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Abstract. The advantages and applications of chalcogenide glass
�ChG� thin film photoresists for grayscale lithography are demonstrated.
It is shown that the ChG films can be used to make ultrathin
��600 nm�, high-resolution grayscale patterns, which can find their ap-
plication, for example, in IR optics. Unlike polymer photoresists, the IR
transparent ChG patterns can be useful as such on the surface or can be
used to transfer the etched pattern into silicon or other substrates. Even
if the ChG is used as an etch mask for the silicon substrate, its greater
hardness can achieve a greater etch selectivity than that obtained with
organic photoresists. The suitability of ChG photoresists is demonstrated
with inexpensive and reliable fabrication of ultrathin Fresnel lenses that
are transparent in the visible as well as in the IR region. The optical
functionality of the Fresnel lenses is confirmed. Application of silver pho-
todissolution in grayscale lithography for microelectromechanical sys-
tems �MEMS� applications is also shown. A substrate to ChG/silver thick-
ness etching ratio of �10 is obtained for the transfer of patterns into
silicon using reactive ion etching �RIE�, more than a fivefold increase
compared to traditional polymer photoresist. © 2009 Society of Photo-Optical
Instrumentation Engineers. �DOI: 10.1117/1.3273966�

Subject terms: chalcogenide glass �ChG�; photoresist; gray scale; lithography;
Fresnel lenses; dry etching; wet etching.
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Introduction

dvanced grayscale photo- and electron-beam lithography
llows the creation of continuous multilevel surface relief
icro- and nanostructures and is commonly used in mi-

rooptics, micro/nanoelectromechanical systems �MEMS/
EMS�, and biomedical devices.1–4 Most of the grayscale

ithography processes are based on conventional planar li-
hography resists, typically polymers. Grayscale lithogra-
hy using polymer photoresists has been successful for
aking large-area gradient profiles with the aim of further

ransfer to a substrate, usually silicon, with reactive ion
tching �RIE�5 or deep reactive ion etching �DRIE�.6 For
xample, phase Fresnel lenses developed on polymer pho-
oresists with initial pattern height of 3 �m could be trans-
erred into silicon with the appropriate phase shift at each
oint on the lens with a DRIE etch selectivity of 15:1 �Ref.
�. Another promising advanced method for the develop-
ent of relatively thin Fresnel lenses ��4 �m� was pro-

osed using a binary optics technique.7

The transfer of patterns into silicon may not always be
eeded or even desirable, especially when the photoresist
tself may work as an optical component �e.g., a refracting

932-5150/2009/$25.00 © 2009 SPIE
. Micro/Nanolith. MEMS MOEMS 043012-
surface�. A 3-D optical element patterned through a gray-
scale mask on the right resist material may itself possess
the required optical properties,2 thus simplifying the device
structure and fabrication considerably. The direct applica-
tion of the patterned resists could significantly reduce the
cost and time of fabrication as well. Different types of glass
resists �sol-gel,2 chalcogenide glasses �ChG�8�, which are
much harder than polymers, are often proposed for such
applications. Moreover, polymers are not always suitable
for ultrathin and nanosize structures, when one needs a re-
sist material that is highly sensitive to irradiation, easily
structured on the nanoscale, and hard enough to be used as
the object/structural material or transferred into silicon sub-
strate. In this paper, we propose ChG thin film photoresists
as prospective materials to produce ultrathin ��600 nm�
grayscale patterns. They are also expected to yield better
control of the geometry than is possible with polymer re-
sists. Our materials have an additional remarkable property
of radiation-induced diffusion of silver, which opens new
opportunities for grayscale lithography. Light, x-ray, or
e-beam irradiation causes complete dissolution of thin �up
to �50 nm� silver layer deposited on top of a ChG film,
gradually changing the chemical resistance of the latter de-
pending on the time and intensity of irradiation and thick-
ness of the silver layer.9
Oct–Dec 2009/Vol. 8�4�1
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Properties of Chalcogenide Glass Photoresists
hin films of ChG �alloys of S, Se, and Te with more posi-

