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ses and gratings of chalcogenide:
confined self-organization in solution processed
thin liquid films†

Priyanka Sachan, Radhakant Singh, Prabhat K. Dwivedi and Ashutosh Sharma*

This work demonstrates the fabrication of chalcogenide microstructures such as gratings, lenses and

needles using a lithographically directed, evaporative self-organization of chalcogenide thin liquid films

for the first time. Using a two-step annealing protocol, excess solvent of freshly coated ChG films is

eliminated and then the liquid films are patterned using elastomeric masters with continuous or

disconnected features during solvent evaporation. Although microcontact printing or capillary flow

lithography has been proven to be useful to create continuous gratings and waveguide like structures in

solid films, our method overcomes the limitation of structural continuity of the generated pattern and

uses self-organization of solute ChG within the master's confinement to produce isolated

microstructures. Fabrication of disjointed arrays of microlenses of various dimensions as well as conical

shaped needles in ChG thin films has been demonstrated for relevant optical IR applications. This

methodology establishes evaporative self-organization of ChG thin films as a viable alternative to

creating microstructures in bulk ChG with hot-embossing, bypassing the need for ultra high temperature

processing.
Introduction

Chalcogenide materials are of interest for mid infrared optical
technologies because of their ideal high refractive index,
nonlinear optical behavior, wide transmission window and
photorefractive behavior.1,2 However, due to unstable nature of
chalcogenides compared to oxides, their use in actual IR devices
has been limited so far.3 Out of the entire class of chalcogenide
glasses (ChG), selenides have widest transmission range (up to
�12.5 mm and higher) and their refractive indices are higher
than other ChGmaterials, whereas sulphides are easiest in term
of material processing, establishing their distinct advantages in
different applications.4 For optical applications such as thermal
imaging, various microstructures of ChG such as gratings, lens
arrays, waveguides etc. have been explored recently.5–7 Although
hot embossing or laser inscribing of these microstructures are
well established techniques for bulk ChG in order to demon-
strate the feasibility of these methods, patterning of thin lms
has received more interest recently since typical required
heights of these structures is only a fewmicrometers.7–11 Earlier,
these thin ChG lms were created with thermal evaporation
mostly, but now solution processed ChG lms are beginning to
ter for Nanosciences, Indian Institute of
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show signicant advantages on lms deposited thermally.1,2,12–22

It has been shown that various amine solvents dissolve ChG via
nucleophilic substitution of sulphide or selenide units with
amine groups and may prove to be ideal for creating thin lms
and structures for photonic, electronic or imaging applica-
tion.12,15,23 Physical, optical and structural properties of solution
processed (SP) ChG lms have been found to be at par with
thermally deposited lms if complimented with appropriate
annealing.14,15,24,25 Continuous structures such as gratings can
be fabricated on SP thin lms of ChG using standard litho-
graphic techniques such as microtransfer molding, micro-
molding in capillaries etc. using the ow properties of
liquids.10,26,27 One of the limitations of these methods is
requirement of continuous structures in order for liquid to be
able to ow into pattern cavities and decorate residual solute on
the substrate aer evaporation. For a thin lm coated on
substrate of choice, wetting in connement is a viable method
for creating nano/micro patterns of solute materials using a so
master, irrespective of pattern structures.28–30 In this work, we
use SP ChG thin lms to create isolated as well as connected
patterns using elastomeric stamps as a conning tool. Self-
organization of residual solute (ChG in this case) via dewet-
ting leads to formation of smooth patterns within the cavity of
original master. The resultant structures can be of the similar or
smaller lateral dimensions as the cavity dimensions, which can
be controlled by altering the solute concentration. Formation of
isolated 3-D structures such as lenses, needles has been
demonstrated using a two step annealing procedure (so bake
This journal is © The Royal Society of Chemistry 2018
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at low temperature then higher temperature annealing). For
demonstrating physical and structural purity of hence created
lenses, optical resolution is shown using visible light (which is
possible due to residual solvent content in the microlenses
before hard annealing). This work establishes connement
dewetting/wetting as a viable technique for patterning ChG thin
lms for imaging and sensing applications. Advantage of this
technique is also enhanced as processing temperature is
dropped drastically from previous fabrication works by utilizing
solution phase of ChG.31–34 For demonstrating the compatibility
and feasibility of this technique with different classes of mate-
rials, both selenide and sulphide glass have been tested in this
work. Evaporative self-organization of ChG thin solution pro-
cessed lms is a novel and yet simple method of creating
desired microstructures used in IR devices.
Experimental details

