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Chalcogenide Photonic Crystals Fabricated by Soft
Imprint-Assisted Photodoping of Silver

Le Wei, Jingjing Qian, Liang Dong,* and Meng Lu*

This work presents a low-cost, large-scale nanofabrication approach that
combines imprint lithography and silver doping (IL-SD) to pattern chal-
cogenide glass (ChG) films for realizing IR devices. The IL-SD method
involves controled photodoping of silver (Ag) atoms into ChG films and
selective removing of undoped ChG. For photodoping of Ag, an Ag-coated
elastomer stamp is brought in contact with the ChG film and exposed to
ultraviolet light, and subsequently, the Ag atoms are photo-dissolved into
the ChG film following the nanopatterns on the elastomer stamp. Due to
the high wet-etching selectivity of the undoped ChG to Ag-doped one, the
ChG film can be precisely patterned with a spatial resolution on the order
of a few tens of nanometers. Also, by controling the lateral diffusion of Ag
atoms during ultraviolet exposure, it is possible to adjust the size of the
final patterns formed in the ChG film. As an application demonstration of
the IL-SD process, the As,S;-based near-infrared photonic crystals (PhCs)
in the wavelength range and flexible midinfrared PhCs are formed, and
their optical resonances are investigated. The IL-SD process enables the
low-cost fabrication of ChG nanostructures on different substrate materials

and gives a great promise to realize various IR devices.

1. Introduction

Featured with a low material loss in the IR wavelength range,
chalcogenide glass (ChG) materials, such as As,S;, GeSbTe,
and AgInSbTe, have attracted increasing attention for a variety
of infrared (IR) optics applications.'> ChG-based waveguides,
resonators, and interferometers have been demonstrated for
photonic integrated circuits, fibers, and sensors. In par-
ticular, the significant phase transition of ChG between the
amorphous and crystalline states has enabled programmable
devices for tunable photonics and optical data storage.”) Taking
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the advantages of the strong interaction
of light with ChG nanostructures, ChG-
based devices with high compactness
have been demonstrated for nonlinear
optics and IR imaging.!® In addi-
tion to their supreme optical properties,
ChG materials have also been exploited
as an inorganic photoresist in photoli-
thography. When exposed to ultraviolet
(UV) light, ChG films can be selectively
photodoped with silver (Ag),!! leading to
a dramatic decrease in the solubility of
the Ag-doped ChG in an ammonia-based
developer compared to the undoped ChG
one. The ChG-based inorganic photore-
sists are found superior over the organic
ones in terms of both the etch selectivity
and spatial resolution,!¥] as evidenced by
the recent development of various high-
resolution and high-aspect-ratio ChG pat-
terns.'! However, current practices for
patterning ChG films still require elec-
tron-beam lithography to dope Ag into
ChG with low throughput and high cost,
thus hindering the attempt to explore new ChG-based nano-
structures and devices.[]

Imprint lithography has been developed to form large-scale
nanostructures, where a stamp or template with pre-defined
patterns is molded into a thermal- or light-sensitive imprint
resists over a substrate; and after the patterns are trans-
ferred from the template into imprint resist, the template is
removed.18 Because of their relatively low glass transition
temperature, bulk ChG glasses can be easily molded using a
stamp at an elevated temperature.’24 In addition, the ChG
thin films can also be directly patterned using the thermal
nanoimprint lithography with a critical dimension as small as
20 nm.[2>-28 Although the thermal nanoimprint of ChG glasses
has been successful, the patterned ChG film cannot serve as
an inorganic resist to transfer patterns into its substrate due
to the residual ChG materials remained at the bottom of the
intended areas. It is also desirable to carry out the imprint at
room temperature to avoid thermal expansions and the mis-
match of thermal expansion coefficients between the stamp
and ChG film.