ive elements� possess the unique ability to change their
tructure under the influence of light �UV, visible radiation
ith an energy greater than or equal to the bandgap of the
hG layer�,10 x-rays,11 and electrons.12 The photo-induced
atterning on ChG can be realized with different maskless
echnologies �direct writing with deep ultraviolet,13

isible14 or femtosecond laser15,16 radiation, and holo-
raphic recording17� or using binary and grayscale mask
ithographic methods.8,9

The films investigated in this work are prepared by con-
entional thermal evaporation in vacuum. Structurally,
ost of the ChG films can be considered as rigid polymers

aving a network-like structure but without large molecular
nits. For such a thin film structure, the smallest feature
ize that can be patterned is determined by the type of
rradiation, not the resist itself. Features of �7 nm spaces
nd 17-nm lines, apparently the finest structure made in a
lass �Fig. 1�, have been fabricated in our laboratory by
xposing As35S65 thin film to low-energy electron beam
ollowed by wet etching in amine solution.18 Figure 2
learly shows well-resolved spots at the 10-nm scale on an
-beam irradiated surface of As2S3 thin film. Although the
eam can be focused to 1-nm spot, the minimum feature
ize and resolution has been larger than this value. Both the

ig. 1 SEM pictures of e-beam patterned and wet-etched As35S65
hG thin film: line separation �7 nm, width �17 nm, and height
80 nm.

ig. 2 Demonstration of the separate e-beam spots on the surface
f wet-etched electron-irradiated As S ChG thin film.
2 3

. Micro/Nanolith. MEMS MOEMS 043012-
Gaussian intensity profile of the electron beam and the sec-
ondary electrons produced well outside the region of pri-
mary exposure cause the width of etched lines to be signifi-
cantly larger than the diameter of the writing e-beam itself.

Previously, we demonstrated also the fabrication of
complex grayscale patterns with 3-D topology on chalco-
genide glasses using electron-beam lithography tools.19 For
instance, to establish the fidelity of patterning and the abil-
ity to form grayscale features, we formed a wheel-shape
structure, as shown in Fig. 3 �diameter �10 �m and line-
width �200 nm�. The radial lines were written following
the circle. Notice the greater height of etched structure due
to higher electron dose, where the lines intersect each other.
A quantitative correlation between the total electron dose
and feature height is shown in Fig. 4. The height of the
etched structure depends linearly on the dose of electron
irradiation. Such linear dependence is an important consid-
eration for ultrafine e-beam grayscale lithography.

In addition to higher resolution, ChG thin films may
have several other advantages over polymers, such as
higher durability under reactive ion etching and higher re-
sistance to acids.20 They are suitable for selective etching
of SiO2, Si, Cr, etc., which are used in microelectronic and
MEMS processing.21 It is also important to note that the
pre-baking and post-baking steps of polymer-based lithog-
raphy are completely eliminated. Moreover, by simply
changing the composition of the wet developer,22 or even

Fig. 3 3-D AFM picture of “nanospokes.”

Fig. 4 Thickness of the As-S thin film remaining after etching versus
electron dose. Experimental points represent heights of differently
exposed regions of structures such as those shown in Fig. 3.
Oct–Dec 2009/Vol. 8�4�2
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ime of etching23 or substrate temperature,24 certain chalco-
enide glass can be used as both a positive and a negative
hotoresist.