Chalcogenide solutions are prepared by dissolving As2S3 and
As2Se3 powder into ethylene-diamine (EDA) and ethanolamine
(ETA) solvents. Pieces of As2S3 (IG1, Vitron GmbH, 99.999%)
and As2Se3 (IG6, Vitron GmbH, 99.999%) from bulk are nely
grounded using clean ceramic mortar and pestle. Solutions of
IG1 and IG6 are prepared by mixing grounded glass into etha-
nolamine (SRL, purity > 99%) and ethylene-diamine (MERCK,
purity > 99%) in concentrations between 0.4 gml�1 to 0.6 gml�1

(As2Se3 in EDA and As2S3 in ETA). Solution is kept at 60 �C with
continuous stirring (Tarson Digital Spinot, at the rate of 900
rpm). The dissolution process completes in 12–18 hours and
clear yellow and crimson color solutions are observed for IG1
Fig. 1 Schematic representation of the ChG pattern formation via liquid
contact with viscous liquid ChG film (1 and 2), evaporation of solvent via
after cooling (4). Panel (5) shows the imaging system for testing the con

This journal is © The Royal Society of Chemistry 2018
and IG6 respectively. Viscosity of the prepared solutions
increases with the glass loading. The solutions are kept inside
a properly sealed and covered glass vial prior to lm preparation
to minimize solvent contamination and light exposure. Average
particle size of these solutions is analyzed using DLS measure-
ments (Backman Coulter, DELSA™ Nano C).

For preparing lms, solutions are spin coated on glass,
germanium or silicon wafers at spin speeds 1000 rpm to
3000 rpm for 15 seconds. Immediately aer spin coating,
samples are kept on a hot plate at 50 �C for 10 seconds for so
baking as the rst step of two stage annealing protocol. Elas-
tomeric stamps of PDMS (containing microchannels, micro-
cups or micropillars; details can be found in ESI†) are brought
in conformal contact with now viscous liquid ChG lms and
then kept on the hot plate again at 40 �C for 4 hours for the
second step of baking. Second annealing step removes all the
remaining solvent while solute, ChG is reorganized in micro-
domains depending on the shape and dimensions of conne-
ment afforded by the master. Characterization of hence
prepared thin lms and patterned lms are done using optical
microscope (Carl Zeiss, Axio Observer), FESEM (Zeiss, Supra 40
VP), optical prolometer (aep Technology, Nanomap) and AFM
(Agilent Technologies) for imaging. Thickness of lms is
measured using an ellipsometer (Nanolm, EP3) and prol-
ometer. For transmission/absorption measurements, FTIR
(PerkinElmer, USA) and UV-vis (Varian, Cary 50 Bio) spectro-
photometer are utilized. To demonstrate the transparency and
feature resolving ability of lens array prepared in this work,
a microscope/TEM grid arrangement is used. Visualization of
features on TEM grid resolved via ChGmicrolenses is done with
film confinement and self-organization: bringing the PDMS mould in
annealing to render the ChG domains solid (3) and removal of mould
verging capability of hence created microlens array.

