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Abstract: In this paper, we experimentally demonstrate the second harmonic generation of 
long-range surface plasmon polaritons via quasi-phase matching in lithium niobate. After 
depositing a 9/13 nm thick Au film on periodically poled lithium niobate, TiO2 of about 2.3 
μm in thickness is evaporated on the sample as a refractive-index-matching material. This 
dielectric (periodically poled lithium niobate)–metal(Au)–dielectric(TiO2) sandwich structure 
can support the transmission of long-range surface plasmon polaritons through it. By 
designing a moderate ferroelectric domain period of periodically poled lithium niobate, the 
phase mismatch between the fundamental wave and second harmonic wave of the long-range 
surface plasmon polaritons can be compensated and a second harmonic wave can be 
generated effectively. This can be used to provide integrated plasmonic devices with 
attractive applications in quantum and classic information processing. 
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 
OCIS codes: (130.3730) Lithium niobate; (190.2620) Harmonic generation and mixing; (240.6680) Surface 
plasmons. 
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1. Introduction 
With the rapid development of semiconductor manufacturing technology, plasmonics has 
attracted significant attention in the past few years. Surface plasmon polaritons (SPPs) can 
transmit or manipulate signals at the sub-micrometer or nanometer scale at optical frequencies 
because of their inherent properties, enabling SPPs to have many potential applications in 
integrated optics. Several SPP photonic devices have been reported, such as plasmonic 
demultiplexers [1], Airy beams [2], and polarization-encoded quantum-controlled NOT gates 
[3]. In addition, new theories, concepts, and applications of SPPs have emerged, including 
SPP holography [4], SPP crystals [5], nano-antennae [6], and plasmonic metamaterials [7]. 
Quantum plasmonics [8,9] has been studied extensively and some researchers have been 
focused on the optical force of plasmonic nanostructures [10,11]. F. Yang et al. proposed a 
method to guide SPPs with PT symmetry [12]. The nonlinear effect is an important 
phenomenon and is exhibited by plasmonics [13]. In addition, second harmonic generation 
(SHG) is a typical quadratic nonlinear effect. However, researchers have mainly focused on 
the SHG and enhancement of the localized surface plasmons (LSPs) of nanoparticles and 
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nanostructures. Because of the strong absorption of metals at optical frequencies, the SHG 
efficiency of LSPs is low and the typical transmission distance of the SHG of LSPs ranges 
from sub-micrometers to micrometers [13]. The size of integrated photonic devices/chips 
usually ranges from about tens of micrometers to millimeters [3]. Therefore, if we design 
nonlinear integrated photonic devices/chips based on the SHG of SPPs, the efficiency and 
transmission distance of SHGs should both improve greatly. 

Quasi-phase matching (QPM) is a popular method to realize SHG effectively [14]. A 
widely used QPM crystal is periodically poled lithium niobate (PPLN), and in bulk crystals, 
QPM helps to realize very-high-efficiency SHG (~100%) [15]. Recently, a lot of new 
photonic phenomena and devices were brought up, and these greatly extended the application 
fields of QPM. High-confined QPM SHG in many micro/nano structures has been reported. 
For example, a nano-scale slot waveguide was proposed to enhance the SHG efficiency [16]. 
QPM was used to realize SHG at THz [17] and microwave [18] frequencies in nonlinear 
metamaterials. QPM SHG at the Dirac-point of 2-D photonic crystals was revealed with many 
promising applications [19]. 

To achieve a long transmission distance of SPP SHG, long-range surface plasmon 
polaritons (LRSPPs) are necessary [20]. A sandwich structure such as a dielectric–metal–
dielectric (DMD) can support LRSPPs transmission [21]. When SPPs are transmitting along 
these sandwich structures, if the metal layer is sufficiently thin, the SPPs at the top and 
bottom interfaces of the metal will couple and form a stable mode. When SPPs at the two 
interfaces are symmetrical, most of the SPP energy will transmit in the dielectric layers, 
leaving only a little energy in the metal layer, which will suffer from strong absorption. 
Therefore, this SPP mode exhibits a much longer transmission distance of hundreds of 
micrometers or even millimeters. The thinner the metal layer, the lower the confinement of 
the coupled SPP and the larger the transmission distance. This is why LRSPPs exhibit much 
longer transmission distance than LSPs. 

