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ABSTRACT: The ability to use chalcogenide glass thin films
as photoresists for one-step maskless grayscale lithographic
patterning is demonstrated. It is shown that the chalcogenide
photoresists can be used to fabricate grayscale patterns with
smooth and continuous profiles such as arrays of cylindrical
and spherical microlenses, which are useful as optical
structures for IR applications. The etching and exposure
parameters are optimized to obtain smooth reproducible lens
arrays of 150 μm periodicity and up to ∼170 nm height on
large areas (∼1 cm2). The roughness is found to increase as a
function of the exposure dose and is attributed to the selective
dissolution of the As−Se, As−As, and Se−Se bonds present in
the nanodistributed phases and the presence of the oxide phase. Thus, a minimum exposure dose produces optimally patterned
lens arrays. The focal length calculated for the smooth microlens array is ∼9.3 mm, indicating the suitability of the lens arrays for
focusing applications in the IR region.
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1. INTRODUCTION

Chalcogenide glasses have become promising materials for a
variety of infrared optics (IR) applications based on the
photoinduced effects that these materials exhibit.1−5 One of the
most interesting of these properties is the change in the
chemical resistance to various solvents on exposure to light of
appropriate wavelength and intensity.6,7 This property allows
the use of these materials as inorganic photoresists in
photolithography. Chalcogenide photoresists have several
advantages over polymer-based organic photoresists because
of their smaller fundamental structural units and strong
covalent bonds that makes lithographic patterning of small
and robust 3D features possible.8,9 Deposition of chalcogenide
glasses over large homogeneous areas with a low concentration
of chemical inhomogeneities is also achievable by techniques
such as thermal evaporation and sputtering.10 It is also
important to note that the pre-baking and post-baking steps
of polymer photoresist-based lithography are also eliminated.
Photoresist properties together with high transmission in the IR
region are advantageous for creating microlens arrays and
optical gratings for application in medical tomography, optical
communication, CCD cameras, and microimaging sys-
tems.10−12 These periodic lens arrays also have a reduced
depth of focus as compared to a single lens and can thus reduce
device size when employed in micro-optical devices.13

However, the widespread use of these structures requires a
reliable and high-resolution fabrication technique to reprodu-
cibly construct high quality defect-free 3D structures. The main
techniques for fabricating microlens arrays are based on
chalcogenide photoresists such as As2S3, As2Se3, Ge10Se50As40,

and As10S60Ge30.
1,14−16 They have been used as negative or

positive type inorganic photoresists based on the specific
solvent used as the developer.8 However, for fabrication of truly
curved and optically smooth structures such as lenses, the
conventional planar or 2D techniques of lithography are not
suitable. Thus, fabrication of microlens arrays in these materials
requires novel adaptations of lithographic techniques.
Eisenberg and co-workers have developed various litho-

graphic techniques for the fabrication of 3D structures in
chalcogenide photoresists such as proximity lithography,
grayscale mask lithography, and thermal reflow.15−18 In the
proximity method, one major limitation inherent to the
technique is the low fill factor of the microlens due to the
lateral spreading of the light. In the thermal reflow method,
fabricated microlenses are required to be transferred on a
suitable substrate by using anisotropic etching. However, many
parameters have to be optimized in anisotropic etching to get
the desired pattern. Halftone or continuous tone grayscale
mask lithography used by Eisenberg et al.19 involves the use of a
physical grayscale mask having a light transmission gradient,
which is usually fabricated by expensive techniques. This mask
is then used in the contact mode to directly fabricate a designed
shape in chalcogenide photoresists. Other techniques used to
create optical elements using chalcogenides include soft
lithography,20 holographic techniques,21 and interference
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photolithography,22,23 etc., which involve multiple or compli-
cated steps or expensive equipments.
Recently, Kovalskiy et al.14 have used high-energy beam-