RSC Adv., 2018, 8, 27946–27955 | 27947
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Fig. 2 FESEM images to show the morphology of films prepared from
concentrated solution of ChG (spin coated from 0.6% ETA–As2Se3
solution coated on glass at 2k rpm, �4 mm thickness) with different
processing conditions. (A), (B) and (C) are films containing defects due
to unoptimized film preparation parameters ((A) are crystal defects
formed on the surface of films by formation of As2O3 units due to
adsorption of oxygen molecules from air, (B) shows a film of large
roughness originating from rapid annealing at 140 �C, (C) shows the
cracks formed in an otherwise smooth film due to sudden quenching
of film temperature from 80 �C to room temperature). (D) showcases
a defect free, smooth ChG film, soft baked at 50 �C for 2 hours and
hard baked at 80 �C for 2 hours for residual solvent removal (mean
surface roughness # 2 nm as shown in the inset AFM profile). All scale
bars are 10 mm.
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microscope while contact angles of microlenses are measured
using live imaging in a goniometer (Kr}uss, DSA25). All experi-
ments are done with minimum light and moisture exposure to
keep ChG free of defects and moisture contaminations resulted
from water molecules absorption or photo induced structural
changes. Fig. 1 shows a schematic representation of patterning
process as well as the set up for testing the template
convergence/resolution of TEM grid patterns throughmicrolens
array generated via this method.

Results and discussions

ChG materials used in this work are As2Se3 and As2S3, both of
which have a wide range of transmission in mid IR spectra of
light. For demonstration of our fabrication technique, lms of
these ChG are coated on different substrates such as glass,
quartz, silicon wafer etc. Since this method is independent of
substrate properties to a large extent (only the lm coating step
is affected by surface energy of the substrate), it can be extended
to any substrate of choice which is compatible with the solvents
chosen in this work.

Solution preparation

Dissolution of chalcogenide As2Se3 in EDA takes upto 18 hours
while As2S3 in ETA takes upto 10 hours to complete. It is seen
that As2S3 has slow but complete dissolution in ETA solvent
upto 0.8 g ml�1 concentration. For concentration above 0.6 g
ml�1, the kinetics of dissolution needs to be enhanced by
heating the solution to 80 �C with agitation. Particle size anal-
ysis using a DLS system indicates that average particle size in
ChG solution is 160 � 14 nm aer 2 hours of agitation. At the
homogenous solution stage aer 10 hours of mixing, the solu-
tion is highly viscous and opaque hence particle size could not
be measured accurately. It is to be noted that the viscosity of
ChG–ETA and ChG–EDA solutions increase signicantly when
stored at room temperature for a few hours. This has been
previously observed and explained by chelation of amine bonds
that are present in solvent molecules into As2S3 and As2Se3 glass
units which increases consistently upon storing. Once the
chelation has saturated, the solution reaches equilibrium state
and maintains its stability.30 It is also observed that although
the dissolution of ChG increases signicantly at higher
temperatures, the extent of solution contamination due to
moisture and oxygen assimilation also increases. Hence the
best solution preparation temperature is at 80 �C, with contin-
uous stirring. More detailed solution chemistry is given in ESI.†