Here, we present a new low-cost, large-scale nanofabrica-
tion approach that leverages the advantages of both the imprint
lithography and silver doping (IL-SD) to form subwavelength
patterns in ChG films. The IL-SD method requires an imprint
stamp coated with a thin Ag layer and a UV light source with
a wavelength below 500 nm, while realizing high-resolution,
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Figure 1. IL-SD fabrication process. a) Schematic process flow of using an Ag-coated PDMS stamp to generate patterns in an As,S; film. b) lllustration
showing the photodoping of Ag through the interface between the As,S; film and the Ag-coated PDMS stamp into the As,S; film. c) Photograph of the
fabricated ChG nanostructures on glass (left), silicon (center), and plastic (right) substrates, respectively. Scale bars represent 1 cm.

residue-free nanostructures in ChG films with the patterning
resolution smaller than the diffraction limit. The IL-SD method
holds great potential for mass production of ChG-based struc-
tures and devices, as demonstrated by the realization of ver-
satile near- and mid-IR photonic crystals (PhCs) on different
substrates.

2. Results and Discussion
2.1. IL-SD Patterning of ChG Film

The IL-SD process is summarized in Figure 1. The method is
based on the photodoping or photo-dissolution of Ag into ChG
and uses an Ag-coated elastomer stamp to selectively dope Ag
into a ChG film. The patterns formed in the ChG film have the
same resolution as those on the stamp. While the photodoping
of Ag has been reported to modify various ChG materials such
as GeSs, As,Ss, and GeSbTe,*?3% the As,S; film was chosen to
demonstrate the IL-SD process. Essentially, when illuminated
by UV light with the photon energy greater than the bandgap of
As,S; (E; = 2.7 eV), the As,S; film absorbs the light, generating
electron-hole pairs. In the presence of holes, Ag atoms are oxi-
dized into Ag ions that can diffuse into the As,S; film, driven
by the build-in electrostatic field.3!! The resulting Ag-doped
As,S;3 can dissolve in an alkaline developer much slower than
the undoped one.?

The details of the IL-SD process are described in the Experi-
mental Section. In brief, a polydimethylsiloxane (PDMS) stamp
with the desired patterns was coated with a thin Ag layer. The
As,S; film was deposited on a rigid or plastic substrate. Then,
the PDMS stamp was brought in contact with the As,S; film
(Figure 1a). The UV radiation passed through the stamp and
doped the Ag atoms into the As,S; film. After the exposure, the
As,S; film was immersed in an alkaline developer to remove
the undoped As,S;. As a result, the patterns on the stamp were
transferred into the As,S; film, and there was no As,S; residue
remaining in the patterned area. The patterning resolution of
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the IL-SD method is mainly determined by the original pattern
on the PDMS stamp and the photodoping process. It should be
noted that the spatial distribution of the Ag ions along both the
vertical and lateral directions can be fine-tuned by controlling
the dose of UV exposure.

The IL-SD method was successfully demonstrated to fab-
ricate patterns with the critical dimension on the order of
tens of nanometers. Figure 2a,b shows the scanning elec-
tron microscopy (SEM) images of the fabricated 1D gratings
in As,S; thin films. Figure 2a shows the 100 nm-thick As,S;
gratings with a period of 179 nm and the minimum feature
size of 90 nm. Figure 2b presents the As,S; grating with the
period and duty cycle of 550 nm and 50%, respectively. The
SEM images in Figure 2c-e display the 2D As,S; gratings
fabricated using the IL-SD process. Figure 2c shows the 2D
grating with the period and hole diameter of A,p = 300 nm
and d = 150 nm, respectively. Figure 2d shows the top-view
and side-view photographs of an array of nanohole with a
period of A,p = 700 nm and the As,S; film thickness of t =
100 nm. In addition, the IL-SD method is also used to fab-
ricate microscale patterns, as shown in Figure 2e, where the
2D As,S; gratings have a period of Ayp = 3 um and the hole
diameter of d = 800 nm. The IL-SD process produced posi-
tive images on the ChG film with regard to the PDMS mold.
By optimizing the exposure and development conditions, the
imprinted pattern in As,S; film can well replicate the corre-
sponding PDMS pattern, as shown in Figure S1, Supporting
Information. The element compositions of the undoped
and Ag-doped As,S; films were characterized using energy-
dispersive X-ray spectroscopy (EDS) analysis. The EDS spectra
in Figure S2, Supporting Information, show that the atomic
ratios for the evaporated As,S; film and Ag-doped As,S; film
are As/S = 1:1.41 and Ag/As/S = 1:1.83:2.52, respectively. To
study how the Ag doping process can affect the optical con-
stants, the refractive index (n) and extinction coefficient (k)
of doped and undoped As,S; films were measured using an
ellipsometer and shown in Figure S3, Supporting Informa-
tion. The doping of Ag increased the refractive index of the
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Figure 2. SEM images of the fabricated 1D and 2D ChG gratings. a) 1D ChG grating with the grating period and line width of 1779 and 90 nm, respec-
tively. b) 1D ChG grating with the grating period and line width of 550 and 275 nm, respectively. ¢) 2D array of nanoholes with a period of 300 nm and
a hole diameter of 150 nm. d) Top view (left) and a cross-sectional view (right) of a 2D nanoholes array with the period and hole diameter of 700 and
300 nm, respectively. e) Top view (left) and a cross-sectional view (right) of the 2D array of micro discs. The array period and disc diameters are 3 and

