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Fig. 1. Design of the device, including the silver disc, the

ITO material layer, the SiO, dielectric spacer layer, the sil-
ver film layer, and the silicon substrate (not drawn in the
figure): (a) Three-dimensional structure; (b) the planar
graph and parameter of the structure.
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Fig. 2. Real part (black line) and the imaginary part (red
line) of permittivity of the ITO.
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Fig. 3. Reflectance of the coupled structure vs. the radius of
the silver disc by using FDTD solutions: (a) Without ITO
material layer; (b) with ITO material layer; (c) theoretical
dispersion curves of coupled upper branch and lower branch
(black solid lines) resulting from strong coupling obtained
by the bare ENZ mode and GPP dispersion curves (red dot
dash lines).
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Fig. 4. Electric and magnetic field distribution of the strong coupling between the ENZ mode that excited in the ITO film and the GPP:
(a)—(d) Negative detuning; (e)—(h) zero detuning; (i)—(l) positive detuning.
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Fig. 6. (a) Calculated electron temperature and lattice tem-
perature through the two-temperature model; (b) nonlinear
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Abstract

Optical nonlinear effect plays an important role in optical communication, optical detection, quantum
information and other areas. However, it is constrained by the weakness of the nonlinear optical response of the
common materials. The enhancement of the optical nonlinear response on a nanoscale becomes a critical
challenge. Over the years, several ways to enhance the optical nonlinear effects have been suggested. In fact,
these technologies can slightly enhance the optical nonlinear response. Recently, some research groups focused
on the materials with vanished permittivity, which is called epsilon-near-zero (ENZ) material, showing that it
can exhibit large optical nonlinearity due to the field enhancement in the material of this type. However, the
ENZ material only holds a large optical nonlinear response in a limited spectral range. In order to overcome this
limitation, here in this paper we report the ENZ mode which is excited by the ITO film and strongly coupled to
the gap surface plasmons excited by the metal-dielectric-metal structure. To acquire the nonlinear refractive
index ngy, we first calculate the ITO permittivity through the Drude-Lorentz model and find the wavelength of
the ENZ material. Then we calculate the time-dependent electron temperature and lattice temperature of ITO
by the two-temperature model. According to the elevated electron temperature, we can calculate the plasma
frequency w,, and by taking it into the Drude-Lorentz model, we can obtain a new permittivity of ITO
compared with the initial one. Finally, we can calculate the variation of the refractive index An, and the
nonlinear refractive index no = An/Io. In this paper, our coupled structure exhibits a broadband (~ 1000 nm
bandwidth) enhancement of the nonlinear optical effect in the near-infrared spectrum, a maximum nonlinear
refractive index n, as large as 3.02 cm?>GW !, which is nearly 3 orders larger than the previously reported
nonlinear refractive index of bare ITO film. As a result, it is possible to realize a dramatically large variation of
nonlinear refractive index under a low-power optical field. It is expected to be used in the nano photonic devices

such as optical storage, all-optical switches, etc.
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PACS: 73.40.Rw, 78.66.—w, 52.35.Mw, 42.65.Hw DOI: 10.7498/aps.70.20210290

* Project supported by the Natural Science Foundation of Guangdong Province, China (Grant Nos. 2015A030311018,
2017A030313035) and the Science and Technology Program of Guangzhou, China (Grant No. 2019050001).

1 Corresponding author. E-mail: yhchen@scnu.edu.cn

187303-8


http://doi.org/10.7498/aps.70.20210290
http://doi.org/10.7498/aps.70.20210290
mailto:yhchen@scnu.edu.cn
mailto:yhchen@scnu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