An example of such dual behavior has been demon-
trated on thin films of stoichiometric As2S3, which can
erve as a positive or negative photoresist depending on the
lkaline developer used.25 The kinetics of As2S3 thin film
issolution �positive etching� in the aqueous solution
a2CO3+Na3PO4 is presented in Fig. 5. With nonaqueous,

mine-based solvents, an As-based ChG film usually be-
aves as a negative resist �Fig. 6�. The latter is mostly used
or grayscale patterns like optical lenses.26 Furthermore,
hG could also be negatively etched in plasma containing

he gas mixtures of CF4, Ar, and O2.27

The mechanism of selective etching follows from the
tructural features of as-prepared ChG thin films. Bulk stoi-
hiometric ChG such as As2�S,Se�3 and Ge�S,Se�2 consist
f pyramidal As�S,Se�3/2 or tetrahedral Ge�S,Se�4/2 struc-
ural units, respectively. Homopolar bonds in such glasses
re possible, in principle, only upon deviation from stoichi-
metry. However, as-prepared ChG thin films, even of stoi-
hiometric compositions, contain a considerable fraction of
wrong” �the bonds which should not exist in bulk glasses
f stoichiometric compositions� homopolar bonds �As-As,
-S, Se-Se, Ge-Ge�. Concentration of such “wrong” bonds

n the structure of as-evaporated films can vary from a few
to more than 10%, depending on the conditions of ther-

al evaporation, and can be consequently changed by ex-
osing to radiation. Let us examine this difference by com-

ig. 5 Kinetics of dissolution of as-evaporated and 4-min exposed
s2S3 film �d0=330 nm� in aqueous solution of Na2CO3+Na3PO4

positive etching�.

Fig. 7 Raman spectra of As S samples: �a� bulk, �b� as-evapora
2 3

. Micro/Nanolith. MEMS MOEMS 043012-
paring the structure of bulk ChG, as-evaporated, and
exposed thin film ChG �which is responsible for selective
etching� of the stoichiometric As2S3. In principle, only
AsS3 pyramidal units should form the structure of stoichi-
ometric As2S3. �Each sulfur must be corner-shared between
two neighboring AsS3 pyramids.� Raman spectra of the
bulk ChG confirm validity of this concept—there the domi-
nant broad band at 345 cm−1 corresponds to the presence of
AsS3 pyramids �Fig. 7�a��. This band is slightly modified
by shoulders at 312 and 380 cm−1, which are assigned to
the interactions between these AsS3 pyramids. In contrast,
the Raman spectra of as-evaporated thin film ChG �Fig.
7�b�� show very intense bands between 135 cm−1 and
234 cm−1 and also at 363 cm−1, which can be assigned to
the vibration of As-As containing units,28 such as As4S4,
together with additional relatively strong double bands with
maxima at 495 cm−1 and 474 cm−1. These two bands are
evidence that S-S containing structural units such as –S-S–
chains �495 cm−1� and S8 rings �474 cm−1� are present and
connect individual AsS3 pyramids.29,30 The appearance of
these structural units containing homopolar bonds in the
structure of as-evaporated As2S3 thin films can be ex-
plained by the following thermal dissociation reaction dur-
ing evaporation31:

�As2S3�liq ——→
kT

�As4S4�vap + �Sn�vap, �1�

where the nonstoichiometric As4S4 unit contains a homopo-
lar As-As bond. Due to fast condensation of vapors on the

Fig. 6 Kinetics of dissolution of as-evaporated and different time
exposed As35S65 film �d0=330 nm� in nonaqueous amine-based so-
lution �negative etching�.

n film, and �c� thin film after 30-min exposure with halogen lamp.
ted thi
Oct–Dec 2009/Vol. 8�4�3
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old substrate �room temperature�, these structural units are
rozen in the structure of as-evaporated films and they are
esponsible for the photosensitivity of these films.25

High-resolution x-ray photoelectron spectroscopy �XPS�
an provide an accurate value for the concentration of at-
ms in different chemical states. One can easily estimate
he concentration of homopolar bonds from the areas of
ppropriate components of fitted XPS core-level spectra. As
n example, the XPS data for S 2p and As 3d core-level
pectra for an As2S3 thin film are presented in Figs. 8 and
. Areas I and II determine the concentration of atoms in-
olved in heteropolar and homopolar bonds, respectively.
he change in chemical resistance is a result in structural

ransformations caused by band-gap light or electron irra-
iation of as-prepared films and is dependent on the type
nd intensity of irradiation, chemical composition, and sur-
ace structure of the films. The relative concentration of the
omopolar bonds is one of the key factors in the mecha-
ism of these structural transformations.25,31

