signal wavelengths. Both the adapted-poling and ideal scenarios
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Fig. 1| Adapted poling difference frequency generation (DFG). a Schematic
illustration and principle of the DFG device based on a thin-film PPLN waveguide.
b Cross-section of thin-film PPLN waveguide. ¢ Image of the thickness
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measurement system. d Measured thickness (dashed) and corresponding poling
period (solid) distributions along the PPLN waveguide.
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Fig. 2| Adapted poling simulation analysis of DFG. a-c Simulated modal profiles
of (a) pump, (b) signal, and (c) idler waves in the designed thin-film PPLN wave-
guide. d-f Simulated DFG conversion characteristics of pump, signal, and idler
waves under conditions of ideal phase matching (d), without the adapted-poling
method (e), and with the adapted-poling method (f) when inhomogeneity of the
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TFLN layer is considered. g Simulated normalized CE at different signal wave-
lengths in conditions of ideal phase matching and with the adapted-poling method.
h Simulated normalized CE at different signal wavelengths under different thick-
ness measuring step sizes.

exhibit robust difference-frequency generation (DFG) operation
spanning the 1420-1820 nm wavelength range, yielding a theoretical
bandwidth of approximately 400 nm. The close correspondence
between the adapted-poling and ideal CE profiles further validates the
efficacy of our adapted-poling technique in enabling high-
performance DFG. To assess the impact of measurement step size in
the adapted poling process, we analyzed the normalized CE depen-
dence under different measurement step sizes as shown Fig. 2h. The
results reveal a clear degradation in CE with increasing step size,
attributed to the loss of detailed thickness distribution information
during the characterization process. This highlights the critical need
for high-resolution thickness measurements to optimize device per-
formance. Therefore, a step size of 200 um towards the experimental
setup limitation was adopted.

Device characterization

We fabricated the device on a 600-nm x-cut 5% MgO-doped TFLN on a
2-pm silica with a 525-pm-thick Si substrate. Figure 3a shows an optical
microscope image of the facet of the fabricated thin-film PPLN wave-
guide for fiber-waveguide coupling. The piezoelectric force micro-
scope (PFM) signal of the periodical ferroelectric domain inversion in
the thin-film PPLN waveguide is shown in Fig. 3b, indicating uniform
periodical poling of the fabricated waveguides. Figure 3c shows a
scanning electron microscope (SEM) image of the chip facet. The
experimental setup for the DFG performance characterization is
shown in Fig. 3d. An image of the chip in the DFG experiment captured
by the camera is shown in Fig. 3e. The bright visible light radiating
from the chip indicates the high-power second-order nonlinear
phenomena.
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Fig. 3| Adapted poling DFG efficiency measurement. a Optical microscope image
of waveguide facets. b The measured PFM signal of the periodical ferroelectric
domain inversion in the thin-film PPLN waveguide. ¢ SEM image of a waveguide
facet. d Experimental setup for DFG characterization. e Captured image of the chip
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in the DFG experiment. f Measured spectrum of signal and idler waves. g Simulated
(line) and measured (dots) normalized CEs of DFG at different temperatures. TEC,
thermoelectric cooler. PD, photodetector. PC, polarization controller. WDM,
wavelength division multiplexer.

Firstly, the coupling losses of the pump and signal waves were
characterized by simultaneously injecting the pump and signal waves
into the thin-film PPLN waveguide under test. The coupling loss of the
pump wave was estimated to be -6.5 dB/facet after carefully calibrating
the relative positions between the thin-film PPLN waveguide and the
lens fibers. The coupling loss for the signal wave was estimated to be
~6.8 dB/facet under the condition that the pump wave has a minimum
coupler loss. The losses of polarization controllers (PCs) were evaluated
as 0.4 dB and 0.5 dB for pump and signal/idler waves, respectively. The
losses of the wavelength division multiplexers (WDMs) were measured
as 0.5dB for pump, signal, and idler waves. The coupling loss of the
signal wave is higher than that of the pump wave because of the
wavelength-dependent modal profiles of the fibers and the waveguide.
The coupling losses for the signal and idler waves were estimated to be
the same because their wavelengths were similar when compared with
the pump wave. Under the on-chip input powers of pump and signals of
19.3 dBm and 21.2 dBm, respectively, the best DFG performance was
observed when the wavelength of the signal wave was tuned to
1607.9 nm and the temperature of the chip was tuned to 50 °C. The
spectrum of the recorded signal and idler waves is shown in Fig. 3f,
where the peaks on the left and right refer to the idler and signal waves,
respectively. In addition, the measured power of the idler wave on the
chip can reach up to 13.2 dBm, indicating that the CE of the DFG process
in this chip can reach up to 48.6%. The CE of the DFG process was

evaluated by the ratio of the power of the pump wave converted to the
signal and idler waves. The measured (dots) and fitted (line) normalized
CE of the DFG process as a function of temperature are shown in Fig. 3g,
indicating that the chip temperature had already been optimized to
obtain the highest efficiency of the DFG process. The peak around
1596 nm in the spectrum mainly originated from the seed wave inside
the pump laser source and was observed when only a pump wave was
injected into a TFLN waveguide without periodical poling.

