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ABSTRACT: Extreme ultraviolet (EUV) lithography is a critical enabler in next-generation 

technology, although the low etch resistance of conventional organic EUV resists results in low 

resolution pattern transfer, particularly for smaller features. In this work, we integrate area-

selective deposition (ASD), a bottom-up nanopatterning technique, with EUV resists of 

industrially relevant thicknesses (<50 nm thick) to form resist hardening or tone inverting layers 

for improved resolution. We utilize TiO2 ASD via atomic layer deposition on 25-35 nm thin 

photosensitive polymethacrylate-based EUV materials. By tuning the polymer structure and 
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functionality, we enable different scenarios for selective deposition on top of the resist, infiltrated 

into the bulk resist, or selective to the resist. We find that a cyclohexyl protecting group causes 

TiO2 inhibition, thus showing promise for tone inversion applications with oxide underlayers. In 

contrast, resist materials containing a tert-butyl protecting group are good candidates for resist 

hardening because they enable TiO2 deposition on both EUV exposed and unexposed polymers. 

Furthermore, we report the integration of a dimethylamino-trimethylsilane inhibitor with the 

resists to inhibit TiO2 surface nucleation and facilitate sub-surface diffusion, thus further 

broadening potential applications. The results described here establish an important baseline for 

utilizing ASD on various organic resists to achieve tone inversion or resist hardening and hence 

improve EUV pattern resolution. 

 

INTRODUCTION 

As next-generation technology nodes (< 7 nm) continue to push the limits of Moore’s Law,1,2 

manufacturing requirements are outpacing the capabilities of conventional 193 nm ArF 

lithography. Advanced techniques such as immersion lithography or self-aligned double and 

quadruple patterning (SADP/SAQP) can further reduce feature size, but they also increase 

manufacturing complexity and cost.3,4 Shorter wavelengths of light, such as that used by extreme 

ultraviolet lithography (EUVL, λ = 13.5 nm), provide an effective method to achieve smaller 

pattern dimensions without the increase in cost and complexity associated with multi-patterning 

techniques.4–9 While EUVL has already demonstrated sub-20 nm patterns,4,10–12 new resist 

materials and processes are needed that simultaneously meet the qualifications for resolution, line-

edge roughness (LER), and sensitivity.5,13–17 
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Current photoresists are typically polymer-based chemically amplified resists (CARs)18 with a 

photoacid generator (PAG) to catalyze deprotection of the polymers after EUV exposure.3,17 While 

CARs have already demonstrated promising results for 12 nm half-pitch and potential for the 7 nm 

node,19,20 they suffer from low etch resistance and risk of pattern collapse.21,22 Thinner resist layers 

mitigate pattern collapse23 but typically result in poor etch selectivity to underlying layers, 

especially when resist is <50 nm thick.5,16,24,25 Moreover, the polymeric properties (such as glassy 

transition temperature (Tg) and modulus, which are important factors in determining polymer 

behavior and applications) can depend on thickness, so that performance degrades as thickness 

decreases.17,26–29 Therefore, a means to improve performance of thin resist layers is particularly 

important for advanced EUV applications.  

Area-selective deposition (ASD) presents several innovative ways to improve resolution, etch 

resistance, pattern collapse, and defect repair in EUV lithography.30 ASD is a bottom-up patterning 

technique using vapor-solid surface reactions to deposit thin films on a desired growth surface 

with minimal effect on adjacent non-growth regions.31–33 As shown schematically in Figure 1, two 

scenarios we explore to integrate ASD with EUVL are tone inversion and resist hardening. 

Furthermore, two options we consider for resist hardening include coating by ASD and selective 

reactant infiltration. 

Figure 1a shows production of a positive-tone image by EUV resist exposure, where the EUV 

exposed region is removed during development. Positive-tone organic resists are common in EUV 

lithography because they are relatively easy to synthesize. Figure 1b demonstrates a “tone-

inversion” process, which converts a positive image (printed with positive resist) to a negative 

image. Tone-inversion via ASD is interesting because it uses a relatively simple positive resist 

material to produce a negative image, where the resulting imaged material is more etch resistant 
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than most available starting organic resist materials.3,15,34,35 For ideal tone-inversion ASD, it is 

desirable for the film to nucleate rapidly on the underlying substrate with minimal growth on the 

developed resist.  
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Figure 1. Schematic of (a) positive tone EUV resist exposure and possible interactions between a 

positive-tone EUV resist and ASD: (b) tone inversion from ASD on the substrate selective to the 

resist, or (c) resist hardening from ASD on the resist selective to the substrate. Tone inversion and 

resist hardening may optionally be facilitated with a passivation step, such as from a small 

molecule inhibitor.  

