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Details of Cr poling electrodes. The schematic of Cr poling electrodes is shown in Fig. S1(a). 

And the details of Cr poling electrodes are shown in Table. S1. The electrode duty cycle is the 

ratio of the electrode teeth width and electrode teeth period. In the center of electrodes is a 

single periodically poled lithium niobate (PPLN) waveguide, where the dark blue region and 

light blue region represents the periodic reversed and original ferroelectric domain, 

respectively. Fig. S1(b) shows the scanning electron microscope (SEM) image of the PPLN 

waveguide after hydrofluoric acid (HF) wet etching process. In the center of the image is a 

PPLN waveguide with periodic reversed ferroelectric domain. At a short poling period of 

4.41μm, our PPLN waveguides exhibit great periodic poling quality with a duty cycle of  

 

Fig. S1. (a) The schematic of Cr poling electrodes, and a single PPLN waveguide is in the center 

of electrodes. (b) The scanning electron microscope (SEM) image of the PPLN waveguide after 
hydrofluoric acid (HF) wet etching process. The original waveguide before HF wet etching is in 

the white dash region. (c) The SEM image of the waveguide cross section. 
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Table S1. details of Cr poling electrodes 

Electrode 

geometry 

Electrode teeth 

gap (μm) 

Electrode teeth 

length L (μm) 

Electrode teeth 

period Λ (μm) 

Electrode teeth 

width (μm) 

Electrode 

duty cycle 

rectangle 12 6 4.41 1.543 35% 

43.9%±2%, which is essential for achieving high conversion efficiencies. Fig. S1(c) shows the 

SEM image of the waveguide cross section. The waveguide facets are firstly cut by a dicing 

machine (DS613) and then polished by a chemical-mechanical polishing machine. 

All-optical wavelength conversion (AOWC) spectra. In this measurement, the pump 

(1550.92 nm) and signal waves (1541.35 nm) are coupled into a wavelength division 

multiplexer (WDM). At the output, idler wave is generated at 1560.68 nm. Figures S2(a) and 

(b) show the AOWC spectra of cSHG/DFG process with different on-chip pump and signal 

powers. As the pump power increases, the signal power grows slowly but the idler power grows 

rapidly, as shown in the inset of Fig. S2(a). The inset of Fig. S2(b) shows that the idler power 

increases almost the same as the signal power increases.  

 

Fig. S2. (a) AOWC spectrum with 18 dBm (black), 20 dBm (red), 22 dBm (blue) and 24 dBm 

(pink) on-chip pump power, and the on-chip signal power is fixed at 2 dBm. The insets show 

the detailed signal and idler spectra. (b) AOWC spectrum with -18 dBm (black), -13 dBm (red), 
-8 dBm (blue), -3 dBm (pink) and 2 dBm (green) on-chip signal power, and the on-chip pump 

power is fixed at 24 dBm. The insets show the detailed signal and idler spectra. 

Energy and momentum conservations for cSHG/DFG process. The cSHG/DFG process 

involves two distinct nonlinear processes, which are SHG and DFG. For SHG process, a single 

SH (higher energy) photon is generated by two pump (lower energy) photons due to energy 

conservation in Eq. (S1). Simultaneously, DFG process is achieved by mixing of an input signal 

wave with the SH wave. Here, with an input signal photon, the generated SH photon (higher 

energy) is converted to one idler and one additional signal (two lower energy) photons as shown 

in Eq. (S2). During the DFG process, the signal wave is amplified and the conjugate idler wave 

is generated at the different frequency. To achieve high efficiency, quasi-phase matching 
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(QPM) technique is applied in PPLN waveguides. The phase matching equations and energy 

conservations of SHG and DFG are given as [1] 

SH

SHG

2
2 0,pk k


− − =


      SH2 ,p =                                         (S1) 

SH

DFG

2
0,s ik k k


− − − =
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Here, kj = neff (ωj,T)ωj∕c ( j = SH, p, s, i ) is the wave-vector at SH (ωSH), pump (ωp), signal 

(ωs) and idler frequency (ωi), respectively, neff is the effective refractive index at specific 

temperature (T) and frequency (ωj), and c is the speed of light in vacuum. Λ is the poling period 

of PPLN waveguides. After substituting kj into Equations (S1) and (S2), the poling periods of 

SHG and DFG process are 
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At room temperature, we obtain the numerically simulated effective refractive indices (neff) of 

fundamental transverse-electric (TE00) modes at different wavelengths (λj) using the waveguide 

dimensions. After calculation, we find that ΛSHG ≈ ΛDFG ≈ 4.41μm within the bandwidth of 

interest, so that the SHG and DFG processes can simultaneously and efficiently accomplish in 

a single PPLN waveguide. 