The mechanism of selective wet etching of As2S3 thin
lms �and other As-based chalcogenides� in aqueous alka-

ine solutions is based on the different dissolution rates of
sS3 pyramids, fragments with S-S homopolar bonds, and
s4S4 structural units with As-As homopolar bonds.32 Con-

entration of homopolar bonds, which is high in the struc-
ure of as-evaporated films, is reduced by exposure to ra-

ig. 8 Fitting of As 3d XPS core-level spectrum of as-evaporated
s2S3 thin film

ig. 9 Fitting of S 2p XPS core-level spectrum of as-evaporated
s S thin film.
2 3

. Micro/Nanolith. MEMS MOEMS 043012-
diation, and the structure of the thin film becomes closer to
the structure of bulk glass. Notice the significant drop in the
intensity of bands between 135 and 234 cm−1, at 363 cm−1,
474 cm−1 and 495 cm−1, in Fig. 7�c� in comparison with
Fig. 7�b� after light illumination of the film due to the fol-
lowing polymerization reaction:8

As4S4 + Sn ——→
h�

As2S3, �2�

leading to the change of chemical resistance.25 The chemi-
cal reactions during etching of as-evaporated and exposed
films have different kinetics, thereby resulting in selective
positive etching, as described elsewhere.32–34 Another prob-
able chemical reaction influencing the selective etching ef-
ficiency is arsenic photo-oxidation on the surface of ChG
thin film.35

Some authors36 found negative selective etching of chal-
cogenide glass films in aqueous alkaline solvents. In this
case, especially in chalcogen-rich compositions, the mecha-
nism of dissolution is completely different due to the oxi-
dation of AsIII+ arsenic to AsV+ by polysulfide anions
formed during the dissolution process in the etching bath
and results in a negative type of etching, which is typical
when amine-based solvents are applied as described in the
following. Negative resist behavior of As2S3 thin films in
amine-based solvents can be described by the following
reactions for the As2S3, As4S4 and Sn structural units28:

As2S3 + 6�C2H5�2NH → ��C2H5�2NH2�3AsS3

+ As��C2H5�2N�3, �3�

�C2H5�2NH + Sn → �C2H5�2NH+Sn
−, �4�

�C2H5�2NH+Sn
− + As4S4 → �C2H5�2NH2

+S−As2S2

+ �C2H5�2NAs2S2. �5�

The negative character of the etching in amine-based sol-
vents is explained by the faster rate of reactions �4� and �5�
in comparison to reaction �3�.31

RIE of ChG can be performed using different gas chem-
istries. The RIE method consists of two processes: sponta-
neous chemical reaction, which improves etching selectiv-
ity, and physical sputtering, which lowers selectivity
between the materials. The first comprehensive study of
RIE of As2S3 thin films showed that pure CF4 plasma is
highly isotropic, causing unwanted undercutting of the film,
and if too aggressive, causing very rough sidewalls.27 The
isotropic behavior of CF4 was greatly reduced using O2 and
Ar additives to provide in situ passivation, with O2 /CF4
having the best performance. Previous results of RIE of
ChG show that good wall inclination angles �70 deg for
CF4 /O2 and 60 deg for CF4 atmospheres, respectively� can
be obtained.37

The Ge-based ChG film photoresists consist of more
rigid tetrahedral molecular units of larger size, which may
limit their application in grayscale and nanoscale photoli-
thography. Strong Ge oxidation is another poorly regulated
factor, which may adversely affect their lithographic appli-
cations. However, it was shown that these materials could
be successfully utilized for ion-beam lithography.38,39 Also
Oct–Dec 2009/Vol. 8�4�4
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hey can be quite useful for the patterning based on con-
rolled silver dissolution into ChG thin film, as described
ext.

