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A Top Surface Imaging Method Using Area Selective ALD on
Chemically Amplified Polymer Photoresist Films
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A method for performing top surface imaging �TSI� on a single polymeric photoresist film using area selective atomic layer
deposition �ALD� is presented. In this method, exposure of the polymer thin film creates reactive hydroxyl sites on the film surface
in the exposed areas that subsequently act as nucleation and growth sites for deposition of metal oxide features using a chemically
selective atomic layer deposition process. Specifically, it is shown that titanium isopropoxide and water can be used as ALD
precursors in conjunction with a chemically amplified photoresist film, formulated using a protected polymer �poly�tert-butyl
methacrylate�� and a photoacid generator �triphenylsulfonium tris�perfluoromethanesulfonyl�methide�, to successfully perform
such an area selective ALD TSI process. Using this material set and methodology, micrometer-scale photoresist features are
defined, metal oxide patterns are produced, and these patterns have been transferred through the polymer film via plasma etching.
One unique feature of this TSI process is that it has been achieved without requiring a descum etch, which is commonly needed
with other TSI methods, due to the highly selective nature of the ALD process.
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The continued quest for miniaturization of feature sizes in mi-
croelectronic, optoelectronic, and microelectromechanical systems
places strong demands on the lithographic and patterning processes
used to fabricate such devices. In particular, semiconductor device
manufacturing is continuing to push the limits of the high-volume
optical lithography processes and materials used for fabricating de-
vice features beyond the 45 nm technology node. Developing so-
called single layer resist �SLR� materials and processes that can
enable such high-resolution patterning methods in the face of the
extremely limited focus latitude available in modern optical projec-
tion lithography tools and yet still provide sufficient etch barrier
toughness continues to be a significant challenge and potential fu-
ture roadblock. In SLR approaches, these two issues are coupled
because they both depend directly on the resist film thickness. One
way to overcome these issues is to decouple the depth of focus
limitation from the etch barrier toughness by transitioning to bilayer
resist materials and processes. The basic idea in these bilayer meth-
ods is to form the initial pattern in an extremely thin imaging film,
which is coated onto a thicker etch barrier layer, and subsequently
transfer that pattern through the etch barrier layer via etching tech-
niques to form the final resist pattern. Such bilayer methods have
been developed but have suffered from a number of problems in-
cluding material compatibility limitations which inhibit materials
design flexibility, process complexity of the multiple coating steps
required, and difficulty in controlling deposition of the extremely
thin imaging film layers.1-3 A related but different approach is to
employ so-called top surface imaging approaches, in which a single
layer resist is subsequently chemically modified in its surface or
near-surface region after patternwise exposure to render selected
regions of the resist film surface more resistant to subsequent etch-
ing processes.1,4-7 Again, the final patterned resist is formed by
transferring the pattern formed by exposure and chemical modifica-
tion of the resist surface throughout the entire resist film thickness
by an etching technique.

Such top surface imaging �TSI� techniques using vapor or liquid
phase silylation have been investigated extensively as alternatives to
conventional resist processing. A variety of different process
schemes including Si-CARL, DESIRE,5 PRIME,7 SUPER,6 and
digital-top-surface-imaging,4 have been considered over the past 20
years. Ideally, TSI via silylation methods involves the selective si-
lylation of specific regions of a resist while the other regions are not
silylated, i.e., the incorporation of silicon into either only the ex-
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posed or unexposed regions of the resist film. Patterns are obtained
by selectively etching away the unsilylated regions with an oxygen
plasma. In these cases, the silicon present in silylated regions forms
a glassy SiO2 layer on the resist surface during the early stages of
the oxygen plasma etch, which serves as an oxygen plasma etch
barrier and prevents further etching of the underlying organic resist
layer in the silylated regions.3-5,8