Film preparation

Solutions of ChG in EDA and ETA are ltered through 0.2 mm
syringe lter and dispensed on substrates for spin coating.
Films prepared at different rpm are found to have different
thickness. The smallest lm thickness (0.4% As2Se3 in EDA
coated at 3000 rpm, annealed at 50 �C for 2 hour then 80 �C for 2
hours) is�900 nmwhile thickest lm (0.6% As2S3 in ETA coated
at 1000 rpm, annealed at 50 �C for 2 hour then 80 �C for 2 hours)
is of thickness �7–8 mm (measured by scratch test with
27948 | RSC Adv., 2018, 8, 27946–27955
a prolometer). Since the amine solvents have extremely low
vapor pressures compared to other commonly used organic
solvents for lm preparations such as toluene, DMF etc. (VPETA –
0.064 kPa, VPEDA – 1.3 kPa at room temperature), these lms
contain a large amount of solvent immediately aer spin
coating. If these lms are le at room temperature for solvent
evaporation, their surface tension causes the lm to retract on
substrate surface and thus uneven, rippled and wavy
morphology of lm (shown in inset of Fig. 3). Thus solvent
processed (SP) ChG lms have to be annealed appropriately to
maintain a smooth and defect free surface. Annealing temper-
ature tested for these lms are from 50 �C to 90 �C for 2 hours. It
is observed that lms annealed at higher temperatures contain
more oxygen incorporation induced defects (such as triangular
and pyramid shape crystals dotted on the lm surface). Trian-
gular crystals of similar kind are reported in a previous study,
explained by formation of As2O3 units from As2S3 units in
ChG.15 Occurrence of these crystals is reduced by decreasing the
annealing temperature, however this results in residual solvent
units in lm as amine bonds are chelated strongly into amor-
phous ChG molecules.13,15,18 Fig. 2 shows the morphology of
a few ChG lms with different annealing conditions to show the
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Transmission of �7 mm As2S3 films in UV spectrum, showing
that transmission of hence prepared films decline with annealing
temperature (60 �C, 90 �C and 120 �C for 4 hours each), which can be
explained by removal of transparency associated with residual solvent
molecules. Cut off of transmission occurs at �440 nm, indicating that
for red light source, films are somewhat transparent. Insets show
a smooth, defect free film [1], a wavy, undulated film [2] and FTIR of film
[3].
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defects in high temperature annealed lms and relative
improvement of surface morphology upon decreasing the
annealing temperature. Residual solvents in these lms can be
eliminated by a short, hard baking step at 90 �C. It has been
established that further annealing at 170 �C for a few hours
ensures re-polymerization of ChG and thus lms with structural
properties similar to that of bulk ChG glass can be ach-
ieved.13–15,35 It is observed that lms annealed at 50 �C for two
hours followed by annealing at 80 �C for another two hours
result in most defect free lms (mean surface roughness # 2
nm) which can later be reinforced structurally by a hard baking
step at 170 �C for 2 hours. Two subsequent annealing steps
ensure removal of solvent slowly without causing defects at rst
and then re-bonding of the ChG molecules so that the lms
regains structural properties similar to bulk glass.

UV-vis and FTIR transmission spectra of these lms have
been recorded in Fig. 3 to estimate the efficacy of lms prepa-
ration by this method. Since the substrate of choice is glass,
transmission is cut off at �3 mm wavelength. UV-vis spectra of
a �7 mm As2S3 lm prepared at three different annealing
temperatures are compared for transmission (so annealing at
60 �C for 2 hours then, 60 �C, 90 �C and 120 �C for 4 hours each).
It is observed that cut off of transmission for visible light occurs
at �450 nm, also indicating high transparency for larger visible
wavelengths. FTIR spectrum of these lms show some charac-
teristic solvent peaks for C–H and N–H bonds, conrming the
requirement of hard baking step of annealing at 170 �C for 2
hours at a later stage.15 Inset of Fig. 3 also shows two images of
a smooth defect free As2S3 lm (60 �C and 80 �C annealing [1])
as well as a wavy, rippled lm (with self assembled undulations
formed at room temperature annealing, in [2]). Inset [3] of Fig. 3
is FTIR spectrum of the same lm prepared on Ge substrate
(which is transparent in the entire mid IR wavelength), showing
>50% transmission in the entire IR range. It is to be noted that
optical and structural properties of ChG microstructures can
This journal is © The Royal Society of Chemistry 2018
further be enhanced by applying suitable annealing post
patterning and the protocol can be found elsewhere.12,15,18
Patterning of ChG lms within connements