The photo-induced silver dissolution can be used for
abricating 3-D grayscale masks in advanced MEMS and
icroelectronic technologies.9 The smooth 3-D microstruc-

ures in the ChG film can be transferred to Si by dry etching
ore accurately than with polymers used in traditional li-

hography owing to the higher hardness of the glass.
The mechanism of light-induced chemical interaction of

g atoms with As2S3 matrix is based on the formation of
g-S bonds on the surface of the film according to the

ollowing reactions:

As – S� + Ag ——→
h�

�Ag – S� + As, �6�

S – S� + 2Ag ——→
h�

2�Ag – S� . �7�

e purposely omit specifying the charge state of the atoms
n reactions �6� and �7�. This is the subject of a separate
tudy. Reactions �6� and �7� are only one part of the mecha-
ism of photodissolution, which is a much more compli-
ated time/dose–dependent process involving reversible
hanges, possible formation of an Ag-containing ternary,
tc. A detailed explanation can be found elsewhere.40 The
onfirmation of As separation at photodissolution is shown
n Fig. 10, where the removal of As atoms in HNO3 solu-
ion is demonstrated by the XPS data. The As-removal pro-
ess progresses linearly with time of irradiation from a
alogen lamp.

Ultrathin Fresnel Lenses on Chalcogenide
Glass As2s3 Thin Films

he sulfur-based chalcogenide glasses can be made trans-
arent in a wide wavelength range from visible up to more
han 12 �m using an optimized chemical composition.

hile irradiation of ChG by light of band-gap energy and
bove ����g, where �g is the wavelength corresponding
o the band gap energy� may induce photostructural trans-
ormations accompanied by the change of optical

ig. 10 XPS data on change of surface composition of the irradi-
ted part of Ag/As2S3 sample with time of irradiation after develop-
ent in dilute HNO3.
. Micro/Nanolith. MEMS MOEMS 043012-
properties.27 That is why the most promising functionality
of grayscale features on ChG resists has been microlens
arrays for infrared applications.8,9,26,41,42 For some applica-
tions in Si technology such as focal plane arrays for energy
concentration or remote sensing, ultrathin ��600 nm�
Fresnel lenses seem to be a very promising solution. They
are capable of high focus �small focal length� with wide
aperture �diameter of Fresnel lens� within a thin layer of
material. Successful attempts to obtain Fresnel lenses on
ChG thin films have already been made.43–45 However, ei-
ther no optical characterization was reported or thickness of
the lens layer was not particularly thin ��1.0 �m�.

We selected the fabrication of a Fresnel lens and an ar-
ray of similar lenses to demonstrate and establish the ad-
vantages of ChG as a material capable of forming complex
optical structures in a single etching step. Aspheric �para-
bolic� height profile for the lens was calculated, assuming
2.35 as refractive index of ChG. The lens structure was
designed for film thickness �i.e., maximum height of struc-
ture� of 600 nm, deposited on 475-�m-thick silicon wafer,
with the intention to focus 10-�m radiation from the lens
area to the backside of the wafer. Such design allows direct
application of the ultrathin lenses in MEMS and silicon
technology. The resulting height profile was assigned to
256 levels of gray, presuming linear dependency of gray
level to final height transfer and all intermediate transfers.
It was then converted to scalable vector graphics �SVG�
format using a specially developed program in the BASH
scripting language. The SVG file was designed with 2048
individual ringlets for high precision. We reduced the re-
sulting data file to a grayscale bitmap with 480
�480 pixels, using bicubic resampling, and extracted pix-
els corresponding to eight ranges of gray levels. The eight
bins/ranges for extraction were selected to be linear in the
original 256 gray levels, and extraction was performed by a
specially developed PYTHON program that can be used to
process any bitmap to any number of bins. The output of
this program was converted to filled rectangles as required
using nanometer pattern generation system �NPGS� elec-
tron lithography �http://www.jcnabity.com�, which uses
DesignCAD LT 2000 as the plotting program. This method
was selected due to inherent limitations of the most com-
mon lithographic data format, GDS-II, and due to the limi-
tations of the NPGS system.