TSI imaging schemes have several potential benefits. Because
only the top portion of the resist film is imaged, the resist may be
relatively opaque at the wavelength of the imaging tool, thus allow-
ing the use of a wider variety of organic resist materials with a
particular exposure wavelength. In addition, because the imaging
reaction in principle only needs to occur in the surface layer of the
resist film, the required depth of focus for the imaging tool and
process can be minimized and the resist film thickness can be arbi-
trarily large, thereby widening the process window of the imaging
and etch processes. A further advantage is that extremely high aspect
ratio resist features can be produced because the development of the
pattern in the organic film is achieved by pattern transfer from the
surface image into the bulk of the organic resist film, using a plasma
etch which can be tailored to be highly anisotropic. One final ad-
vantage is that resist pattern collapse that is encountered in the wet
development of conventional SLR materials can be avoided in TSI
processes because a wet development step of the resist features is
never required. However, a variety of difficulties has limited the
successful application of such TSI approaches. One of the main
challenges with TSI processes has been finding ways to reduce the
line edge roughness �LER� of the TSI-generated patterns to within
acceptable values �i.e., the ITRS roadmap shows requirements for
LER 3� � 6 nm at the 65 nm node and 4.2 nm at the 45 nm
node�.3,4,9-11 Earlier imaging schemes such as DESIRE relied on
cross-linking of the polymer resist film in the exposed areas to slow
the diffusion of the silylating agent into the exposed areas, thus
producing different concentrations of Si in the exposed and unex-
posed regions. Because some Si remained, even in exposed regions
where it was not desired, a plasma descum process was required to
remove the thin layer of silicon incorporated into the cross-linked
regions before performing the O2 plasma pattern transfer etch.4,5

Furthermore, differences in the cross-linking density and subsequent
amount of silicon incorporation across the width of an optically
projection printed feature led to nonuniform silylation profiles, com-
monly referred to as bird’s beak profiles, which ultimately led to
difficulty with critical dimension �CD� control of the feature and
increased the LER of the overall process. So-called digital silylation
techniques were developed to overcome these problems with the
cross-linking-based silylation processes. Digital silylation offered
the potential to eliminate the need for a descum step because the
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active sites on the polymer which participate in the silylation are
generated during exposure and postexposure baking �PEB� of the
resist. In this manner, the unexposed areas are nominally unreactive
toward the silylating agents and thus a descum etch is in principle
not required.4 However, due to the nonuniform energy deposition
profile across a feature which results from the nonideal aerial image
produced using optical projection tools, the concentration of active
sites in the exposed polymer varies across the feature width. The
amount of Si incorporated into the near-surface volume of such
features using the digital silylation processes thus decreases from
the feature center to the feature edges. Therefore, the thickness of
the silicon etch barrier formed at the feature edges is still thinner
than the bulk of the feature, and so it does not serve as an effective
etch mask in the oxygen plasma, which still results in CD control
problems and unacceptable LER. One solution to help reduce such
CD control and LER problems in digital silylation processes is to
perform a trim or descum etch to remove the very thin silylated
regions of the features at the feature edges, but such issues are still
a major problem.

Recently, significant efforts have been undertaken to develop
area selective atomic layer deposition techniques �ASALDT�.12-15

During atomic layer deposition �ALD�, thin-film growth is con-
trolled by self-limiting surface reactions. Thus, if a surface can be
modified to prevent the surface reactions involved in the ALD pro-
cess, nucleation and film growth during ALD can also be prevented
on those regions of the surface. ASALDT utilizes this approach to
block nucleation in certain areas while allowing film deposition only
in desired areas. Early studies focused on the use of self-assembled
monolayers �SAM� as masks for achieving area selective ALD of
metal oxides on Si substrates and reported the use of octadecyl-
trichlorosilane SAMs to inhibit nucleation of ALD films.12,13 More
recently, the authors have shown that patterned polymer films can
provide a much more robust and simpler method for achieving se-
lective ALD.14,15 In these previous studies, micrometer-scale direct
patterned deposition of TiO2 on Si was achieved using titanium
tetrachloride or titanium isopropoxide as the metal precursor, water
as an oxygen source, and poly�methyl methacrylate� as a photode-
finable polymeric masking layer. These recent investigations have
demonstrated that nucleation of titania films produced by ALD can
be successfully blocked on polymer materials that do not contain
reactive OH groups in their backbone. In addition, it was observed
that under surface conditions where ALD films do nucleate on the
polymer film, a conformal and defect-free film can be formed di-
rectly on the polymer surface. These earlier studies ultimately in-
spired the TSI technique presented here.