In this paper, we present our experiment on the QPM SHG of LRSPPs. To obtain SPP 
SHG with a high efficiency and large transmission distance, we consider a DMD structure 
with PPLN as the substrate, an Au film as the metal, and TiO2 as the top dielectric layer, 
which is used to match the extraordinary refractive index (RI) (ne) of lithium niobate 
(LiNbO3) so LRSPPs can be generated. With this design, the efficiency and transmission 
distance of the SPP SHG can be improved effectively. 

2. Theory 

 

Fig. 1. Schematic of the sample. 

Figure 1 shows a schematic of the sample. PPLN with a thickness of 50 μm is used as the 
substrate of the sample. Then, a thin Au film is deposited on the PPLN film. Finally, TiO2 is 
evaporated as a RI-matching material. In the LRSPPs, the transmission constant is related to 
the thickness of the Au film, whereas the ferroelectric domain period of PPLN is determined 
by the phase of the fundamental wave (FW) and second harmonic (SH) wave in QPM. Thus, 
to realize QPM, the period of PPLN should be matched to the thickness of the Au film. In 
contrast, because the electric component Ex is much smaller than Ez, the Ez and d33 component 
of the nonlinear coefficient of LiNbO3 are used to calculate the electric field of the SH of 
LRSPPs in coupling wave theory. Therefore, we set the RI of TiO2 equal to the ne of LiNbO3 
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both at the FW and SH. We can calculate the period of the PPLN with the field continuum 
theory described in [21]. Only transverse magnetic (TM) waves can excite LRSPPs. Based on 
Maxwell’s equations, the wave propagation equation, and the continuum of Ex and Hy at the 
interfaces of the metal, we can obtain 
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In this equation, ki (i = I, II, III in Fig. 1) is the wave vector of different layers and εi is the 
permittivity. ε2o and ε2e are the ordinary and extraordinary permittivities of LiNbO3, 
respectively, while 2a = d is the thickness of the Au film. 

Between the wave vector ki and transmission constant β of the LRSPPs, we have 
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Combining Eqs. (1)-(3), we can calculate the transmission constants β of the FW and SH. 
It should be noted here that the β of LRSPPs is complex; the imaginary part represents the 
absorption of the LRSPPs. Thus, the QPM condition in LRSPPs is different from traditional 
QPM. The simplified coupling equation of LRSPPs over PPLN can be written as (Eq. (4) in 
[22]) 
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Here wa , 2wa , wβ , 2wβ , w
zE , and 2w

zE  are the amplitudes, transmission constants, and z-
components of the electric field of the FW (w) and SH (2w) of the LRSPPs, respectively. d33 
is the nonlinear coefficient of LiNbO3. We can see that the phase mismatching is different for 
the FW ( 2 * 2

1 2 ( )w w w w wrealβ β β β β β∆ = − − = − ) and SH ( 2
2 2 w wβ β β∆ = − ). It is 

impossible to realize 1 2 0β β∆ = ∆ =  at the same time. However, the reciprocal vector Gm 
determined by the period Λ of PPLN does not affect the absorption of LRSPPs, implying that 
Gm can only match the real part of 1,2β∆  and leave the imaginary part unaffected. Therefore, 
we can realize QPM of the LRSPPs with 

 22 ( ) 2 ( ) .w w
mG real realπ β β= = −

Λ
  (5) 

Under this QPM condition, the transmission properties of the FW and SH in the LRSPPs 
have been simulated with Eq. (4) before in our previous theoretical work [22]. 

3. Experiment 
3.1 Preparation of sample 

From the Sellmeier equation [23], we can see that the dispersion curve of LiNbO3 is flatter in 
the near-infrared region. At these frequencies, it is easier for TiO2 to match the ne of LiNbO3 
at the FW and SH simultaneously. In our experiment, we choose 1550 nm as the FW, thus, 
775 nm is the SH. The ferroelectric domain period can be calculated from Eqs. (1)-(3) with 
different Au film thicknesses under the QPM condition. Table 1 summarizes the results. 
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Table 1. PPLN period versus Au film thickness under the QPM condition. 