sensitive (HEBS) blank glass masks created by e-beam
lithography for fabrication of the lens arrays. They used these
masks along with a mask aligner to expose thermally deposited
As−S thin films followed by wet and dry negative etching
processes. It was found that surface roughness of the dry etched
fabricated structures is undesirably high. The fabrication of the
HEBS mask and exposure by e-beam are time-consuming
processes, especially for thicker films. As compared to e-beam
or other serial writing techniques, a parallel technique where
the entire substrate is exposed at once is more advantageous.
We have previously demonstrated a grayscale maskless

lithographic technique for the fabrication of 3D structures in
a SU-8 photoresist in a single lithographic step.24 We
demonstrate here the application of grayscale maskless
lithography to a chalcogenide photoresist for the facile
fabrication of 3D microlens arrays in a single lithographic
step. Here, the light intensity incident on the photoresist is
scaled by a grayscale value that ranges from 0 (black) to 255
(white) on a digital image file. This grayscale value is translated
into variation in light intensity incident on a photoresist
through a digital micromirror device (DMD) consisting of an
array of micromirrors that can be rapidly reconfigured by
software and can pattern over an area of ∼1 cm2.24 An
intermediate exposure intensity in proportion to the grayscale
value is obtained by controlling the ratio of the time a
micromirror reflects UV light onto the photoresist to the total
time of exposure. The x−y patterning is achieved by creating
computer generated images with regions varying in grayscale
value. We thus demonstrate patterning of chalcogenide
photoresists thin films in a single lithographic step by using
the grayscale capabilities of the maskless exposure system.
Further, we explore the mechanism responsible for the creation
of roughness and optimize the lithographic parameters such as
the developer, developing time, and exposure dose to obtain
relatively smooth and truly curved reproducible periodic
structures such as convex and concave microlens arrays in a
single lithographic step.

2. EXPERIMENTAL PROCEDURE
Amorphous thin films of As40Se60 with various thicknesses (∼0.2−2.0
μm) were prepared from commercially available bulk chalcogenide
glasses obtained from VITRON GmbH, Germany. Films were
prepared by thermal evaporation (HHV, India, model 12A4D-T)
onto rotating substrates at room temperature. Precleaned microscopic
glass slides (RivieraTM, India) and silicon wafers (Wafer World, Inc.,
U.S.A.) were used as substrates. The glass slides and Si wafers were cut
into approximately 1 in. × 1 in. squares prior to deposition. The
deposition rate of the films in a vacuum of 2 × 10−6 Torr was
controlled to ∼10 nm/s. The substrate holder was rotated at frequency
∼3 Hz during the deposition to produce uniform films of 2 μm
thickness. The films were annealed for 2 h at 150 °C for stabilizing the
films prior to conducting exposure experiments.
The field emission scanning electron microscope (Carl Zeiss, Supra

40 VP) and attached energy dispersive X-ray analyzer (Oxford, U.K.;
spatial resolution 0.5 μm radius) were used to confirm the
homogeneity of surface topography and the chemical composition
on different spots of the films. The data over six points were averaged
for surface composition across the film. Confocal Raman spectroscopy
(Witec) was used to observe the chemical homogeneity across the
depth of the films. The amorphous nature of the films was checked by
means of the X-ray diffraction measurements (PAN alytical, The
Netherlands). All the samples were stored in complete darkness and in

a clean and moisture-free, glovebox (VAC, U.S.A.) environment to
prevent them from possible oxidation and/or exposure. The annealed
chalcogenide samples were cleaned with nitrogen blowing and were
heated to 50 °C to remove adsorbed moisture prior to exposure. The
UV irradiation of the films was done in clean room environment
(Class 100) by mercury lamp (power density ∼15 mW/cm2) attached
to a maskless lithography system (SF-100 from Intelligent Micro
patterning LLC, St. Petersburg, FL). The grayscale software mask was
designed in Microsoft bitmap software. The power density of the
mercury lamp was measured with a UV power meter (model 306,
OAI, U.S.A.). The exposure setup was calibrated such that each pixel
in the electronic file corresponded to an area of 15 μm2 on the
photoresist substrate. The exposure light intensity is given by the RGB
(red, green, and blue) code of the color used to fill a specific pattern. A
reproducible grayscale was implemented by setting the red, green, and
blue all to the same value between 0 and 255 (0 for black and 255 for
white). The grayscale software mask was prepared by varying the value
between 0 and 255 in order to obtain the curve shaped structure.
Exposure time used for the samples was varied from 900 to 3600 s
with lamp power density measured at 15 mW/cm2 for blank white
light. The dose delivered to each 15 μm2 area of the sample is a
function of the grayscale RGB value of the corresponding pixel and
exposure time. Lens arrays of more than 4000 lenses over an area of 1
cm2 could be exposed on the As2Se3 thin film.