Following the 2 hours 50 �C so baking and 80 �C hard baking
steps, defect free lms are created with thickness of the order of
�5–9 mm. Tg of As2S3 and As2Se3 are of the order �160 �C while
the solvent amines evaporate upto processing temperature
120 �C. It is evident during so annealing step that the solvent
(especially ETA, boiling point 170 �C) still persists in ChG lms
to a large extent for a long time. It has been established that
upon evaporation of solvent, non-volatile solute domains self-
assemble in a disordered manner over the substrate.36–39 Evap-
orative self-organization of non-volatile components has been
tested as an easy approach to form micro/nano domains in
a dened order.30,39 Taking advantage of part solvent present in
the freshly coated ChG lms, same strategy can be used to
conne and organize ChG units in a pre-patterned order.
Concentration of solute determines the size and shape of these
domains, as the other control parameters such as pattern
dimensions, processing temperature, molecular weight of
solute, substrate etc. have been kept constant. Connement to
liquid ChG lms is provided by using elastomeric PDMS
masters. Patterns on these masters can be continuous such as
channels, waveguides etc. or isolated such as microlens and
pillar arrays. Efficacy of using lithographic connement for
pattern generation is demonstrated in two separate sections for
these two types of geometries.
Gratings

PDMS moulds containing 40 mm high gratings are used for
creating patterns in ChG thin lms. Freshly coated lms are
kept for so baking at 40 �C for 5 minutes. Majority of residual
solvent is removed during this period which can be observed by
a slight darkening in lm color as well. At this stage, PDMS
mould is brought into contact with lms containing minimal
amount of solvent (and hence a highly concentrated binary
system of ChG and solvent). This leads to re-arrangement of
concentrated ChG solution within connement of PDMS
channels. So annealing at 50 �C is continued for 2 hours fol-
lowed by hard annealing at 80 �C for an hour. PDMS mould is
removed leaving non-volatile ChG in connements of channels
in a smooth, continuous fashion. FESEM images of hence
prepared gratings of As2Se3 (channel width 40 mm, length 3 mm
and height 35 mm) are shown in Fig. 4, as well as the prole of
gratings in [A] that shows an average surface roughness to be
less than 2 nm. Reowing of the hence prepared gratings can be
done by standard heating procedure above Tg method (at 220 �C
for 4 hours in vacuum). This results into owing of sharp edges
into rounder shape if required. Reowing of glassy ChG also
decreases the surface roughness of these structures further.
Dimensions of lateral connement are exible and patterns
with micro to nano dimensions can be created using appro-
priate moulds. Depending upon the solute concentration, an
under-layer of ChGmay be le if mould cavities have been lled
RSC Adv., 2018, 8, 27946–27955 | 27949
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Fig. 4 FESEM images of gratings of As2Se3 (channel width 40 mm,
length 3mm and height 35 mm) before reflow (A), after reflow at 220 �C
for 4 hours in vacuum (B). Scale bars are 50 mm. Profile of gratings in (A)
and a 3-D rendering is shown in (C).

Fig. 5 FESEM images of some As2Se3 microlenses generated at
different process parameters (mould diameter 100 mm and height 50
mm). Microstructures generated by dewetting within mould confine-
ment (A), rims formed by coffee staining (B), fractured and rough top of
microlens upon early mould detachment (C) and shallow microlens
with low aspect ratios (D). Scale bars are 50 mm.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

ug
us

t 2
01

8.
 D

ow
nl

oa
de

d 
on

 1
2/

5/
20

25
 1

1:
31

:0
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and excess solute is le (similar to formation of a residual
under-layer in imprint lithography).

It is clear while optimizing patterning parameters, that it is
crucial to perform the rst so baking step. If excess solvent is
trapped within mould, it leads to bubbling during evaporation
and hence coarse microstructures are resulted. So the mould is
brought into contact with the viscous lm at 5 minutes into the
2 hour long so baking procedure.
Microlenses and isolated microstructures