In this paper, a method for utilizing area selective ALD to per-
form TSI is presented. The approach involves the selective deposi-
tion of an inorganic etch barrier, i.e., a metal oxide in this work, on
predefined reactive areas of a polymer film surface which have been
delineated by radiation exposure, followed by selective etching of
the regions of the polymer film not masked by the etch barrier layer
to obtain the desired resist pattern. Figure 1 illustrates the process
scheme utilized in this TSI process. This TSI method offers the
potential to overcome the problem of thin etch barrier thickness at
the feature edge encountered in other TSI methods which results
from low silicon incorporation at the feature edge. In the ALD-based
TSI approach presented here, the amount of etch barrier material
incorporated into the film structure does not depend on the total
concentration of active sites generated in the exposed polymer vol-
ume as is the case with previous TSI approaches. The nucleation of
the ALD film growth in the method presented here depends only on
the presence of active sites on the polymer film surface. Thus, the
thickness and amount of ALD etch barrier deposited does not de-
pend on the total hydroxyl concentration in the volume of the poly-
mer film but instead depends on the number of ALD growth cycles
performed. Therefore, it should be possible to use ALD to grow
thicker, more robust etch barrier layers that can withstand the
plasma pattern transfer etching processes and thus help to reduce
LER in such features. Finally, because deposition of the etch barrier
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material can be extremely selective, a plasma descum etch is not
required, which offers the potential to simplify the overall imaging
process. While there are many questions that must be answered to
fully validate the promise of such a technique, this paper reports
preliminary experimental results that demonstrate the feasibility of
achieving TSI using an area selective ALD process on polymer
films.

Experimental

Poly�tert-butyl methacrylate� �PtBMA� �Scientific Polymer� was
used as a model resist film for the area selective ALD TSI process
because it does not contain OH groups and the tert-butyl ester group
can undergo acid catalyzed de-esterification to produce hydroxyl
containing polymethacrylic acid �PMAA�.16 A 5 wt % solution of
PtBMA in toluene was mixed with 1 wt % �by solids� triphenylsul-
fonium tris�perfluoromethanesulfonyl�methide �3M Corporation�,
which serves as a photoacid generator �PAG�. Resist films were spin
coated onto a Si�100� wafer and then soft baked at 90°C for 4 min
to remove residual casting solvent. Ultraviolet �UV� exposure of the
resulting films was performed at a total dose of 60 mJ/cm2 using an
Oriel 87000 series DUV exposure tool. The exposure tool was
equipped with 500 W Hg-Xe lamp and an external bandpass filter
�center wavelength of 248 nm and full width at half-maximum of
approximately 20 nm� that narrowed the spectral width of the UV
radiation. All exposures were conducted in a base-free cleanroom
environment and a postexposure bake �PEB� was conducted imme-
diately after exposure at 130°C for 15–20 s to promote the acid
catalyzed deprotection reaction of the polymer. After PEB, films
were exposed to room ambient where airborne base quickly
quenched excess acid present in the exposed regions of the film.
Acid generated in the exposed regions of the film resulted in cleav-
age of the tert-butyl ester groups on the polymer to produce PMAA
in the presence of moisture after baking. Figure 2 shows Fourier
transform infrared �FTIR� spectra of the starting PtBMA and the
PMAA obtained after exposure and PEB. Tert-butyl ester group
cleavage is clearly evident from �i� the reduction in peak intensity at
3000 cm−1 �CH3 stretch� and 1365 cm−1 �C�CH3�3 stretch�, �ii� the
appearance of a strongly hydrogen bonded broad OH peak at
3100–3400 cm−1, and �iii� a peak shift from 1725 cm−1 �COOR
stretch in PtBMA� to 1700 cm−1 �dimeric COOH stretch in PMAA�.
A reduction of the water contact angle from 88–90° on unexposed
surfaces to 75–78° on surfaces after UV exposure and PEB further

Figure 1. Schematic of the top surface imaging approach which utilizes area
selective atomic layer deposition in conjunction with a radiation sensitive
reactive polymer film to achieve direct patterned deposition of an etch barrier
film.
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confirms the generation of hydrophilic OH groups on the surface of
the polymer film. These surface hydroxyl groups eventually act as
active sites for nucleation of TiO2 during subsequent ALD process-
ing.