Exposed films were developed in different amine-based developers
ethanolamine, butylamine, and propylamine (Fisher Scientific, India)
in a glass beaker for up to 3 min with constant agitation. After
development, the samples were rinsed in IPA (isopropyl alcohol,
Fisher Scientific, India) and dried using a nitrogen gun. For dissolution
kinetics, the difference in height between the exposed and unexposed
region was plotted as etch depth. All samples were analyzed using both
an optical microscope (Leica, DM 2500 M) and field emission
scanning electron microscope (FESEM). Surface profiling of the
fabricated lens structure was carried out using an optical profiling
system (NanoMap-D, Aep Technlogy, U.S.A.) and the thicknesses of
the developed films were characterized using an atomic force
microscope (AFM) from Agilent PICOSPM II.

3. RESULTS AND DISCUSSION

3.1. Characterization of As-Deposited and Annealed
Films. The chemical composition and distribution of phases in
the as-deposited and annealed films were characterized before
subjecting to lithographic treatment. This can serve as the
reference to understand the effect of grayscale exposure on the
chemical properties of the As2Se3 films. The chemical
composition of the as-deposited films was analyzed by EDAX
(energy dispersive X-ray analysis) measurements at different
points on the surface of the film. The data averaged across six
points showed an over stoichiometric amount of As (41.4 at %
in film as compared to bulk 40 at %) and substoichiometric
amount of Se (films: Se 58.2 at %, bulk 60 at %) possibly due to
the higher volatility of selenium as compared to the arsenic.25 A
negligible amount of oxygen was observed on the surface by
EDAX. The chemical nature of the films was previously
analyzed by us using Raman spectra measurements.26 The As−
As, Se−Se, and As−Se bond peaks and peaks arising from Se
rings, etc. were confirmed. In addition, we have also found that
the peaks observed using confocal Raman spectroscopy at
different depths of a single film appear to be constant indicating
chemical homogeneity across the depth of the 2 μm thick film.
Furthermore, the amorphous nature of the annealed films was
also confirmed by the absence of sharp peaks in the XRD graph
(results not shown).

3.2. Grayscale Lithographic Scheme. Chalcogenide thin
films undergo photostructural changes when exposed to UV
light. Exposed areas of the films are selectively protected from
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the etchant in proportion to the irradiation dose as is the case
with all negative photoresists. Grayscale lithography is based on
the fact that not only the exposure time but the light intensity
also affects the selective protection. Figure 1 shows a scheme of

the grayscale lithography for the patterning of convex spherical
lens arrays in chalcogenide glasses. The first step is the
designing of a suitable digital mask for lenses. Considering the
process for a negative photoresist, thicker regions are created by
having corresponding regions in the digital mask that transmit
more light, and thinner regions are created by having regions
that transmit less light in the mask. This graded exposure causes
photoinduced changes that affect the structure and ordering of
the chalcogenide film.27 The desired micropattern is obtained
by developing with a suitable selective solvent.
Another effect of the exposure of chalcogenides to light is the