PDMS moulds containing 400/100 mm diameter depressions of
depth 50 mm are used for creating a microlens array in ChG thin
lms. Freshly coated lms are kept for so baking at 50 �C for 5
minutes, followed by placement of PDMS mould for 2 hours
more which is then removed and formed patterns are further
annealed at 80 �C for 2 hours. Depending upon the process
parameters, quality of microstructures created is altered. A few
morphologies of such lm structures are reported in Fig. 5. If
the ChG lm is too thin (thickness of the order of <1 mm), it
dewets on the substrate due to the inherent instability of thin
lm systems, compounded by liquid state of lms.40–44 This
results into a smooth spherical ChG formation at the centre of
the cavity of conning mould Fig. 5(A).45–47 When the lm
thickness is small compared to the mould height, rim like
structures are formed within the cavity, owing to the coffee
staining effect Fig. 5(B).39 When the mould height is smaller
than the lm thickness, an under layer of solute is le. If the
mould is removed quickly while the lm is in liquid state, some
of the solute may adhere to the mould, resulting into fractured
top of otherwise smooth structures Fig. 5(C). With insufficient
solute concentration, the lateral pinning of edges leads to
formation of shallow structures. In Fig. 5(D), a �5 mm thickness
27950 | RSC Adv., 2018, 8, 27946–27955
lm when conned within a 50 mm depth cavity forms
a microlens of diameter and height �18 mm. All of these
demonstrate some of the probable outcomes of different
process parameters, establishing the need for optimization of
effective patterning.

Array of microlenses of 400 mm diameter and 50 mm height
(SAG) are created using optimized process parameters. Films of
thickness �11 mm are so baked for 5 minutes at 50 �C so that
only a small fraction of solvent is contained. PDMS moulds of
microlens cavities array with above mentioned dimensions are
placed on top of viscous liquid ChG lms then annealed for 2
hours at 50 �C and 80 �C subsequently. Aer removal of moulds,
patterns are kept at elevated temperature (120 �C) for one hour.
Microlens array (of plano-convex lenses) of square lattice
arrangement is fabricated on glass substrate. Fig. 6 shows
optical image of one such array (A), magnied FESEM image of
microlenses (B), a goniometric image showing the contact angle
of �34� of one such lens (D), and a transverse tilted view of the
same lens array in (C) and (E). Surface of these microlenses are
exceptionally smooth, due to the self-organized nature of these
structures.

Prolometry of these arrays is performed and shown in
Fig. 7. Top view spanning an area of 1.5 mm � 1.5 mm is
scanned. Line prole drawn in the image shows off lateral
diameter of �300 mm and lens height �50 mm. 3-D rendering of
this array is shown in the inset. Prolometer image also
conrms the nding in Fig. 6 that the individual structure
topography is smooth and defect free. Surface roughness of
these microlenses is ultralow (#2 nm), establishing the viability
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Optical and FESEM images of some As2S3 microlens arrays
generated with mould diameter 400 mm and height 50 mm. (A) is a top
view of the array imaged with a microscope, (B), (C) and (E) are FESEM
images of the same at different magnifications and orientations,
showing the smoothness of created lenses and profile at an angle.
Scale bar in (E) is 400 mm. (D) is a contact angle goniometer image of
one such lens taken from the front, indicating a contact angle of �34�.

Fig. 7 Contact profilometer images of As2S3 microlens arrays gener-
ated with mould diameter 300 mm and height 50 mm. Top view and 3-
D view of this array indicates the smooth surfaces formed with self-
organization. Line profile of this array shows the height of created
lenses to be �50 mm and �300 mm lateral diameter, replicating the
original mould dimensions.
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of this fabrication methodology in creating useful optically
useful structures.