Deposition of TiO2 was conducted in an ALD reactor that has
been described previously.14 Titanium isopropoxide �TiIP�, volatil-
ized at 82°C, was used as the metal precursor, and deionized water
maintained at room temperature ��22 to 24°C� was used as the
oxygen source for titania deposition by ALD. The reactor was
evacuated before starting ALD film deposition to a base pressure of
10–20 mTorr after loading the samples and heating the reactor walls
to 90–95°C. Nitrogen was used as both the purge gas and carrier
gas, and thus a constant nitrogen flow rate of 78 sccm was main-
tained throughout the ALD deposition process. All depositions were
conducted at a chamber pressure of 1 Torr and a substrate tempera-
ture of 140°C. The ALD precursor pulse and purge sequence times
for all the depositions was fixed at 2 s �TiIP�-25 s �N2�-2 s
�H2O�-60 s �N2�. Under these operating conditions TiO2 has been
measured to grow at a controlled growth rate of approximately
0.07 nm per cycle. During ALD, the absence of hydroxyl sites on
the unexposed regions of the polymer film prevents TiO2 from
nucleating in these areas. Active OH sites generated in exposed
regions lead to nucleation and growth of a thin, conformal titania
film on the polymer surface as demonstrated in the X-ray photoelec-
tron spectra �XPS� presented in Fig. 3. Selective deposition of TiO2
only in exposed regions is clearly evident from the difference in
intensity of the Ti 2p peaks in spectra from the two different regions
of a patternwise exposed polymer film. The C 1s peak observed for
the titania regions deposited in exposed areas of the polymer film

Figure 2. Representative FTIR spectra of the PtBMA polymer used as the
reactive imaging film in this work both before exposure and after exposure
and PEB.

Figure 3. XPS spectra comparing the surface composition of the unexposed
and exposed regions of the PtBMA polymer after exposure, PEB, and ALD.
�a� C 1s spectra and �b� Ti 2P spectra.
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arises from adventitious carbon and not from carbonaceous material
incorporation from the polymer film, and thus appears as a single
sharp peak at 284.8 eV �C-C bonds�. This is clearly distinct from the
more complicated C 1s spectra for the polymer as visible in the
spectra from the unexposed regions of the sample. These XPS re-
sults also indicate the presence of a TiO2 layer on top of exposed
regions of the polymer that has a thickness greater than the attenu-
ation length ��10 nm in this case� of the photoelectrons ejected
from the underlying polymer layer. The scanning electron micros-
copy �SEM� image presented in Fig. 4 also shows that a conformal
layer ��21 nm� of TiO2 is deposited onto the exposed regions of
the PtBMA polymer film. Attempts were made to obtain a similar
image for the acrylate polymer and the edge transition between the
unexposed and exposed regions of a patterned sample. However, the
acrylate polymer backbone decomposes under electron beam irra-
diation in the SEM and thus causes focus problems, which have
prevented successful generation of clear images of these other re-
gions at this time. Further work is in progress to more carefully
characterize these feature edge transitions and to study high-
resolution sub-100 nm features produced using such methods.

After exposure, baking, and ALD, the inorganic etch barrier pat-
tern is transferred into the polymer layer using an oxygen plasma to
obtain a final negative tone image in the polymer film. Plasma pat-
tern transfer etching was performed in a parallel plate plasma reactor
operating at 13.56 MHz and 1 Torr O2. Figure 5 shows optical mi-
crographs of the resulting patterns produced after etch pattern trans-
fer for feature printed using contact lithography at sizes ranging
from 25 to 100 �m. While these features are not extremely small,
they do demonstrate that the overall process scheme described in
Fig. 1 can be successfully applied to allow TSI using an ALD ap-
proach. Furthermore, these patterns were produced without the use
of a plasma descum etch, furthering lending support to the idea that
the metal oxide deposition is highly selective to only the exposed
area. Optical and SEM inspection of the samples after imaging,
ALD, and etching have not revealed any significant “grass” forma-
tion or other residual etch artifacts that have been common in other
TSI approaches.

Conclusions

Area selective ALD in conjunction with protected polymer thin
films offers a promising approach to achieve high-resolution top

Figure 4. Cross-sectional SEM image showing conformal TiO2 layer grown
on PtBMA film after UV exposure and PEB.
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surface imaging. Direct area selective patterned growth of titania on
a chemically amplified protected polymer film and subsequent pat-
tern transfer by oxygen plasma etching has been demonstrated. It
has been shown that successful pattern transfer can be achieved
without requiring a plasma descum etch, thus simplifying the TSI
process. Further characterization of the capabilities and behavior of
such processes is in progress and will be reported in the near future.
Optimization of the overall scheme and investigations to assess LER

Figure 5. Optical micrographs showing different size and shape patterns
obtained after completion of the four-step process illustrated in Fig. 1. ALD
precursors: titanium isopropoxide and water, photoresist: PtBMA formulated
with a PAG.
are currently underway.
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