Figure 1c demonstrates EUV pattern improvement via resist-hardening. In this scenario, the 

patterned resist is modified to improve etch resistance and mitigate pattern collapse, thereby 

enabling the use of thin resist materials.6,36–38 For example, metal oxides have demonstrated higher 

etch resistance than traditional organic resists, and are a good candidate for resist hardening 

applications.5,24,25 As shown in Figure 1c, two approaches for resist hardening include ASD of an 

etch resistant layer on a patterned resist (in which case the resist serves as the growth surface and 

rapid nucleation is desirable),30,37 and selective reactant infiltration into the patterned resist (which 

takes advantage of small precursors selectively diffusing into a polymer).39–41 In either case, the 

reaction can proceed on the as-prepared resist pattern, or after exposure to a nucleation 

inhibitor.6,42,43 The selective infiltration approach introduces a metal oxide into the resist, and may 

have the additional benefit of not substantially affecting the pattern critical dimension (CD).26 

As shown in Figure 1, the inhibition for both tone inversion and resist hardening could be 

achieved via an inherent delay on the clean surface, or by using a passivating molecule such as a 

small-molecule inhibitor (SMI) that selectively adsorbs on the desired non-growth substrate. A 

SMI of interest in this work is such as N,N-dimethylamino-trimethylsilane (DMA-TMS) which 

can chemisorb onto available surface -OH sites to form passivating -O-Si(CH3)3 groups:44,45   

 

-Si-OHsurface + N(CH3)2-Si(CH3)3 → -Si-O-Si(CH3)3,surface + N(CH3)2H  Reaction 1 
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DMA-TMS could enhance resist hardening by passivating and blocking ALD on exposed SiO2 

while allowing coating or infiltration into the patterned resist. Likewise, DMA-TMS could 

promote tone inversion by passivating the resist surface, allowing selective growth on the exposed 

substrate region. 

Despite these possible advantages, there are few reports of ASD integration with EUV materials 

and processes.37,46 A key problem to date is that when the resist thickness is reduced to industrially 

relevant values (i.e. < 50 nm), the ability to integrate the resist into a successful ASD process is 

substantially diminished.40,46–49 One possible solution is to incorporate inhibitors such as DMA-

TMS to passivate the starting substrate material. Another key consideration for integrated ASD-

EUV is that the process temperature required for ASD must be low enough, typically ≲200°C, to 

maintain the chemical integrity of the resist.33 Thus, additional research effort is needed to facilitate 

ASD integration with thin, (i.e. <50 nm) commercially relevant resist layers.30  

In this work, we report area-selective deposition of TiO2 via atomic layer deposition (ALD) on 

a wide range of thin (< 35 nm) photosensitive polymethacrylate EUV resist materials. The resist 

materials studied here have a range of backbone and pendant groups specifically designed for the 

ASD scenarios shown in Figure 1. TiO2 ALD is selective to many materials32,36,50 and has favorable 

chemical stability, etch resistance,42,51 and low deposition temperature.6,52 We begin by evaluating 

the surface properties of all the resists, including how the properties are affected by EUV exposure, 

DMA-TMS treatment, and TiO2 ALD. We show that treating the polymers with DMA-TMS can 

help passivate TiO2 ALD on the surface while enabling sub-surface Ti infiltration.53 Additionally, 

we describe mechanisms for selectivity loss, in particular how different protecting groups in the 

methacrylate polymer influence ALD nucleation. The results obtained here contribute relevant 



 7 

examples of thin EUV resist materials that can be integrated with TiO2 ASD for both tone inversion 

and resist hardening applications, and are expected to lead to improvements in EUV pattern 

resolution. 

 

EXPERIMENTAL 

A. Spin-Coating, EUV Exposure, and Development 

Resist materials, including polymers and PAG, were provided by Fujifilm and used as received. 

Polymers were chosen to explore a range of protecting groups, surface terminations, and glassy 

transition temperatures.17 Substrates consisted of 300 mm silicon wafers with native oxide 

(referred to throughout the text as SiO2 wafers). Polymers were spin-coated ~30 nm thick onto 

silicon substrates in an NXE:3300B track. The spin-coating process began with a 30 s priming step 

at 135 oC to form a < 1 nm thick HMDS layer on the Si surface to improve polymer adhesion. The 

polymer resist was then spin-coated for 30 s at a speed between 1000 – 1500 revolutions per minute 

(RPMs) depending on the polymer. A post-apply bake (PAB) was conducted at 120 oC for 90 s. 