1.5 um, respectively. Scale bars: 500 nm.

ChG film, but the extinction coefficients remained negligible
in the near-IR wavelength range.

2.2. Pattern Transferring from IL-SD-Formed ChG Film
to the Substrate

For most existing nanoimprint lithography methods, after the
imprint process, there remains a well-known residue layer of
imprint resist in the patterned area on the substrate.l'8] Before
the patterns in the imprint resist can be transferred into the
substrate through etching, additional efforts are needed to
remove the residue layer; however, the residue layer is often so
nonuniform across the substrate that complete removal of the
residue layer is challenging in term of time control and etching
selectivity. In contrast, the IL-SD method provides the ChG
film-based etching mask that is free of the residue layer, and
the substrate under the ChG mask can be etched immediately
after the development step.

Here, as a demonstration, the patterned As,S; film shown in
Figure 2d was used as the etching mask to transfer the 2D array
pattern into the thermal oxide (SiO,) layer on a silicon wafer.
The oxide layer was etched using a 10:1 buffered oxide etchant
(BOE) solution for 30 s. The As,S; film has a high resistance
to the BOE solution. Figure 3a,b shows the prospective and
side-view SEM images of the etched sample before the As,S;
etching mask was removed. Because of the isotropic BOE etch
of Si0,, the transferred nanoholes in the oxide layer exhibit lat-
eral undercut, leading to the 300 nm hole diameter, compared
to the 200 nm hole diameter of the As,S; mask. The As,S;
layer was then stripped using ammonia hydroxide for 3 min.
Figure 3c is the SEM image of the 2D array of nanoholes in
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SiO, after the removal of the As,S; layer. Therefore, the IL-SD
patterned ChG film can serve as an etching mask to pattern the
underlying substrate by choosing an appropriate etchant solu-
tion that has a high selectivity to the substrate compared to the
ChG mask. Interestingly, the patterned film of As,S; can be
peeled entirely from the substrate with sufficient undercuts of
the oxide, as shown in Figure 3d.

2.3. ChG-Based PhCs Fabricated Using IL-SD
2.3.1. Near-IR Planar PhC

To date, PhC devices, such as PhC waveguides, cavities, and fil-
ters, have been successfully demonstrated using undoped ChG
materials.***] This section shows that the Ag-doped As,S;
PhCs can be formed using the IL-SD method and can support
optical resonances, such as Fano resonance, over a broad wave-
length range. The guided-mode Fano resonances have been
previously reported using PhC slab structures with narrowband
reflection or transmission signatures.®® The subwavelength
PhC structure can couple light at a particular wavelength and
angle of incidence to a leaky guided mode supported by the
grating waveguide. The interference of the guided mode and
a Fabry-Pérot mode supported by the PhC thin film results
in the reflection with an asymmetric Fano lineshape.’”! The
underlying principle of the Fano resonance associated with the
PhC structure was explained in detail by Liu et al.“l To design
the ChG-based PhC structure for a desired Fano resonance fea-
ture, the rigorous coupled-wave analysis (RCWA) was used to
model light transmission through 2D ChG gratings. Based on
the RCWA simulation result, the 2D grating pattern with the
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Figure 3. SEM images of using a ChG-based mask to transfer patterns from the ChG film to the substrate beneath it. a) Prospective and b) cross-
sectional view of the ChG-SiO,-Si structure after a 10 s over-etching. c) Top view of the SiO, pattern after removal of ChG. Scale bars represent 500 nm

in (a—c) and 3 um in (d).

period A,p =700 nm, depth ¢t =100 nm, and duty cycle = 50%
was chosen to obtain Fano resonances in the near-IR wave-
length range.