To characterize the broadband response of the DFG process, we
performed a wavelength sweep of the signal wave. The on-chip signal
wave power was maintained at approximately 21dBm (with EDFA
amplification) and 7 dBm (without EDFA amplification) across the
entire sweep range. The on-chip powers of the signal and idler waves
were estimated from the recorded spectral data after calibrating the
exact power of the optical spectrum analyzer (OSA) with a photo-
detector and are presented in Fig. 4a, b. In the absence of EDFA
amplification, the signal wavelength was swept from 1500 nm to
1640 nm, covering the full tuning range of the laser source. Within this
range, an idler wave was observed for signal wavelengths between
1505 nm and 1640 nm, confirming the broadband DFG response of the
fabricated thin-film PPLN waveguide. Notably, no idler signal was
detected for signal wavelengths below 1505 nm because the corre-
sponding idler wavelengths fell outside the operational range of the
optical spectrum analyzer (OSA). Future experiments using
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Fig. 4 | Adapted poling DFG bandwidth measurement. a,b Measured on-chip power of signal and idler waves with (a) and without (b) EDFA at different wavelengths in
the DFG process. ¢ Measured absolute CE at different signal wavelengths in the DFG process. d Measured normalized CE at different signal wavelengths in the DFG process.

instruments with a broader spectral response are expected to reveal an
even wider DFG bandwidth. When EDFA amplification was applied, the
sweep range was constrained to 1530-1610 nm due to the limited gain
bandwidth of the amplifier. The absolute CE derived from the ampli-
fied on-chip power is plotted in Fig. 4c, showing CE around or above
20% between 1554 nm and 1610 nm. Additionally, the normalized CE
was measured without EDFA amplification to maximize the broadband
response as shown in Fig. 4d. A peak value of >710% (Wcm™) and the
normalized CE remained above 100% (W'cm™) over 90 nm are
observed, further highlighting the high performance of the thin-film
PPLN waveguides.

To validate the practical application of the fabricated DFG device
in optical communication systems, we conducted a wavelength con-
version experiment. The primary objective was to demonstrate the
conversion of signal waves outside the EDFA gain spectrum to idler
waves within the amplification band. This capability effectively extends
the usable wavelength range beyond conventional EDFA limitations,
enabling amplification of signals that would otherwise fall outside the
amplifier’s operational bandwidth. The experimental configuration for
evaluating the optical communication performance is illustrated in
Fig. 5a. The experimental setup was designed to characterize the ability
of the DFG device to maintain signal integrity while performing
wavelength conversion across different wavelength spectral regions.
The electro-optic (EO) response of the idler wave can be obtained by
modulating the signal wave, but measuring the idler wave after the
DFG process. The optic-optic (OO) response of the DFG process S;; prg
can be calculated by comparing EO responses of both the converted
idler wave S,y iqier and the original signal wave Sy signal, and written as

$21,07G = S21, signat — S21, idter @)

The normalized OO response of DFG Sy, norm Can be evaluated as

So1,vorm =S, 076 — S21,0r6(LGHZ) 2)

Figure 5b presents the measured optical spectrum obtained from
the OSA, demonstrating complete suppression of the signal wave
through band-pass filtering. This confirms that the EO response recor-
ded by the vector network analyzer (VNA) originates from the idler
wave. The inset provides a detailed view of the idler wave spectrum,
observed sidebands verify successful transfer of the modulation from
the signal to the idler waves through the DFG process. The EO responses
of both the converted idler wave (red trace) and the original signal wave
(blue trace) are plotted in Fig. 5c. The signal wave response was
acquired by directly coupling the electro-optic modulator (EOM) out-
put to the VNA’s high-speed photodetector module. The remarkable
similarity in response characteristics between the signal and idler waves
demonstrates faithful modulation transfer during wavelength conver-
sion. The normalized OO response of the DFG process, derived from the
measured S,; parameters of both waves, is shown in Fig. 5d. The
response exhibits excellent flatness across a broad microwave spec-
trum, indicating consistent conversion efficiency over a wide frequency
range. Finally, Fig. 5e displays well-open eye diagrams generated from
time-domain analysis of both signal and idler wave responses, with all
eyes remaining clearly open after the DFG conversion process. These
results conclusively demonstrate that our on-chip DFG process pre-
serves modulation integrity while enabling wavelength conversion,
thereby extending the operational wavelength range of optical com-
munication systems beyond conventional EDFA amplification bands.

We further compare our DFG performance with lithium niobate-
based DFG devices as shown in Table 1. The overall CE and NCE of DFG
exceed the state-of-the-art of integrated lithium niobate devices. Fur-
ther, the CE and output idler power can be improved by improving the
pump power. Ultra-broadband and low noise integrated optical para-
metric amplification with a gain more than 10 dB can be expected.