The wafers were then exposed to EUV light at 15 mJ/cm2 in an ASML full-field NXE:3300B 

scanner. Five regions of 32 mm by 26 mm in a line across the center of the 300 mm wafer were 

exposed. A post-exposure bake (PEB) was conducted at 120 oC for 90 s. In some experiments, a 

development step was used for the positive-tone resist in tetramethyl-ammonium hydroxide 

solution (0.26 Normality). After the PEB (or development step if applicable), wafers were cleaved 

into coupons based on EUV exposure status for further experiments. In our previous work54 we 

demonstrated minimal change to surface WCA for unexposed resist regions before and after 

development. Therefore, in this study, the unexposed resist regions without development are used 



 8 

to represent unexposed regions after the full lithographic process (i.e. including development). 

Future work should confirm the ASD behavior on resist materials including the development step. 

B. TiO2 Atomic Layer Deposition and DMA-TMS Treatment 

Thermal stability at the ALD temperature (125 oC) was confirmed by verifying consistent 

surface hydrophobicity (with WCA measurements) and surface roughness (with AFM 

measurements) before and after annealing. Annealing was performed by cleaving polymer-coated 

wafers into coupons and placing them in an oven under lab air ambient environment at 135 °C for 

60 minutes. TiO2 ALD was performed in a Polygon 8300 EmerALD chamber at 125 ˚C at a 

pressure of 5 Torr using TiCl4 and H2O with a recipe that demonstrated well-saturated ALD 

behavior, described previously.36 Wafers were degassed for 1 minute before deposition started. 

Growth rate on SiO2 at these conditions was ~0.037 nm/cycle. SiO2 and polymer surfaces were 

passivated with DMA-TMS at 135, 180, and 250 oC. Passivation times varied between 300-1140 

s. DMA-TMS passivation took place in a TEL Tactras chamber at 5 Torr in a N2 environment, 

with details described previously.36  

C. Characterization 

Polymer thickness was confirmed before and after EUV exposure and development with 

spectroscopic ellipsometry (SE) for 5 points on a KLA Tencor F5-SCD spectroscopic ellipsometer. 

WCA measurements were performed on a Dataphysics OCAH 230 tool using 1 mL deionized 

water droplets. Reported values are the average of five measurements on one sample, with the 

standard deviation used as the error. Atomic force microscopy (AFM) was performed with a 

Bruker Dimension Edge instrument in tapping mode with ScanAsyst using a 300 kHz tip. Scan 

sizes were 1 μm2. 
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Titanium content on the resist surfaces was quantified with Rutherford backscattering 

spectrometry (RBS) using a 1.523 MeV He+ incoming ion beam. From the measured aerial density 

of Ti, the equivalent TiO2 thickness is calculated using a TiO2 density of 3.72 g/cm3. X-ray 

photoelectron spectroscopy (XPS) was used to analyze surface chemistry after passivation and 

etching. This was conducted using a Thermo Scientific Theta 300 instrument with a 1486.6 eV 

monochromatized Al K𝛼 X-ray source with a 400 𝜇m spot size. Each XPS scan was calibrated to 

the C 1s peak at 284.8 eV. Transmission electron microscopy (TEM) and energy dispersive x-ray 

spectroscopy (EDS) were performed on a Tecnai F30 ST (FEI) tool with an FEG electron source 

at 300 kV. Prior to TEM imaging, samples were prepared with a dual beam FIB/SEM Nova600i 

(FEI) and Ar Ion miller PIPS (Gatan). Time-of-flight secondary ion mass spectrometry (ToF-

SIMS) was performed on a TOFSIMS V tool from ION-TOF GmbH. 

 

RESULTS AND DISCUSSION 

A. EUV (Co)polymers and Their Surface Properties 

In this work, we selected a wide range of stable resist materials shown in Figure 2, including 

homopolymers PtBuMA, PCHMA, PMCPMA, and PHS, as well as random block co-polymers, 

P(NLMA-r-CHMA), P(NLMA-r-MCPMA) and P(HS-r-tBuMA), and studied them both with and 

without the addition of 4-(methylphenyl) triphenyl sulfonium nonaflate as a photo-acid generator 

(PAG, structure shown in Figure S1). For each material, the properties and extent of ALD 

nucleation were evaluated in the as-spun condition and after blanket EUV exposure. For the 

experiments, Si wafers were primed with hexamethylenedisilazane (HMDS) and the polymers 

were spin-coated to a thickness of ~35 nm, as confirmed by ellipsometry, then cleaved into 

coupons (~2 in x 2 in). Some of the samples were then exposed to 15 mJ/cm2 EUV light. Samples 
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are characterized by water contact angle, ellipsometry to obtain film thickness, and X-ray 

photoelectron spectroscopy (XPS) to determine composition. Results are shown in Figure 2, Figure 

S2 and Table S1. 