photo expansion effect, i.e., the increase in dimensions on
exposure to light. Various researchers have encountered this
phenomenon. Tanaka et al.28 found a photo expansion of an
∼5% increase in the As2S3 flake of thickness 50 μm by
irradiating with a 632.82 nm He−Ne laser and focusing a 2.0
eV light of 103 W/cm2 intensity. Bishop and co-workers29 have
also reported a photo expansion as high as 10% of the irradiated
volume using 514 nm light (photo energy = 2.41 eV) from an
Argon iron laser. Photo expansion in these disks of As2S3
depends on the source and intensity used for irradiation. In our
case, a lamp (i line 365 nm, g line 436 nm) having maximum 15
mW/cm2 power density was used for exposure with a grayscale
mask to minimize the photoexpansion effect. To verify this, we
exposed one part of the annealed film using a UV light source
for the maximum time (3600 s) and covered other part with
Teflon to avoid exposure. After exposure, we measured the
height difference between two regions (exposed and
unexposed) using an optical profilometer. The height difference
between two regions was found to be of negligible magnitude.
Thus, under the exposure conditions employed in all the
experiments, a negligible photo expansion is to be expected.
3.3. Grayscale Lithography: Effects of Developing

Solution and Developing Time. A suitable developer can be
chosen based on many criteria such as safety of use, defect-free
etching, selectivity, etc. However, for grayscale lithography, a
sensitive developer is required to proportionally etch regions
exposed with closely varying grayscale intensity values. A
greater range of profile heights can thus be patterned. The
sensitivity of a developer is characterized by the ratio of the
rates of etching of exposed and unexposed areas. Furthermore,
if a developer with fast dissolution kinetics is used, then the
etch profile is not determined by the developing parameters.

Instead, it is predominantly a function of the exposure intensity
or the grayscale value at a region alone.
To find an optimal developer for grayscale lithography, we

considered three primary amines: ethanolamine, propylamine,
and butylamine. Manevich et al.18 and Bryce et al.10 have
already reported amines as a good negative etchants for As2Se3.
The mechanism of selective etching of exposed and unexposed
regions is due to the differential etching of homopolar and
heteropolar bonds in the As2Se3 films. Regions exposed to UV
have been found to have a higher concentration of heteropolar
bonds of the As−Se type that are more resistant to etching by
amine developers. Hence, amine developers with As2Se3 films
create the negative photoresist combination.30,31 To understand
the dissolution kinetics of the three developers, we exposed
annealed As2Se3 films to white exposure for 1800 s and
developed each of the samples in a different developer solution.
The etch depth was measured by optical profilometry at regular
intervals as shown in Figure 2. From the graph, it is apparent

that after 3 min, the saturation etch depth is reached for the
case of ethanol amine, while the etch depth in the case of butyl
and propyl amine shows a linearly increasing trend. Thus, in the
case of ethanol amine, we can expect the saturation depth at
each grayscale value to be reached within 3 min and not vary as
a function of the developing time. On the other hand, in the
case of propyl and butyl amine, it takes a longer time for
saturation depth to be reached, and hence, the etch profile
depends on the developing time as well as grayscale intensity of
exposure.
This difference in dissolution kinetics across the different

primary amines is due to the difference in polarity of the
solvent.30−32 Butylamine being the strongest base has the
lowest polarity, while ethanolamine has the highest polarity
among the three primary amines. Thus, the dissolution reaction
involving ethanolamine is fastest among the three solvents. In
further experiments, ethanol amine was used as the developer.
Next, to understand the sensitivity of the developer to the

exposed and unexposed regions, we exposed an annealed
As2Se3 film to blank (white) exposure for 900 s. The exposed
film and a control unexposed film were then developed in
ethanolamine. Their etch depths were measured using optical
profilometry at regular intervals as shown in Figure 3. As
expected, the etch depth of unexposed film decreases faster
than that of the exposed film. The complete dissolution of an
unexposed region of an ∼800 nm height takes around 3 min.
Also, the maximum difference in the height between the
exposed and unexposed etch depths is also at ∼3 min. Hence, a
developing time of 3 min is found to be the optimum
developing time for the As2Se3 films.

Figure 1. Schematic of grayscale lithography for As2Se3 chalcogenide
photoresist.

