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ABSTRACT

This paper reports a novel nanofabrication approach
that combines imprint and silver doping lithography
(iISDL) to generate nanoscale patterns in chalcogenide
(ChG) thin films. The iSDL approach is capable of
controlling the photodoping of silver in amorphous ChG
with a high spatial precision. The ChG nanophotonic
devices with one-dimensional (1D) and two-dimensional
(2D) periodic  structures  were fabricated and
characterized.
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INTRODUCTION

Featured with the low material loss in the infrared
region, chalcogenide (ChG) has been exploited for a
variety of photonic applications [1-5]. For example, ChG-
based high-Q optical resonators have been demonstrated
as refractometric sensors. In addition, the strong
nonlinearity of ChG materials can be used for nonlinear
applications, such as the second-harmonic and
supercontinuum generations [6, 7]. In this regard,
nanostructured ChG devices, which can enhance the
interaction of light and ChG materials, are particular
interesting.

ChG thin films can be selectively doped by silver
when it is exposed to light with the photon energy larger
than the bandgap of the ChG material[8]. The
photodoping process has been adopted as a lithography
approach, where the ChG film functions as the inorganic
photoresist. The silver-doped and undoped ChG materials
exhibit  different solubilities in ammonia-based
developers. The inorganic ChG resist can support patterns
with high-resolution and high aspect ratio [9, 10]. To
create nanoscale patterns, ChG thin film can also be silver
doped by the direct writing using electron beam.
However, the electron beam lithography is too slow and
expensive to fabricate nanoscale patterns over a large
surface area. On the other hand, to facilitate the
fabrication of subwavelength structures, a number of
nanoimprint  lithography processes have been
demonstrated [11] during the past two decades. The
nanoimprinting  lithography = methods enable the
inexpensive fabrication of nanoscale patterns in imprint
resist over large surface area.

Here, we present a new nanofabrication approach that
leverages the advantages of both imprint and silver
doping lithographies (iSDL) to generate subwavelength
patterns in ChG film with a low cost, high throughput,
and high spatial resolution. The iSDL method only
requires an imprint mold coated with a thin layer of silver
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and a light source with the wavelength below 500 nm.
The iSDL method is capable of generate silver-doped
ChG structures with the resolution smaller than the
diffraction limit.

UNDERLYING PRINCIPLE

ChG materials, such as As,S;, have been investigated
for the light-driven doping of metals, also known as
photodoping or photodissolution [12-14]. As illustrated in
Fig. 1, the thin layer of silver is deposited on the surface
of the ChG thin film and the silver layer is selectively
exposed by the light source. When the photoenergy is
larger than the band gap of the ChG material, the photon
can be absorbed, and an electron-hole pair is generated.
By capturing holes, silver atoms are oxidized and become
silver ions. Meanwhile, the electrons are trapped by
chalcogen atoms. The built-in electrostatic force
facilitates the diffusion of silver ions. When the silver
ions recombine with the electrons, they are reduced and
doped in the ChG material [13].

The iSDL process is based on the photodoping
phenomenon and uses the imprint lithography to control
the distribution of silver dopant source. To perform iSDL,
a polymethylsiloxane (PDMS) mold, which carries the
desired nanoscale pattern, is coated with a thin layer (20
nm) of silver and attached to the ChG film. The excitation
light passes through the transparent PDMS mold to dope
the silver into the ChG film. The resolution of the iSDL is
determined by the pattern resolution on the PDMS mold,
rather than the wavelength of the excitation light.

UV light (A = 365 nm)
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Figure 1. Mechanism of photodoping of silver in ChG.

DESIGN

To demonstrate the strengths of the iSDL approach,
we fabricated several 1D and 2D ChG gratings. Figure 2
illustrates three different types of ChG nanostructures
fabricated on a glass substrate. For the 1D structures,
gratings with two different periods of Aip = 550 nm and
179 nm, were tested. Fig. 2(b) and 2(c) show the 2D ChG
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nano-hole and nano-dome structures, respectively.
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Figure 2. (a) Schematic of the 1D silver-doped ChG
grating structure. (b) Schematic of the 2D silver-doped
ChG grating. (c) Schematic of the 2D array of ChG nano-
domes.