Geometrical and optical properties of microlens arrays
(MLAs) of ChG are compiled in Table 1. For geometrical focal
length calculations, lens formulae for plano-convex lens are
used.48,49 Experimental calculations are based on distances of
different focal planes (of object from lens plane, u and of
converged/magnied image from lens plane, v) as measured by
a microscope. Lens aperture and dimensions can easily be
tailored using the mould dimensions and lm thickness.
This journal is © The Royal Society of Chemistry 2018
Quality assessment of ChG microlens array with optical
imaging

Microlens arrays (MLA) of ChG fabricated using this method are
tested for optical applications in visible spectral range. As the
application for which these structures are created is in IR range,
it would be judicious to characterize them with IR light but due
to unavailability of required experimental set-up, an exploratory
testing is performed using visible light. Due to the plano-convex
geometry of lenses produced, the array exhibits a converging
capacity. It has been already established that ChG lms and
structures thus created have enough transmission in UV region
because of the residual solvent (cut off at 450 nm wavelength,
shown in Fig. 3), imaging of a target under white light is
a possible route to test the converging capacity of these lenses.
For IR optical applications, these MLAs can be annealed at
temperatures above 180 �C for 2 hours in vacuum for structural
reinforcement of ChG units to ensure complete solvent removal
and sufficient IR transparency. As optical detector, Leica
microscope with 5� and 10�magnication is used. The objects
to be imaged are a TEM grid (of 100 mm aperture) and a display
LED array. Schematic illustration of optical set up is shown in
Fig. 1.50–53 Rows A and B of Fig. 8 are different focal planes
imaged with low and highmagnication, respectively. Fig. 8(A1)
is the LED display to be imaged by MLA, showing green, red and
blue light LEDs. When the focus is adjusted to the MLA surface,
a 3 � 3 array of ChG microlenses (As2S3 microlenses, diameter
�300 mm and height �50 mm) becomes visible in Fig. 8(A2).
When the focus is further shied to the MLA's focal plane,
a projection of LED display in Fig. 8(A1) through the converging
MLA in Fig. 8(A2) is seen in Fig. 8(A3). As can be seen, all the
individual lenses are projecting and resolving the LED display at
the same focal plane, conrming the uniformity and clarity of
microlenses generated. Row B shows a single lens of this array
resolving and converging a hexagonal TEM grid of opening 100
mm. Fig. 8(B1) is the focal plane where the TEM grid is visible,
Fig. 8(B2) is the plane where the ChG lens is kept, then
Fig. 8(B3) shows the de-magnied TEM grid as seen through the
ChG lens. Scale bars in Fig. 8(A2) and (B2) are 300 mm. In
Fig. 8(A1) and (B1), defocus lens impressions are visible at the
same locations where the microlenses can be seen aer
focusing in Fig. 8(A2) and (B2). This establishes the clarity and
structural/physical integrity of ChG lms and structures
prepared in this work. For IR uses, samples need to be hard
baked further for complete solvent removal and re-
polymerization of ChG.

Similar to the microlenses, other discrete, isolated structures
can also be created using the self-organization. One such array
of needle like structures is also demonstrated using pillar shape
connement. PDMS mould used for creating these geometries
contain pillar like holes with 20 mm diameter and �40 mm
height. When a �11 mm ChG lm is provided lithographical
connement with this mould, smooth high aspect ratio
microstructures, such as microcones array is created. As can be
seen by high magnication FESEM image in the inset of Fig. 9,
hence created structures are free of surface defects and rough-
ness due to self-organized nature of the process. Thus, it is
RSC Adv., 2018, 8, 27946–27955 | 27951
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Table 1 Geometrical and optical properties of lenses fabricated using evaporative self-organization in lithographic confinement in visible
spectrum

Diameter (mm) Height (mm) CA (�)
Calculated focal
length (mm)

Measured focal
length (mm)

Calculated numerical
aperture

100 � 2.9 50 � 0.9 — 31.3 � 1.4 — 1.6 � 0.004
200 � 5.4 50 � 1.6 — 78.1 � 0.9 — 1.28 � 0.003
300 � 4.9 50 � 2.1 43 156.3 � 2.3 181.3 � 2.3 0.96 � 0.002
400 � 6.4 50 � 1.9 34 265.6 � 4.7 314.4 � 3.8 0.76 � 0.003
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possible to fabricate smooth 3-D structures of various geome-
tries using evaporative self-assembly and lithographic conne-
ment of ChG lms containing residual solvent aer so
annealing step.