Au film thickness 
(nm) PPLN period (μm) Au film thickness (nm) PPLN period 

(μm) 
1 18.91 11 14.57 

2 18.79 12 13.95 

3 18.52 13 13.37 

4 18.24 14 12.82 

5 17.85 15 12.25 

6 17.40 16 11.72 

7 16.85 17 11.21 

8 16.32 18 10.73 

9 15.72 19 10.27 

10 15.15 20 9.84 

To determine the period of PPLN in experiment, two issues should be considered. Firstly, 
as predicted in [22], the thickness of the Au film is crucial. If the Au film is too thick, the 
absorption of the SH will be too large and the SH will be too weak to be detected. In contrast, 
if the Au film is too thin (e.g., 1 or 2 nm), it will be impossible to deposit a continuous film. 
Secondly, the fabrication accuracy of PPLN is important. The lithography machine we use in 
the fabrication of PPLN is SF-100 XTREME (Intelligent Micro Patterning, LLC). The pixel 
size with a 4 × objective lens is 1.32 μm. The period of the PPLN should be 2m × 1.32 μm (m 
is an integer). Structural errors will always exist during the manufacture of the sample. To 
acquire QPM, we choose 13.2, 15.84, and 18.48 μm as the period of PPLN, and 9 and 13 nm 
as the thickness of the Au film. 

Electric field poling is used to fabricate PPLN [24]. After depositing a Cr electrode with 
the designed periodical structures on the + c face of the congruent LiNbO3 of about 50 μm in 
thickness, an electric field slightly larger than the coercive field is applied to the crystal to 
carry out the poling process. Because the LiNbO3 crystal we used is very thin, the voltage we 
use to invert the ferroelectric domain is about 1100 V, and we can safely realize this domain 
inversion process at room temperature. 

Grating coupling is a method to excite SPPs [21]. Here, we fabricate subwavelength 
gratings in the Au film to excite LRSPPs and guide the SH to the detector. We first fabricated 
gratings with depths of hundreds of nanometers in PPLN and then deposited 9 or 13-nm-thick 
Au film, completing the Au grating. In our experiment, the grating period for 1550 nm to 
excite SPPs is 1.08 μm with an angle of incidence of 45° (Grating A in Fig. 2(a)), and that for 
775 nm to guide SPPs vertically to the detector is 354 nm (Grating B in Fig. 2(a)). The duty 
ratio of the grating is 1:1 and the size is 10 μm × 10 μm. The distance between Grating A and 
Grating B starts from 30 μm, increases by 10 μm, and ends at 120 μm. The grating was 
fabricated by focused ion beam etching (FIB). 

After fabricating the gratings, an Au film and TiO2 layer were deposited by magnetron 
sputtering. To obtain a very thin Au film, the depositing speed was set as low as possible, and 
the thickness of the Au film was measured by atomic force microscopy. By depositing TiO2 
with different speeds, the RI of the TiO2 layer varies in a wide range. The RI of TiO2 was 
measured by a spectrophotometer. When the RI differences both at 1550 and 775 nm between 
TiO2 and the ne of LiNbO3 are modulated to no more than 0.02, TiO2 will be deposited on our 
sample. The thickness of the TiO2 we obtained is about 2.3 μm. 

3.2 QPM measurement 

Figure 2(a) illustrates the experimental setup to carry out the QPM measurement. Light with a 
wavelength of 1550 nm from a femtosecond laser coupled into a fiber with an 10 × objective 
lens is divided into two parts with a 1/99 coupler. The “1” part is connected to a power meter 
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as a reference beam, while the “99” part is coupled to Grating A to excite the LRSPPs via a 
fiber taper (the size of the tapered tip is about 2–3 μm), which is 45° to the normal of the 
sample. The SH signal is guided vertically to a beam splitter via grating B. One part of the 
beam is detected by a spectrometer, and the other part is collected by a microscope. Aperture 
C is used to block the light from the environment. In fact, this is a confocal micro-Raman 
spectrometer (CMRS), which is very sensitive to SH signals. 

 

Fig. 2. Experimental setup to measure SH.(a) Confocal micro-Raman spectrometer. (b) Two-
dimensional scanning system. 

As mentioned above, we have fabricate samples with 6 configurations to testify the QPM 
SHG of LRSPPs. However, the SH signals of some samples are too weak to be well-recorded. 
Figure 3(a) presents the best results we obtained with these samples. The parameters of this 
sample are as follows: the period of the PPLN is 13.2 μm, the thickness of the Au film is 9 
nm, the 1550-nm FW intensity transmitting through the fiber is 30 mW, the calculation time 
of the spectrometer is 1 s, and the RI differences between TiO2 and the ne of LiNbO3 are –
0.02681 at 1550 nm and –0.00473 at 775 nm. We can see that the SH signal appears at a 
distance of 80 μm. The central wavelength is 776 nm, which is in accordance with the SH, 
and the full-width at half-maximum (FWHM) of this signal is 6.7 nm. As compared, the 
FWHM of FW is ~20nm. 