The transmission characteristics of the fabricated PhCs
were characterized using the optical setup shown in Figure 4a.
Figure 4b compares the measured and simulated transmis-
sion spectra T(A) under the normal incidence of light (6, = 0°).
The resonance feature in the transmittance was found to
follow the asymmetric Fano lineshape. The measured spec-
trum was fitted using a Lorentzian function, based on which
the Fano parameter of q = 1 and the resonance wavelength of
A, = 1100 nm were obtained. The optical resonance implies
an enhanced and confined local field around the PhC slab.
Figure 4c shows the spatial distribution of the simulated elec-
tric field at the cross section of the PhC slab. The resonance
phenomenon at A, = 1100 nm can result in nearly one order
magnitude higher electric field compared to the incidence.

(@)

c1 ig4t c2
*l_ >DLSpectrometer
F1 4 X L F2

The resonance signatures vary with the changing angle of inci-
dence. The photonic band diagram of the PhC was obtained by
measuring its transmittance as a function of incidence angle
6. Figure 4d shows the measured band diagram with the inci-
dence angle from 6 = 0° to 10° over the wavelength range from
A=900 to 1300 nm.

2.3.2. Mid-IR Flexible PhC

In addition to high mechanical flexibility, another attractive fea-
ture of the materials is their low material loss in the mid-IR
wavelength range. The IL-SD method can be exploited to form
mid-IR flexible PhCs inexpensively. As an example, the periodic
microstructure was fabricated on a 180 um-thick flexible acetate
substrate that is transparent in the mid-IR wavelength range
from 4 to 5 um. Fourier transform infrared (FTIR) spectrometry
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Figure 4. Optical characterization of the Ag-doped As,S; PhC slab. a) Schematic of the near-IR transmission measurement setup, where F1 and F2
represent multimode optical fibers, and C1 and C2 are the collimation lens. b) Simulated and measured transmission spectra of the ChG-based PhC
with A,p =700 nm. c) Calculated near-field distributions within one period of the 2D grating at A, = 1100 nm. The E, and E, profiles are shown by the
top and bottom plots, respectively. d) Simulated and measured transmittance as a function of incidence angle.
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Figure 5. Characterization of the mid-IR flexible ChG PhC. a) Schematic of the mid-IR transmission measurement setup using an FTIR spectrometer.
b) Photography of the ChG PhC on a plastic substrate that is bent to the radius of curvature of 35 mm. c) Top view (left) and a cross-sectional view
(right) of the mid-IR ChG PhC that has the period, hole diameter, and film thickness of 3 um, 500 nm, and 300 nm, respectively. d) Measured transmis-

sion spectra of the ChG PhC before and after being bent.

(Figure 5a) was used to characterize the transmittance of the
mid-IR PhC slab formed on the acetate substrate (Figure 5b).
The SEM images in (Figure 5c) show the top and cross-sec-
tional views of the PhC with the period of A,p = 3 um and the
hole diameter of 800 nm fabricated on the acetate substrate.
When the angle of incidence was set to 0°, the PhC resonance
appeared in mid-IR with the resonance peak at 4650 nm as
shown by the black curve in Figure 5d. The flexible ChG PhC
can be bent to obtain a 35 mme-radius curvature (Figure 5b).
Due to the bending, the incident angle increased with regard
to the sample surface. The off-normal incidence resulted in two
resonances, which were split from the 4650 nm resonance for
the normal incidence case. The shift of Fano resonances as a
function of incidence angle agrees with the photonic band
diagram shown in Figure 4d.