A high-energy beam-sensitive �HEBS� blank glass mask
was exposed to form the resulting NPGS pattern by elec-
tron beam, using a LEO 1550 VT electron microscope, op-

Fig. 11 Designed Fresnel lens mask on HEBS glass.
Oct–Dec 2009/Vol. 8�4�5
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rating at 30-kV acceleration voltage, with 20 Pa of N2
esidual pressure to avoid charging. Each polygon was se-
ected to cover the area of 980�980 nm to avoid acciden-
al overlap. Polygons were composed by points, each hav-
ng center-to-center distance and line distance of

ig. 12 Optical micrograph of Fresnel lens �thickness 600 nm�
ade of As2S3 film on silicon substrate.

ig. 13 SEM image of Fresnel lens made of As2S3 �thickness
00 nm� on silicon substrate.

ig. 14 Optical characterization of individual Fresnel lens �400 �m
n the surface �a� and at the focal point that is 5.38 mm from the s
. Micro/Nanolith. MEMS MOEMS 043012-
approximately 48 nm. Corresponding area dose was se-
lected to be 0, 40, 80, 120, 160, 200, 240, and 280 �C /cm2

for each of the respective gray levels. The beam current
was measured prior to and after writing, using a Faraday
cup in the scanning electron microscope �SEM� chamber. A
number of grayscale masks with lens structures were in-
spected by optical microscope, as shown in Fig. 11. There
are no visible digital artifacts, although only eight exposure
levels �corresponding to eight bins for original grayscale�
and 480�480 rectangles were used. After inspection and
cleaning in a clean room, the mask was used for exposing
the ChG film by contact lithography. The mask contained
two types of Fresnel lens structures: individual lenses of
400 �m diameter �Fig. 11� and arrays of lenses �480
�480 �m2� that consist of 16 lenses each.

To develop ultrathin Fresnel lenses on ChG, thin films of
As2S3 were deposited onto glass and silicon substrates via
high vacuum thermal evaporation–deposition. Optimum
conditions for film formation on silicon wafers were estab-
lished first by depositions on a test glass substrate. Next,
the As2S3 film was exposed through the mask to 365-nm
wavelength light of intensity 8.4 mW /cm2 using a Karl
SUSS MA-6 mask aligner in the clean room and then
etched with a nonaqueous amine-based solvent. Suitable
duration of irradiation and conditions of etching were es-

er, 600 nm thickness� on glass substrate: microscope lens focused
�b�.

Fig. 15 Optical characterization of Fresnel lens array on glass sub-
strate: lens focused on the surface �a� and at the focal point �b�.
diamet
urface
Oct–Dec 2009/Vol. 8�4�6
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ablished. Fresnel lenses were designed so that when etched
nto a chalcogenide film on a silicon substrate, the light
ould focus at a point on the back of the silicon wafer. The

esulting lenses were examined under an optical micro-
cope �Fig. 12� and SEM �Fig. 13� to determine whether the
ask’s grayscale integrity was maintained in the etched

amples.
To determine whether the lenses had any optical func-

ionality, the focal length of the Fresnel lenses was mea-
ured using an optical microscope in transmission mode
ith the condenser removed. As the microscope objective

s moved away from the top surface of the lensed substrate,
he observed light cone decreases to a minimum radius
bove which it again increases. The position of the mini-
um radius is taken as the focal point of the lens, and we