Figure 2. Etch depth variation with increasing developing time in
ethanolamine, propylamine, and butylamine.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am401368e | ACS Appl. Mater. Interfaces 2013, 5, 7094−71007096



3.4. Grayscale Lithography: Effect of Exposure Dose.
After the developer and developing time were fixed to their
near optimal values, the effect of exposure dose, i.e., exposure
intensity or grayscale value and exposure time, was analyzed. In
the first set of experiments, four different As2Se3 thin films with
thickness of ∼2 μm were exposed for 900, 1800, 2700, and
3600 s with blank white exposure. The films were then
developed in ethanolamine for 3 min according to our
previously optimized developing parameters. The heights of
the films were measured using AFM and are plotted in Figure 4

as a function of exposure time. We note from the result that the
height of the film after developing is roughly proportional to
the exposure time. An exposure time of 3600 s was sufficient to
obtain 700 nm high films. While a higher exposure time would
result in taller structures, we expect that defects would increase.
Exposure systems usually also have limitations of maximum
continuous exposure for maintaining stable light intensities.
Hence, we have used a maximum exposure time of 3600 s.
Using the limit of exposure time of 3600 s, as-deposited

As2Se3 films were exposed using a grayscale pattern. A grayscale
software mask was designed by areas of lighter grays (higher
grayscale or RGB value) where a taller structure was desired
and darker grays (lower grayscale value) where shorter
structures were desired. Concave cylindrical lens arrays were
fabricated by using alternating black and white strips with
gradually varying grayscale values in between the two in the
software mask as shown in the inset of Figure 5a. Figure 5a
shows the Brightfield microscope image of an array of concave
cylindrical microlenses exposed for 3600 s. Figure 5b shows the
optical profilometer image of the cylindrical microlens array.
The profile clearly proves the grayscale patterning of

chalcogenides by showing heights proportional to regions of

grayscale. Regions with lighter grays are higher than regions of
lower grayscale values with maximum values of 700 nm at the
white regions. The profile also shows the regular and uniform
periodic structures, indicating that the heights are reproducible
with respect to the corresponding grayscale value. This means
that once the lithographic parameters are fixed the etch depth
or pattern height is a function only of the grayscale value, and
this information can be extrapolated to any desirable structure.
The profile also shows a relatively smooth curved structure
without any digitization of height. This is due to the soft
contrast characteristics in grayscale lithography of chalcoge-
nides.19 However, the surface roughness measured at the top
surface of the lenses is undesirably high (∼50 nm).

3.5. Origin of Roughness. The drawback in using many
chalcogenide patterning techniques for fabricating optical
elements is the undesirably high roughness of the lenses
making them less useful for optical applications.7,33 To
understand the origin of roughness in lenses patterned at
3600 s exposure, we characterized the surface of the as-
deposited and annealed chalcogenide films. The roughness of
the as-deposited and annealed films was measured by optical
profilometer across more than one sample. The roughness of
the as-deposited films was found to be ∼5 ± 1 nm, and after
annealing, the roughness decreased to ∼2 ± 1 nm. This level of
roughness indicates the relatively smooth nature of the
annealed chalcogenide films before exposure. The reduction
in roughness upon annealing is not significant enough to draw
major conclusions. However, the change can possibly be
attributed to the stabilization (i.e., polymerization of molecular
units into the matrix reducing the number of homopolar
bonds)23 of the film and filling of voids created during the
deposition process. Further, the AFM profiles of samples that

Figure 3. Remaining height as a function of developing time for
exposed and unexposed regions of a sample exposed for 900 s in
ethanolamine.

Figure 4. Height difference between exposed and unexposed regions
after 3 min of developing in ethanol amine plotted as a function of
exposure time. Height difference was measured using an AFM.