FABRICATION

Fig. 3 illustrates the major steps of the iSDL process.
The As,S3 thin film was coated on a glass substrate using
e-beam evaporation. The PDMS mold carrying the target
pattern was coated with a thin layer of silver (tag < 20
nm). Then, the silver-coated PDMS was attached to the
As,S3 film and exposed under ultraviolet (UV) light (365
nm). During exposure, the silver layer on the top surface
of the PDMS mold was in direct contact with the As>S3
film and can diffuse into the As,S; film. In contrast, the
silver coating in the grating trenches or the bottom of the
nanoholes was not doped into the As,S; film.
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Figure 3 Schematic flowchart of the iSDL process.

The intensity and dose of the UV exposure were
controlled in order to diffuse silver ions to the target
region. After exposure, the As,S3 sample was developed
in the ammonium-based developer (AZ MIF 300). The
undoped ChG was quickly dissolved in the developer. By
and large, the iSDL controls the horizontal and vertical
distribution of silver ions in the ChG film using the pre-
formed pattern on the PDMS stamp and the UV exposure,
respectively. In contrast to conventional nanoimprint
lithography [11] the iSDL is free of any residue layer and
can offer highly uniform patterns.
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RESULTS AND DISCUSSIONS

Fabrication Results

The fabricated 1D ChG gratings were characterized using
a scanning electron microscopy (SEM). The period and
depth of the As,S; grating shown in Fig. 4(a) are Aip =
550 nm and fchg = 300 nm, respectively. Fig. 4(b) shows
the As,Ss3 grating with the period as small as 414 = 179 nm
and the minimum feature size of 90 nm. Fig. 5 shows the
SEM images of 2D As,S;3 gratings with 4>p = 700 nm and
300 nm, receptively.

(a) (b)
A =550 nm =179 nm

Figure 4. SEM images of the fabricated ChG 1D gratings
with different periods. Scale bar: 500 nm

(b)

A =300 nm

Figure 5. SEM images of the fabricated ChG 2D gratings
with different periods. Scale bar: 500 nm

(b)

Figure 6. SEM images of the fabricated ChG 2D nano-
domes top and side view. Scale bar: 500nm

We also fabricated the As,S3 nano-dome structure by
controlling the lateral diffusion of silver in the As>S;3 film.
The isotropic development of undoped As»S; under the
thin layer of silver-doped As,S; resulted in the nano-dome
array with the period of 4>p = 700 nm.
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Optical Characteristics

The 2D As»S; grating slab on a glass substrate can support
the leaky mode resonances [15]. Fig. 7 shows the optical
setup we used to measure the transmissions of the sample.
The emission of broadband light is collimated and
illuminates the sample. The transmitted light is collected
and analyzed by a near-infrared spectrometer (StellarNet
Inc.). The angle of incidence (6;) can be tuned by rotating
the sample.

Sample

Light Source  Collimater Spectrometer
Figure 7.  Schematic diagram of the transmissions

measurement setup.

The transmission characteristics of the fabricated
device with A>p = 700 nm (shown in Fig. 6) were
measured and simulated using an electromagnetic
simulation tool. The results are compared in Fig. 8. As
can be seen, the measurement and simulation results agree
well. The device exhibits a leaky mode resonance at A, =
1040 nm, which is manifested as the transmission dip.
Due to the diverging of the incidence light beam, the
linewidth of the resonant peak is slightly wider than the
linewidth obtained using simulation.
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Figure 8. Measured and simulated transmittance of the
2D ChG nano-dome array shown in Fig. 6. The

simulation was performed using the rigorous coupled-
wave analysis.
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The transmittance of the As>S3 grating depends on
the angle of incidence. To investigate the angle
dependence of the leaky mode resonance, we mounted the
sample on a rotation stage. The transmission spectra were
measured at 6; = 0°, 2°, 4°, 6°, and 8°. As shown in Fig.
9, when the incident angle was increased, the resonant
mode at A, = 1040 nm split into two resonances. These
two resonant modes shifted towards the longer and shorter
wavelengths. At 6; = 8 ° the resonant modes located at
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1010 nm and 1100 nm, respectively.
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Figure 9. Transmission spectra as a function of the
incident angle for the 2D ChG array of nano-domes.

CONCLUSION

We developed and demonstrated the iSDL approach for
the fabrication of ChG-based nanophotonic devices. The
1D and 2D periodic structures with different periods were
fabricated by doping of silver provided by the PDMS
molds. The results show that the iSDL approach can
produce high quality sub-wavelength structures with low
cost, large surface area, and high throughput. As an
example, we characterized the leaky mode resonance
supported by the 2D ChG array of nano-domes. The silve-
doped ChG device exhibits the resonant modes in the near
infrared wavelength range. This technology will find
various applications in infrared sensing [16][17] and
communications.
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