Coupled-wave equations for cSHG/DFG process. Actually, in a single PPLN waveguide, the 

SHG and DFG processes happen simultaneously. To simply the analysis, we assume that SHG 

process and DFG process is separated. In such a separated cSHG/DFG process, the pump wave 

is converted to SH wave firstly, and then the generated SH wave is converted to signal wave 

and idler wave. The coupled-wave equations for the separated cSHG/DFG process can be 

expressed as [2] 
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And for DFG: 
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where the phase mismatch is defined as ∆kSHG = kSH − 2kp − 2π∕ΛSHG for SHG and ∆kDFG = 

kSH − ks − ki − 2π∕ΛDFG for DFG. We solve these equations for the case of perfect phase 

matching, that is, ∆kSHG = ∆kDFG = 0. And αj (j = SH, p, s, i), Aj (j = SH, p, s, i), z are the power 

loss coefficients, slowly varying field amplitudes and propagation distance, respectively. To 

get some insight into the conversion process, we simply the coupled-wave equations by 

assuming that the waveguide propagation losses can be ignored. deff (= (2∕π) d33 ≈ 15.9 pm∕V) 

is the effective nonlinear coefficient for cSHG/DFG process. In the pump-depletion theory, the 

pair of coupled equations for SHG must be solved simultaneously, where the pump power is 

depleted and the SH power is increasing. Followed by the Manley-Rowe relations, we write the 

slowly varying field amplitudes for SHG process as 
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where Ap(0) is the input field amplitude of pump wave, and ζ is defined as the real coupling 

constant for SHG process. The calculated average powers can be expressed as P = IAeff = 
2neffε0cA2Aeff, where I, Aeff, ε0 are the intensity, mode effective area and vacuum permittivity, 

respectively. By Equation (S7) and the expression of P, we can obtain the average powers of 

pump and SH waves: 
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where Pp(0) is the input average power of pump wave. The absolute conversion efficiency is 

defined as 𝛽 = PSH(z)∕Pp(0), which is mainly determined by ζ and z. Compared to conventional 

PPLN, the thin-film PPLN waveguides have a much smaller mode effective area Aeff, which 

can dramatically increases the absolute conversion efficiency, as shown in Equation (S8). 

Then, for DFG process, to simplify the solving of Equation (S6), we assume that the SH 

wave is undepleted by the nonlinear interaction, so that we can treat ASH as a constant. And the 

boundary conditions are set as As(0) is arbitrary, Ai(0) is 0, where As(0), Ai(0) are the input 

slowly varying field amplitudes of signal and idler, respectively. After complex calculations, 

the average powers of signal and idler waves are expressed as 
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where Ps(0) is the input average power of signal wave, and  is defined as the real coupling 

constant for DFG process. The AOWC conversion efficiency is defined as η = Pi(z)∕Ps(0), 

which is mainly determined by the  and z. Compared to conventional PPLN, the thin-film 

PPLN waveguides can achieve much higher η at the same propagation distance z because of 



the smaller Aeff, as shown in Equation (S9). To analyze the relationship between η and z, Pp(0), 

we substitute the PSH into Equation (S9) and obtain the η: 
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where Γ represents the efficiency factor including deff, Aeff, neff, ωj and some constants. We can 

treat the efficiency factor Γ as a constant when the waveguide dimensions and frequencies are 

certain. From Equation (S10) it can be seen that the AOWC conversion efficiency η depends 

on the second power of Pp(0) and the fourth power of z. In practice, due to the waveguide 

propagation loss and the inhomogeneity of QPM periods, the measured η will be lower than the 

theoretical η. We approximately estimate that with the waveguide length L (that is, the 

propagation distance z) increasing from 5mm to 10mm, the η will be improved by sixteen times 

(about 12dB). However, all the analyses are based on the SH-undepletion theory, which is not 

suitable for the case of long propagation distance. When the average powers of signal and idler 

waves are increased to the level which is not negligible compared to the SH power, the SH-

undepletion theory is no longer suitable. 

The theoretical 3-dB bandwidth of AOWC conversion efficiency. In QPM PPLN 

waveguides, we assume that ∆kSHG = 0 for the case of perfect phase matching and then obtain 

the ΛSHG by Equation (S3). When SHG and DFG processes happen simultaneously in a single 

PPLN waveguide, ΛSHG is equal to ΛDFG. As a result, the phase mismatch for DFG process can 

be expressed as ∆kDFG = 2kp − ks − ki. However, when the signal wavelength is far away from 

the QPM wavelength, ∆kDFG = 2kp − ks − ki ≠ 0 in actual cases. Considering the ∆kDFG ≠ 0 for 

DFG process, the AOWC conversion efficiency η (∆kDFG ≠ 0) can be written as [3] 

2 DFG
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2

k L
k 


  =                                                (S11) 

And the normalized η is defined as 

2 DFG
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Figure S3 shows the normalized AOWC conversion efficiencies in 5-mm-long and 50-mm-

long PPLN waveguides, respectively. The 3-dB bandwidth of ηnorm in 5-mm-long/50-mm-long  

 

Fig. S3 The AOWC conversion efficiencies in 5-mm-long (black) and 50-mm-long (red) PPLN 

waveguides. FWHM, full width half maximum. 

1400 1450 1500 1550 1600 1650 1700 1750
0.0

0.2

0.4

0.6

0.8

1.0

C
o
n
v
e
rs

io
n
 e

ff
c
ie

n
c
y
(a

.u
)

Signal wavelength(nm)

 L: 5mm

 L: 50mm

FWHM~170nm
FWHM

~55nm



PPLN waveguide is ~170nm/55nm, respectively. Conventional PPLN waveguides require 

much long lengths (usually > 5cm) to achieve high AOWC conversion efficiencies due to 

large mode effective areas. Compared to conventional PPLN waveguides, our 5-mm-long 

thin-film waveguides can achieve a larger 3-dB bandwidth of ηnorm. 
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