There are parameter errors in the RI difference mentioned above in the fabrication 
process. Although QPM cannot be realized at 1550 nm, we can tune it to a wavelength that 
can satisfy the QPM condition. The wavelength of the FW changes, so the SH will also 
change and Grating B will not guide the SH vertically. Aperture C will block most of the SH 
signal, making the detected SH signal too faint. To overcome this drawback, we replace the 
CMRS in the frame of Fig. 2(a) with that of Fig. 2(b): another fiber taper scans pixel by pixel 
on the surface of the sample to collect the SH signal via a power meter. The step distance of 
the scanning is 3 μm. Figure 3(b) presents the scanning results. The wavelength of the FW is 
1600 nm. Because the surface is far from the middle of the LRSPPs, the energy decays 
significantly, so the signal we collect at one pixel is very weak. From the left, the first spot, 
W, is the FW that decays very rapidly, and region X has no signal, which implies that the FW 
has been coupled to excite the LRSPPs. The second signal area, Y, agrees with where the 
strongest SH is detected by the CMRS (~80 μm). The third signal area, Z, is due to the QPM 
condition not being satisfied at 1600 nm. This configuration helps tune the wavelength to the 
QPM condition. 
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Fig. 3. (a) SH signal versus transmission distance, captured in Fig. 2(a). (b) Energy distribution 
on the surface of the sample collected by fiber taper scanning (Fig. 2(b)). The axis shows the 
step number. The coordinate is the step number of the moving taper, and the step distance of 
the scanning is 3 μm. The wavelength of the FW is 1600 nm. 

In our experiment, we tuned the pump wavelength to acquire the highest SHG efficiency. 
Then we define the central wavelength as the QPM wavelength. As shown in Fig. 4(a), 1600 
nm can be treated as the FW wavelength under QPM condition. The parameters of this 
sample are as follows: the period of the PPLN is 15.84 μm, the thickness of the Au film is 9 
nm, the 1600-nm FW intensity transmitting through the fiber is 30 mW for Fig. 4(b), the 
calculation time of the spectrometer is 10 s, and the RI differences between TiO2 and the ne of 
LiNbO3 are –0.00223 at 1550 nm and 0.02108 at 775 nm. As predicted, the SH signal is 
lower than that captured with the CMRS in Fig. 2(a). To acquire the QPM condition, we tune 
the wavelength of the FW to 1600 nm. With the scanning system in Fig. 2(b), after finding the 
pixel with the largest signal, we keep the collecting fiber taper stable, change the light 
intensity coupled to the fiber with an attenuator, and read the numbers from the reference 
power meter and SH power meter. The SHG is quadratically nonlinear, so we fit the numbers 
with a quadratic equation. As mentioned above, the SH signal we collected at the surface of 
the sample with the scanning system is much smaller. There should be a basic FW intensity 
so the SH signal can reach the surface and be collected. Therefore, the equation should 
be 2

2 0 0( )y B x x y= + + , where x0 is the basic FW intensity and y0 is a compensation term. 
Thus, we can fit it with the equation described in Table 2, which lists the fitting parameters, 
and the curve is shown in Fig. 4(c). As we can see, the statistically adjusted R-squared value 
is 0.99777, which is a very accurate result. 
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Fig. 4. QPM results. (a) The intensity of SH vs. the FW wavelength. (b) SH captured by the 
CMRS in Fig. 2(a). (c) SH collected by the scanning system in Fig. 2(b). 

Table 2. Parameters of the quadratic fitting of SH versus reference FW. 

Fitting equation: 2
0 1 2y B B x B x= + +       

B0 value B0 error B1 value B1 error B2 value B2 error Statistically adjusted R-
squared value 