As shown in Figure 2, in the as-spun condition, the water contact angle data indicates all 

polymers are hydrophobic. The co-polymers are somewhat less hydrophobic compared to the 

methacrylate homopolymers with protecting groups (i.e. PtBuMA, PCHMA, and PMCPMA), 

consistent with the presence of more O or OH groups. Similarly, PHS (with the highest 

concentration of surface OH groups) demonstrates the least hydrophobicity. The addition of a 

small amount of PAG does not significantly affect WCA, indicating that the WCA is primarily 

determined by the polymer backbone. For each polymer + PAG material, exposure to EUV leads 

to a decrease in film thickness from 35 to ~26 nm. For the PtBuMA + PAG sample, the surface 

became more hydrophilic after EUV treatment, and XPS results (Figure S2 and Table S1) show 

an increase in C=O bonds relative to C-O, consistent with conversion from tBu to hydrophilic -

OH groups (i.e. deprotection).54–56 We note that for the polymers without PAG, EUV exposure did 

not significantly affect WCA (data not shown), as without PAG the polymer deprotection reaction 

occurs to a much lesser extent, leaving hydrophobic tBu protecting groups as the predominant 

surface groups.54,57,58 These trends in surface hydrophobicity (determined by the polymer 

protecting groups) can indicate the potential for nucleation inhibition during TiO2 ALD, where 

more hydrophobic surfaces are expected to have a longer nucleation delay.44,45,59 

Thermal stability of the starting materials was analyzed by measuring WCA and RMS roughness 

for samples in the as-prepared condition, and after heating to 135 °C for 60 min (consistent with 

the expected ALD process time) under N2 ambient. Results in Figure S3 and S4, respectively, 

demonstrate materials remain stable upon extended thermal treatment.30 
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Figure 2. Chemical structures and WCAs of each polymer material utilized in this work. WCAs 

are measured as-spin coated without PAG, with PAG, and with PAG after EUV exposure and post-

exposure bake. PtBuMA: poly(tert-butyl methacrylate); PCHMA: poly(cyclohexyl methacrylate); 

PMCPMA: poly(1-methylcyclopentyl methacrylate); P(NLMA-r-CHMA): poly(2-oxohexahydro-

6aH-3,5-methanocyclopenta[b]furan-6a-yl 2,2-dimethylbutanoate-random-cyclohexyl 

methacrylate); P(NLMA-r-MCPMA): poly(2-oxohexahydro-6aH-3,5-

methanocyclopenta[b]furan-6a-yl 2,2-dimethylbutanoate-random-1-methylcyclopentyl 

methacrylate); P(HS-r-tBuMA): poly(p-hydroxystyrene-random-tert-butyl methacrylate); PHS: 

poly(p-hydroxystyrene); Photo-acid generator (PAG): 4-(methylphenyl) triphenyl sulfonium 

nonaflate (structure shown in Figure S1). 

 

B. TiO2 ALD on Polymers with Various Protecting Groups 

3.B.1. TiO2 ALD on Various Polymer Surfaces 

To analyze TiO2 nucleation, resist samples were treated with 0 to 300 cycles of TiO2 ALD at 

125 °C using TiCl4 and H2O under continuous N2 flow at 5 Torr.45 Resulting RBS and WCA data 

is shown in Figure 3. The Ti aerial density measured by RBS is converted to an equivalent TiO2 
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layer thickness using a TiO2 density of 3.72 g cm-3. Results for TiO2 ALD at 150 oC on SiO2 and 

SiO2 exposed to DMA-TMS are also included in the plots. In Figure 3a, for TiO2 ALD on SiO2, 

RBS results show that thickness increases linearly with ALD cycles, consistent with a growth per 

cycle of ~0.037 nm/cycle.32,45,50,54,57,60 For ALD on SiO2 treated with DMA-TMS, TiO2 is detected 

after ~100 ALD cycles (equivalent thickness ~0.5 nm), indicating surface passivation and inhibited 

nucleation.45 As also shown in Figure 3a, inhibited TiO2 nucleation is also observed on as-prepared 

P(NLMA-r-CHMA) and PCHMA polymers. For the other polymers, Figure 3b shows facile TiO2 

nucleation and linear growth,36,48 with thickness per cycle the same as on SiO2.    