2.4. Tuning the Optical Resonance of PhC through Size Control

Further, the IL-SD method can enable a flexible method to con-
trol the final size of the patterns formed in the ChG film, even
though the PDMS stamp contains fixed patterns. The rationale
is that the spatial distribution of Ag in the ChG film can be pre-
cisely controlled during the doping. The controlled Ag atoms
diffusions along both vertical and lateral directions allow us to
manage the distribution of Ag in the ChG film, thus tune the
final size of the ChG patterns after the development.

As a demonstration, the IL-SD process was applied to
transfer the 700 nm-period 2D grating pattern into a 100 nm-
thick As,S; film at four different UV exposure doses. Under the
UV power density of 80 uW mm™2, the vertical Ag doping in
the As,S; film completed after =200 s, which corresponded to
a vertical Ag diffusion rate of 0.5 nm s7%. Afterward, if the UV
exposure continues, the Ag ions mainly diffuse in the lateral
direction as illustrated in Figure 6a. As a result, excessive UV
exposure can be exploited to fine-tune the grating duty cycle.
Figure 6b shows the SEM images of the As,S; PhCs fabricated

Small 2020, 16, 2000472

2000472 (5 of 8)

with four different UV doses at 24, 36, 48, and 60 m] mm™.
The increase of the UV dose results in reducing the nano-
hole diameter from 300 to 50 nm. Based on the change of the
hole diameter, the lateral diffusion rate of 0.2 nm s~! was cal-
culated. The transmission spectra of the four nanohole arrays
with the hole diameters of 50, 180, 210, and 300 nm are plotted
in Figure 6¢,d. Both the RCWA simulation and measurement
results show that the Fano resonance characteristics of the PhC
slabs can be tuned with the final diameter of the nanohole.
With increasing hole diameter, the effective refractive index
of the PhC slab increases, and consequently, the resonance
wavelength shifted towards a longer wavelength. Also, as the
hole diameter was shrunk, the coupling efficiency between
the Fano resonance mode and free space propagation mode
reduced. As a result, the As,S; PhC with a smaller nanohole
exhibited a sharper resonance and the corresponding quality
factor increases from 54.5 to 524.4. It is worth noting that the
resonance feature of the PhC structure can be affected by other
geometric and material properties, such as the grating period,
ChG thickness, and substrate material. However, these prop-
erties are usually set during the design stage and cannot be
changed during a lithography or imprint process. In contrast,
the IL-SD method makes it possible to tune the PhC resonance.

3. Conclusion

This article reports a new nanolithography approach that inte-
grates the UV light-controlled Ag doping method with the
imprint lithography to pattern ChG films. The approach uses
the Ag-coated PDMS stamp to selectively transfer Ag into the
ChG film during UV exposure. The undoped ChG region can
be subsequently removed via wet etching. Using the approach,
we have fabricated variouslD and 2D gratings in As,S; film
with the feature size as small as 50 nm, and have demonstrated
that the patterned As,S;film can be used as an etching mask
to transfer the nanohole arrays from the patterned to the oxide

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Tuning the pattern size and the optical resonance of the As,S; PhC via controlled lateral diffusion of Ag. a) Schematic of the lateral diffusion
during the photodoping of Ag. b) SEM images of 2D nanohole arrays with the hole diameter ranging from 300 to 50 nm. These patterns are formed
based on a single PDMS stamp. Scale bars represent 500 nm. c) Simulated and d) measured transmission spectra of the obtained 2D nanohole arrays

shown in (b).

substrate using wet etching. There was no residue layer found
in the patterned region on the substrate and it is possible to
transfer the patterns into the substrate without an additional
etching process. Because ChG is generally stable in fluorine
plasma, the patterned ChG film is useful as an etching mask
for dry etching the substrate material underneath the ChG. We
have successfully employed the IL-SD method to develop As,S;-
based planar near-IR and flexible mid-IR PhC slabs that exhibit
strong Fano resonances. Furthermore, we demonstrated the
ability of the IL-SD process to modulate the spatial distribution
of Ag inside the ChG film, thus tune the final size of the pat-
terns in the ChG film, without using different PDMS stamps.