eport the focal length as the distance between the top sur-
ace of the lens and the position of minimum light cone
adius. The pictures of the individual Fresnel lens of
00 �m diameter focused on the surface �a� and at the
ocal point �b� are shown in Fig. 14. The focal length of the
enses is 5.38 mm and differs slightly from the calculated
alue, probably because of the error introduced by the not
ully optimized wet-etching step. The focal length for the
resnel lenses within the 480�480 �m2 �Fig. 15� arrays is
easured to be �300 �m, which is much closer to the

alculated value.
The lens deposited on the silicon substrate was charac-

erized using a laser beam from an infrared laser ��
1.55 �m� and charge-coupled device �CCD� camera. The

ight from the laser was directed on the unpolished side of
he Si wafer, while the lens, which was developed on the
pposite polished side, was placed facing the camera. As

ig. 16 CCD camera images of the beam focused by Fresnel lens
n Si substrate �a�, passing through plain ChG film on Si substrate
b� and direct laser beam �c�. The scale bar in �a� is applicable to
oth �b� and �c�.

Fig. 18 Change of etching depth of Ag/As S thin film layer w
2 3

. Micro/Nanolith. MEMS MOEMS 043012-
we can see from Fig. 16�a�, the clear lens effect is ob-
served, confirming optical functionality of the Fresnel lens.
For comparison, Fig. 16�b� shows light through a flat As2S3
thin film, while Fig. 16�c� presents a CCD image of the
laser beam without the sample.

4 Grayscale Lithography Based on Silver
Photodissolution in Chalcogenide Glass Thin
Films

The dissolution of silver in ChG thin films subjected to
light, electron, or x-ray �Fig. 17� irradiation significantly
changes its chemical resistance because of the gradual
change of chemical composition. Grayscale photolithogra-
phy in ChG is based on the fact that both the exposure time
and the light intensity affect the etching rate. Figure 18
�right� shows the graph demonstrating the change of etched
depth with increasing transparency of the grayscale features
in a reference HEBS glass mask �left part of Fig. 18, line
A-A�� uniformly exposed by halogen lamp light. The opti-
cal density through the mask ranged from 0.126 �shallowest
etch of 65 nm� to 0.217 �deepest etch of 230 nm�, allowing
variation of the light intensity on the glass surface. This
dependence is close to linear, thus demonstrating dissolu-
tion of silver to different depths that depend on the total
dose of irradiation as determined by the intensity and time

Fig. 17 XPS data on change of Ag concentration on the surface of
As2S3 thin film with time of x-ray irradiation.

dual variation of transparency of HEBS glass mask fragments.
ith gra
Oct–Dec 2009/Vol. 8�4�7



o
c
p
r
a
a
e
p

d
c
t
p

F
b

Kovalskiy et al.: Chalcogenide glass e-beam and photoresists…

J

f irradiation. So a smooth, predictable shaping of more
omplex patterns from the grayscale optical mask is ex-
ected. The selectivity of etching �defined as the etching
ate ratio of exposed and unexposed regions of a sample� is
function of glass film composition, its prehistory, as well

s the composition of etching gas. In our experiment, the
tching depth was �200 nm, although larger values are
ossible.

Increased chemical resistance of ChG thin films after Ag
issolution offers an opportunity to exploit the DRIE pro-
edure for grayscale lithography. In this case, several addi-
ional variables influence the process, including gas com-
osition, gas pressure, gas flow rates, substrate temperature,

ig. 19 Complex grayscale structure, obtained from Ag/As2S3 layer
y negative RIE in CF4 plasma.

Fig. 21 Etch depth of the positively developed lens
. Micro/Nanolith. MEMS MOEMS 043012-
electric power, and etch time. Other variables independent
of etching method are film thickness, light intensity, and
exposure time.