Discussion

In conclusion, we demonstrated an integrated DFG wavelength
conversion device based on an adapted thin-film PPLN waveguide.
The periods of periodical poling were precisely tailored by
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measuring the thickness distribution of the TFLN layer. This
customization aimed to effectively minimize the phase mis-
matches induced by the inhomogeneity of the TFLN thickness.
The experimental results demonstrate the remarkable perfor-
mance of the DFG process, with an absolute CE of up to 48.6%.
The bandwidth with a normalized CE of above 100% (W™'cm™) is
beyond 90 nm. The OO response of the DFG wavelength conver-
sion device and the simulated eye diagram results demonstrate
the potential feasibility of using it in optical communication
systems. By converting the signal wave to the C-band or L-band
through the DFG process, the signal wave, which extends beyond
the C-band to the L-band, becomes EDFA amplification available
without losing the information it carries. Therefore, the

demonstrated high-efficiency on-chip DFG device is a promising
platform for optical communication systems and integrated laser
sources with unique wavelengths. In future work, we aim to
design the periods of adapted poling in the DFG process to
generate idler waves from the near-infrared to the mid-infrared
region, thereby finding many practical applications beyond opti-
cal communications, such as imaging and sensing.

Methods
Fabrication
The poling electrodes with customized periods were first patterned
by a step of electron-beam lithography (EBL), and a layer of 100/10/
150-nm Al,O3/Ti/Au electrodes was deposited by steps of electron-
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Table 1| Performance comparison of DFG in lithium niobate

Platform CE (%) NCE Idler power (mW)
(%W 'cm™)

Bulk” 0.0038 ~ 2

Bulk® 0.016° 0.042° 0.012

Bulk™ ~13.4 ~ >1000

Micro resonator”®  0.01° ~ 0.0008°

Micro resonator?' 0.014° ~ 0.00000048

TFLN* ~2.6° 200 ~0.42°

TFLN* 0.0031 4-7° 0.000013

TFLN* ~0.15% 100 0.0015

This work (TFLN) 48.6 710 20.94

?Calculated from relevant data demonstrated in the paper. °NCE in unit of %W". °CE of cascaded
SHG/DFG process.

beam evaporation and lift off. Periodical poling was achieved by
applying a sequence of short high-voltage pulses through the poling
electrodes. Next, another step of EBL was used to form the waveguide
pattern, and the pattern was transferred into the TFLN layer by Ar+
plasma dry etching, in which way the waveguide had a sidewall angle 6
of ~-60°. Finally, the facets of the chip were diced and polished to
couple the light from the lens fibers to the waveguides. The PFM was
adopted to characterize periodical ferroelectric domain inversion in
the poled waveguide.

DFG performance characterization

The pump wave was generated by a high-power continuous-wave (CW)
fiber laser source with a fixed wavelength of 798 nm. The signal wave
was provided by a tunable CW laser source at telecom wavelengths
ranging from 1500 nm to 1640 nm. An EDFA is used to amplify the
signal wave when its wavelength sweeps from the C-band to the
L-band. A pair of lens fibers was used to couple all interacting waves of
the DFG process into and out of the waveguides on the chip. For the
input part, two PCs were used to ensure that the pump wave and signal
wave propagating in the waveguides were fundamental transverse-
electric (TE) modes, ensuring that the largest second-order nonlinear
coefficient ds; of TFLN was used to obtain the highest efficiency of
the DFG process. The pump and signal waves were combined using
a fiber-based WDM. For the output part, the pump wave and the
signal/idler wave were split by the other fiber-based WDM. The output
pump wave was coupled into a photodetector (HP 81530 A) to monitor
the coupling conditions between the fibers and the chip. The output
signal and idler waves were sent to an OSA (YOKOGAWA AQ6370C) to
observe the DFG performance. Moreover, the temperature of the DFG
chip was tuned by a thermoelectric cooler to change the effective
refractive indices of all interacting waves in the DFG process, thus
the slight phase-mismatching caused by fabrication errors can be
compensated.

00 response characterization

The signal light from a tunable laser with a wavelength of 1638 nm,
adjusted by a polarization controller, was sent into an EOM, and the
EOM imposed high-speed data from a VNA on the signal wave. Sub-
sequently, the modulated signal and pump waves, adjusted by two PCs
independently, were combined by a WDM and coupled in and out of
the thin-film PPLN waveguide through a pair of lens fibers. Another
WDM separated the pump, signal, and idler waves, and the left pump
wave was sent into a photodetector to assist fiber-waveguide coupling.
On the 1550 nm port, only the idler wave is left after transmitting
through a band-pass optical filter. An EDFA and a variable optical
attenuator were used to amplify the idler wave to a suitable power. A
50:50 fiber-based splitter splits the idler wave into the OSA and the
high-speed photodetector of the VNA optical module.

Data availability
The data that support the findings of this study have been included in
the main text and Supplementary Information. Source data are pro-
vided with this paper.
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