Figure 5. (a) Brightfield microscope image of fabricated array of
cylindrical microlens arrays in As2Se3 (inset shows grayscale software
mask used). (b) Profilogram demonstrating the change of height in the
fabricated structures in As2Se3 with gradual variation of the grayscale
mask. It may be noted that in (b) the x axis (nm) and y axis
(micrometer) scales are vastly different resulting in compression of
feature widths.
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had both exposed and unexposed regions used in Section 3.4
were analyzed. The roughness in the unexposed and exposed
regions of the films was measured at each exposure time and
plotted (Figure 6). As is clear from the graph, the roughness

increases as a function of exposure time for exposed regions,
while the roughness of unexposed regions stays more or less
constant. From this one can conclude that the nanoscale
roughness originates from the exposure step of lithographic
patterning. However, certain bigger defects (>1 μm in
diameter) are also observed. These defects can be attributed
to the oxide phase As2O3 that arises on exposure of As2Se3 in
the presence of oxygen34 and can be potentially addressed by
exposure in inert conditions.
The roughness variation with exposure time can be explained

if we consider the chemical changes that occur upon exposure
of the As2Se3 films to UV radiation. We have previously
reported the chemical changes that occur in As2Se3 films on
exposure to UV radiation using Raman spectra measurements.
The homopolar bonds in the chalcogenides, namely, As−As
and Se−Se, decrease with increasing the UV exposure time.
However, the heteropolar bonds between As and Se increase.
The selective etching of the unexposed areas arises from
relatively higher rate of dissolution of the homopolar bonds in
the developer.14 The origin of roughness after chemical etching
could be due to a difference in etching rates of As−As bonds
and Se−Se bonds. A similar observation was found for As2S3

films that were plasma-etched by Choi and co-workers.35 They
have attributed the surface roughness in As2S3 films to the
differential chemical attack of As- and S-rich phases in the
thermally deposited films. Although their observations are in
the case of plasma etching and for the As−S system, one can
make a parallel argument considering the origin of roughness in
the exposure step. In our case, As2Se3 film regions exposed to
radiation contain AsSe3 pyramids, As4Se3 units, and Se8 rings.
Each of these contain As−As bonds and Se−Se bonds in
different proportions, thus creating As-rich phases and Se-rich
phases. The differential etching of the As−As and Se−Se bonds
implies a differential etching of the above phases, and the
nanoscale distribution of the As-rich and Se-rich phases causes
a corresponding nanoscale roughness.
Other researchers have also observed the change in

roughness in chalcogenide photoresists due to etching.36,37

Increase in the roughness in developed regions is due to the
spatial variations in etching rate arising from nanostructuriza-
tion in chalcogenides. However Dan’ko et al. have considered
the case of photoinduced positive etching, i.e., the increased
etching rate in areas that are exposed to light during etching.
Koreshev and Ratushnyi3̆7 have also found an increase in
roughness in unexposed developed films related to the
nanostructural variations caused by initial cluster structure of
the chalcogenide films. Their results related to exposed
developed films is relevant to the minimization of roughness
in lens arrays and will be discussed in the next section.

3.6. Minimization of Roughness in Lens Arrays. As
discussed previously, rough surfaces cause adverse consequen-
ces for the focusing effect of the chalcogenides lenses and are
thus undesirable for optical applications. Thus, a good
patterning technique for chalcogenide lens arrays should result
in relatively smooth and curved surfaces. Figure 7A and B show
optical profilometer scans of the lens arrays exposed for 900
and 1800 s, respectively. The profile of these lenses was fitted
to a smooth function to calculate the roughness in a lens
pattern. The roughness of lenses patterned at 900 and 1800 s
exposure time was 1.0 ± 0.5 nm and 14 ± 1 nm, respectively.
The 3D profile of the 900 s exposed lens array clearly illustrates
that the lenses are smoother with less defects compared to the
lenses patterned at the 1800 s exposure time. It is to be noted
that the roughness or deviation from smooth structures in the
case of the 900 s exposure is different from the roughness
measured for blank exposed films. This may be due to the lower
exposure intensity at grayscale values lower than white in the
lens structures resulting in a lower local exposure dose.
However, if only this effect is considered, the roughness of the
1800 s exposed lens arrays would have also decreased. This not

Figure 6. Plot of roughness after developing as a function of exposure
time.