3.1902 0.65229 –0.01433 0.00451 1.37 × 10−4 6.24 × 10−6 0.99777 

4. Discussion 
4.1 Transmission distance and efficiency of the SHG of LRSPPs 

In a previous theoretical paper [22], the efficiency of the SHG of LRSPPs was reported to be 
very high, about 15.2%, and the intensity reached a maximum at about 500 μm. Compared 
with the results of slot waveguides in [16] and 2-D photonics crystal in [19], their 
mechanisms are different. Although LRSPP has higher loss, its sample structure is relatively 
simpler. In our experiment, with a 30-mW FW incidence, the largest SH signal, captured in 
Fig. 2(a), is at the maximum level the spectrometer could detect. Further, the maximum 
intensity of the SH appears at 80 μm, no more than 100 μm. We think there are several 
reasons for this phenomenon: (1) Only TM waves can excite LRSPPs. Although the light 
from the femtosecond laser is polarized, the polarization ratio is not very high, and the 
polarization of the FW coupled to the fiber taper is very sensitive and easy to change by the 
circumstance, so the TM part of the FW to excite the LRSPPs is smaller than that obtained via 
the power meter (30 mW). (2) The coupling efficiencies of the couple-in at Grating A and 
couple-out at Grating B greatly decrease the SH signal we detected with the spectrometer. (3) 
The RI of TiO2 does not exactly match with the ne of LiNbO3, which makes the mode of the 
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SPP not exactly symmetrical on both interfaces of the Au film, decreasing the transmission 
distance and intensity of the SH of the LRSPPs. We have simulated the SHG with RI 
mismatch, and found the maximum index mismatch for the FW and SH are ± 0.007 and ± 
0.04, respectively, when LRSPPs can be supported. If the RI difference are 0.02 for both FW 
and SH, the mode profile for FW is not stable any more, while we still may obtain the 
frequency doubled LRSPPs. From our theoretical estimation, the peak efficiency comes out at 
a much shorter propagation length (~89.5 μm where the highest SH signal appears) and 
weaker SH intensity (20.3% of the largest SH intensity under RI match condition). (4) The 
permittivity of the bulk Au and Au film of about 10 nm in thickness is different. Because it is 
too thin, and many bubbles are present within it, the Au exhibits much more absorption. This 
shortens the transmission distance significantly and simultaneously decreases the SHG 
efficiency. (5) The SH from Grating B is a diverging beam. When it passes aperture C and 
travels a long distance to the detector, considerable energy is blocked. Thus, the results we 
obtained from the spectrometer does not represent exactly the intensity of the SH; the results 
are much smaller. 

4.2 RI-matching layer: TiO2 

The perfect RI material for LRSPPs in this study is LiNbO3. Several methods have been 
reported to fabricate single-crystal LiNbO3 film, such as crystal ion slicing [25,26] and 
magnetron sputtering [27]. The LiNbO3 film made by crystal ion slicing is a single crystal, 
but until now, we have not been able to adhere it to a LiNbO3 substrate with an Au film of 
about 10 nm in thickness without any glue or other material. In addition, the LiNbO3 film 
made by sputtering is barely a single crystal. TiO2 can be deposited easily and exhibits good 
adhesion with the LiNbO3 substrate. Its RI can be modulated to the range of the ne of LiNbO3 
with different sputtering speeds. However, TiO2 is hydrophilic [28], so steam will be 
absorbed by its surface and the RI will increase. When the RI changes significantly, LRSPPs 
cannot be excited, because the frequency is beyond the cut-off frequency of LRSPPs [21]. In 
our experiment, the LRSPPs can last for about two weeks. In this paper, we demonstrate the 
possibility of the QPM SHG of LRSPPs. A better RI-matching layer could improve this 
phenomenon greatly, both in the transmission distance and SHG efficiency. 

4.3 Future research and applications 

This paper is a basic process in physics. Several photonic integrated devices can be realized 
with this phenomenon, such as waveguides and resonators. LRSPPs could also have 
applications in all-optical switching at telecommunication wavelengths [29]. The multi-
wavelength nonlinear generation of LRSPPs can be realized by designing moderate 
ferroelectric domain structures [30]. With this, we can realize multi-color metasurface 
holography [31], which will greatly increase the efficiency. This process can enable attractive 
applications in nonlinear metamaterial [32] and quantum plasmonics [8]. For example, with 
the down-conversion nonlinear process, SPP entangled source may be provided [33, 34]. 

5. Conclusions 
In this study, we experimentally demonstrate the QPM SHG of LRSPPs. The efficiency and 
transmission distance are much higher than those of LSPs. However, because the RI of TiO2 
is not exactly matched with ne of LiNbO3, the transmission distance and the SHG efficiency 
are not as large as predicted with theory. With a better RI matching material, the transmission 
distance and the SHG efficiency can be improved greatly. This phenomenon may find 
promising applications in nonlinear metasurface holography and quantum plasmonics. 
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