For demonstrating grayscale patterning, the ChG thin
film samples were irradiated with a halogen lamp �Fiber-
Lite PL-Illuminator, Dolan–Jenner Industries� through a
HEBS5 calibration plate containing grayscale features with
gradual smooth change of transparency as well as lens-like
structures. The time of exposure was varied widely from
1 to 200 min. After exposure, the residual undiffused silver
was removed from unexposed parts using dilute HNO3.

Fig. 20 Positive lens structure obtained by negative RIE in CF4
plasma after prolonged irradiation of Ag/As2S3 layer.

res on Ag/As S layers �after RIE in CF plasma�.
structu 2 3 4
Oct–Dec 2009/Vol. 8�4�8
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ry etching was carried out with a parallel-plate RIE sys-
em �Plasma Therm SSL-720� using CF4 as the etchant gas.

typical etch recipe consisted of chamber pressure, elec-
rode power, CF4 flow rate, and etch time of 100 mTorr,
10 W, 100 sccm, and 2 min, respectively. Pieces of the
amples were mounted on unmasked 4-in Si wafer sub-
trates using thermal grease �Cool-Grease TM 7016, AI
echnology, Inc.� in order to utilize the load lock on the
IE system. The variation of etch depth was measured and

maged using a VEECO NT1100 optical profiler.
Depending on the time of irradiation, we were able to

btain negative or positive patterns. A section of complex
rayscale structures, which was obtained by negative etch-
ng, is shown in Fig. 19. In this case, the duration of irra-
iation by halogen lamp through grayscale mask was
min. The significant increase of irradiation time resulted

n switching from negative to positive etching �Fig. 20�,
robably due to the cascade of chemical reactions leading
o the formation of Ag-enriched phase on the surface of the
ample. The quality of the positive pattern is not as good as
n the case of negative etching, indicating that the unifor-

ity of the surface is worse in the case of Ag-enriched
omposition. However, the observed switching from nega-
ive to positive etching simply by varying the irradiation
ime of Ag /As2S3 layer is a promising new parameter for
ontrolling grayscale patterning.

Measurements of the etch depth of the positive features
eveal that the average roughness of this pattern is �50 nm
Fig. 21�. This value is unacceptably high for submicron
ithography. We believe that its origin is in the distinct
hase separation upon prolonged irradiation. In the case of
ur negative patterns presented in Fig. 18, the average
oughness usually is only a few nm and does not exceed the
0-nm level.

The exploratory experiments to transfer the grayscale
atterns into Si substrate via RIE have given very encour-
ging results with an etch selectivity of �10:1 �etch rate in
i/etch rate in ChG film�, which is a large increase over
onventional polymer masking materials with an etch se-
ectivity in parallel-plate RIE below 2:1 for anisotropic etch
rofiles using a similar etch recipe. The etch selectivity
ith our ChG-Ag photoresist is likely to be further im-
roved by the optimization of surface composition and RIE
arameters and decreased silicon loading by masking the
arrier wafer. The higher etch selectivity of ChG/silver
lms over traditional polymer films is believed to be due to

he increase in hardness from Ag photodiffusion, which re-
uces the rate of physical sputtering by the energized ions
esponsible for RIE.

Conclusions
halcogenide glass thin films are promising materials for
se as high-resolution, grayscale photo- and electron-beam
esists for nanoscale and ultrathin applications in MEMS/
EMS technology. They can be patterned directly to form

R transparent thin film lens arrays, Fresnel lenses, diffrac-
ive optical elements, etc. The fabricated ultrathin Fresnel
enses demonstrate desired optical functionality. Photo-
nduced silver dissolution in ChG thin films introduces a
ew method for grayscale micropatterning. Nearly linear
ependence of the etch depth on the total dose of absorbed
. Micro/Nanolith. MEMS MOEMS 043012-
light suggests that high-quality 3-D patterning can be ac-
complished by dry reactive ion etching. Exploratory results
show that the etch selectivity for transferring patterns into
silicon is significantly superior to commonly used polymer
resists used in lithography; process optimization should in-
crease this ratio significantly.
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