Figure 7. Optical profilometer image of lens with (A) 900 s exposure time and (B) 1800 s exposure time. Inset in panel (A) shows the grayscale
digital mask used.
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being the case, it is possible that the surface distribution of
nanophases does not increase linearly in this range of exposure
dose.
In this context, the work by Koreshev and Ratushnyi3̆7

reveals that the roughness of films exposed to form relief phase
holograms using energies up to 200 mJ/cm2 lies between the
roughness of unexposed developed films and unexposed
undeveloped films. This is because of a decrease in the
nanostructurization. This is contrary to our observed trend of
roughness in films at blank (white) exposure times between 900
and 3600 s, i.e., exposure dose between 3150 and 12600 mJ/
cm2. However, it can serve to explain the observed difference in
roughness between grayscale-patterned lens arrays and blank
exposure films. At grayscale values below 255, the lower
exposure dose might lead to a phase distribution of a much
lower length scale than at higher exposure doses, thus resulting
in a lower roughness than expected from the roughness trend at
higher exposure doses. A further understanding of the chemical
changes that occur on exposure to UV light at different
exposure doses is required in order to optimize both roughness
and lens height.
3.7. Patterning of Lens Arrays: Fabrication of Convex

and Concave Lenses. Having optimized the grayscale
lithography parameters (developer, ethanolamine; developing
time, 3 min; exposure time, 900s), we attempted the fabrication
of chalcogenide lens arrays. From an application point of view,
both concave and convex structures are important. Concave
structures can act as waveguides, and convex lenses can focus
light in the IR region. By using a negative of the mask
(substituting grayscale value x by 255 − x), we were able to
fabricate both structures as shown in Figure 8. The 3D profiles
obtained from optical profilometer are shown on the right and

illustrate a relatively smooth profile for both concave and
convex lenses.

3.8. Focal Length of Lenses. The dimensions and profile
of the convex lens array were used to calculate the effective
focal length. The focal length of the spherical lenses can be
calculated using the following equation38

=
+

−
( )

F
h

h n2 ( 1)

d2
4

2

where h represents the microlens thickness, d represents the
diameter of the microlens, n represents the refractive index of
the As2Se3 at 3 μm, which is 2.78. The dimension of the plano−
convex lens was obtained from the optical profilometry graph
shown in Figure 9. A plano−convex lens array with a very long
focal length of ∼9.3 mm with a surface roughness less than 5
nm could thus be fabricated using grayscale maskless
lithography.

4. CONCLUSIONS
Maskless grayscale lithography and wet etching using ethanol-
amine have been successfully used for the fabrication of smooth
3D optical structures in amorphous As2Se3 films for IR optics
applications. This is a direct and simple single lithographic step
fabrication process that allows variation of thickness across a
microlens array in a controllable reproducible manner. The
exposure and etching parameters were optimized to result in
smooth reproducible and periodic lens structures. Cylindrical
lenses and concave and convex periodic arrays were fabricated
with minimal roughness on an ∼1 cm2 area. The focal length of
the plano−convex lens was calculated to be ∼9.3 mm,
establishing the utility of these lens arrays for optical focusing

Figure 8. Optical profilometer image of (A) convex microlens arrays and their (B) 3D view. (C) Concave microlens arrays and their (D) 3D view
(insets in panels (A) and (C) show the grayscale mask used).
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applications in the IR region. It is to be noted that while we
have demonstrated lens arrays having a single repeating pattern,
it is possible to vary the dimensions and thickness, as well as the
type of pattern across the array, by using the same method. The
difference between roughness on a blank exposed As2Se3 film
and the roughness of the lens patterned at the same exposure
time of 900 s is an interesting observation that can potentially
lead to better optimization of the exposure dose for smooth and
tall structures.
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Figure 9. Profile of plano−convex lens having a 150 μm diameter and
a 170 nm height as measured by optical profilometry.
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