One of the additional advantages of using low temperature
self-organization is in the form of freedom of choosing
a substrate. For lm preparation, a uniform, clean substrate is
the only requirement. Thus, all conventional substrates that are
optically suitable are open for this fabrication process. For proof
of concept, we have successfully created microlens arrays of
ChG on Borosilicate glass, ChG glass slab, Ge/Si wafers and
quartz.

Although this methodology is inspired from both thin lm
dewetting in connement as well as hot embossing, there are
fundamental differences. In a conned thin lm dewetting, lm
thickness are in nanometer range as instability is primarily
observed in lms where intermolecular forces are of
Fig. 8 Demonstrating the optical characteristics of a microlens array (MLA
show the three different planes of focus, target object plane, MLA plane a
focused by the MLA. (B1)–(B3) are the same three planes for a single le
converged image of the TEM grid.

27952 | RSC Adv., 2018, 8, 27946–27955
signicance.46,54,55 For these forces to make an impact on the
lm morphology, lm thickness has to be small enough that
stabilizing gravitational force fails to keep the lm intact. In
contrast, as our feature sizes are in micrometer to millimeter
range, our lm thickness is also in micrometer scale. Hot
embossing and nano imprint lithography of a pattern master is
done on single phase material by stamping it aer soening it
beyond its soening temperature.32,56 Our methodology uses
two phase lms which contain a large amount of solvent hence
reducing the process temperature. When hot embossing is
performed on pure chalcogenide lms/blocks, stamping
temperature is >220 �C as ChG is thermally stable.8,10,33 However
in a solution phase, when mixed with an organic solvent, the
mixed phase ChG lms retain their soness and hence self-
organization is feasible at even lower temperature. For solvent
eliminations, heating is only required to facilitate solvent
evaporation (process temperature < 200 �C).
) consisting of�300 mmdiameter and�50 mmheight lenses. (A1)–(A3)
nd MLA's focal plane. (A3) shows the converged target object in (A1) as
ns, showing a magnified target (hexagonal TEM grid), microlens and

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 FESEM images of 3-D microcones array consisting of �20 mm
wide microcones. Inset is showing one such microcone magnified to
establish the high surface smoothness. Background roughness of
underlayer is caused by evaporation of trapped residual solvent while
confined under the mould. Scale bar is 50 mm.
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Conclusions

This work demonstrates the lithographic connement of
micron thickness liquid ChG lms as a fabrication method to
create various continuous or isolated microstructures with
minimal surface roughness (#2 nm) for the rst time. Amine
solution processed ChG lms have residual solvent molecules
in glass matrix, hence retaining the liquid nature of the lms. In
order to create defect free ChG glass lms, a two step annealing
process has been optimized. Taking advantage of the liquid
state of the freshly prepared lms, a lithographically conned
self-organization is explored for fabricating micro patterns that
are optically useful. Performing so annealing step immedi-
ately aer coating the lm for a fewminutes eliminates majority
of the solvent, which results into ChG lms in viscous liquid
state with residual solvent. At this stage, PDMS moulds con-
taining gratings and microlens arrays are brought into
conformal contact of these lms. Upon hard baking, residual
solvent is evaporated, leaving behind solid, smooth micro-
patterns of ChG which are self-organized within the cavities of
PDMS mould. Imaging capability of these microlens arrays are
demonstrated using a projection template and focal length of
these lenses are calculated via geometrical calculations as well
as experimental measurements of object and image distances
from lens plane. This work demonstrates applying lithographic
connement to liquid ChG lms as a diverse fabrication tech-
nique applicable on different ChG materials. We are able to
create optical microstructures in thin lms, thus simplifying
the process requirements from a bulk hot embossing protocol
which is the standard in ChG patterning so far. Liquid state self-
organization of ChG in a two step process is shown to be
a competent, simple, efficient and improved method of forming
glassy microstructures on a choice of substrate.
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