Besides the new ability to produce nanostructures in ChG
materials with low cost and high throughput over a large area,
the IL-SD approach represents a simple but effective residue-
free solution to nanoimprint lithography. This method pro-
vides not only a 50 nm minimum feature size in the As,S;
film but also surpasses many conventional nanoimprint lithog-
raphy techniques that leave a residue layer in the resist after
imprinting a UV-sensitive polymer or hot embossing ther-
moplastic polymer. Consequently, the formed As,S; patterns
can be transferred into the supporting substrate without any
additional etch-back process.

We envision that the IL-SD approach could also be adopted
by the existing nanoimprint lithography tools, such as Canon’s
S-FIL and EVG’s SmartNIL systems, by simply coating a thin
Ag layer on a template and using a ChG film as the solid-state
imprint resist."*? The use of a dedicated nanoimprint tool can
benefit the contact between the PDMS stamp and ChG samples
by reducing trapped air bubbles and other defects. We note that
the IL-SD approach has room for further improvement. For
example, the lateral diffusion of Ag ions needs to be a better
controller to enhance the pattern anisotropy. Also, while the
PDMS stamp can be reused, there is a need to deposit Ag again
on the surface of the stamp, which will increase the fabrication
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cost. The future work will be focused on testing various poten-
tial mold materials to realize selective Ag doping of ChG films
with high aspect ratios and exploring various ChG-based IR
optics for their applications in biochemical sensing and optical
communication.

4. Experimental Section

IL-SD Fabrication Process: The PDMS stamps used in this work
were produced by replicating silicon master wafers that carry the
negative profiles of the desired patterns. The silicon master wafers
were fabricated using electron-beam lithography or UV lithography
followed by reactive ion etching. The 10 nm-thick Ag layer was deposited
on the PDMS stamp using an electron beam evaporator (BJD-1800,
Temescal). The As,S; films were evaporated on the glass and plastic
substrates using the same evaporator. The thickness, refractive index,
and extinction coefficient of the coated As,S; film were measured using
an ellipsometer (alpha-SE, J.A. Woollam Co.). During the IL-SD process,
the PDMS stamp was carefully attached to and held against the ChG
film by its own gravity. To dope Ag, the PDMS-covered As,S; sample was
illuminated under the 365 nm UV light (P = 40 W, Dymax). When the
target exposure dose was reached, the PDMS stamp was removed and
the doped As,S; sample was dipped in a developer (MIF-300, Integrated
Micro Materials). The development time was controlled to dissolve the
undoped region while keeping the Ag-doped region.

Electromagnetic Simulation: The RCWA simulations were performed
using a commercial modeling tool (DiffractMOD, Synopsys). The
simulation domain included only one period of the 2D ChG structures
with the periodic boundary conditions to truncate the 2D grating at the
x-axis and y-axis (Figure 4a). The refractive index (n(4)) and extinction
coefficient (k(4)) of As,S; film were interpolated using the results
obtained from the ellipsometry measurement. The incidence of plane-
wave was linearly polarized along the x-axis. The transmission spectra
were calculated in the wavelength range of 900-1600 nm. At the
resonance wavelength, the electric field (E, and E,) distributions in the
simulation domain were calculated.

Near- and Mid-IR  Transmission ~Measurements: The near-IR
transmission measurements were carried out using a home-built
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setup. The setup used a fiber-coupled broadband light source (Luxtec
Fiberoptics) as the excitation. The excitation light was collimated using
a fiber tip collimator (F240SMA, Thorlabs). The ChG PhC sample under
test was mounted on a rotation stage. The transmitted light was coupled
into a collection fiber and analyzed using a near-IR spectrometer (EPP
2000, StellarNet). The reference spectrum was taken by measuring the
transmission of an un-patterned As,S; sample. The reference spectrum
was used to calculate the transmission coefficients. To investigate how
the transmittance changed versus 6, the sample transmission spectra
were recorded when the angle of incidence was tuned from 0° to 10°
with the increment of 0.5°. The photonic band diagram was generated
by plotting the sample transmission as a function of 6 using MATLAB.
The mid-IR transmission was characterized using an FTIR spectrometer
(FTS 7000 Digilab).
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from the author.
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