During TiO2 ALD, nucleation is expected to occur when the TiCl4 precursor reacts with available 

surface -OH sites. Therefore, a hydrophobic surface with few available -OH sites will likely inhibit 

nucleation. Moreover, for a relatively thick ALD TiO2 film on SiO2, the WCA is smaller than that 

on polymers. Therefore, as ALD proceeds on a hydrophobic resist, a decrease in WCA could 

correlate with the formation of TiO2 nuclei.48,61 Figure 3c and d show the measured WCA vs ALD 

cycle for the materials studied. For TiO2 on SiO2 + DMA-TMS, P(NLMA-r-CHMA) and PCHMA 

polymers, Figure 3c shows a relatively slow change in WCA during the first 100 ALD cycles, 

consistent with inhibited nucleation in Figure 3a. Note that for the SiO2 DMA-TMS surface, the 

high WCA indicates that the DMA-TMS inhibitor remains on the surface after 100 ALD cycles, 

as discussed previously.44,45 For the other polymers, Figure 3d shows a rapid drop in WCA, 

consistent with rapid TiO2 nucleation. Similar experiments were conducted on polymers with PAG 

after EUV exposure and demonstrated similar TiO2 growth rates and WCAs, as shown in Figure 

S5. 

To achieve tone-inversion (e.g. as shown in Figure 1b), utilizing resist materials that show an 

inherent delay in ALD nucleation would be most favorable.54,57 Accordingly, for the polymers 



 13 

studied here, the PCHMA and P(NLMA-r-CHMA) show the most favorable results. On PCHMA, 

100 ALD cycles lead to only ~0.5 nm of TiO2 (from RBS, Figure 3a), and the WCA remains >86 

o (Figure 3b). Likewise, on P(NLMA-r-CHMA), 100 ALD cycles produces < 0.6 nm of TiO2. 

 

Figure 3. (a), (b) RBS (showing Ti aerial density on right y-axis and theoretical TiO2 thickness on 

left y-axis) and (c), (d) WCA measurements for PCHMA (light blue squares), P(NLMA-r-CHMA) 

(dark blue squares), PMCPMA (light pink circles), P(NLMA-r-MCPMA) (dark pink circles), PHS 

(purple triangles), PtBuMA (light green diamonds), and P(HS-r-tBuMA) (dark green diamonds). 
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Data on SiO2 and DMA-TMS passivated SiO2 are included, as indicated on the Figure, as a 

reference growth and non-growth surface, respectively. Lines are drawn as guides to the eye.  

 

Close examination of the trends in Figure 3 reveals that TiO2 nucleation does not necessarily 

correlate directly with surface hydrophobicity, but rather appears to depend on the functionality of 

the pendant group. (WCA is sometimes used as a convenient initial indicator for selectivity as 

most ASD processes nucleate more slowly on hydrophobic surfaces compared to hydrophilic 

hydroxyl terminated surfaces).45,62 For example, comparing nucleation on PMCPMA and PCHMA 

homopolymers, growth proceeds readily on PMCPMA but not on PCHMA, even though the initial 

WCA (85-86 o) and the size of the protecting group (i.e., number of C atoms) is similar for both 

materials. A key difference between these polymers is that on PCHMA, the ester group is linked 

to the cyclic protective moiety via a secondary carbon, whereas for PMCPMA, the link is through 

a tertiary carbon. Therefore, the nature of the protective group and linkage may be important in 

controlling nucleation. Another interesting result is that compared to PHS or P(HS-r-tBuMA) 

polymers, growth proceeds more quickly on the more hydrophobic PtBuMA. We hypothesize that 

in this case, the TiCl4 precursor can diffuse more readily into the bulk of the PtBuMA. The effect 

of reactant diffusion into the polymers during ALD is discussed in more detail in the following 

section. 

 

3.B.2. Interactions Between TiCl4 Precursor and Polymer Surfaces and/or Bulk 

To differentiate between resist hardening by ASD and resist hardening by selective infiltration 

(Fig. 1c), we also explore TiO2 precursor diffusion into the polymer bulk. For this test, seven 

sample pieces, including PHS, PtBuMA, and P(HS-r-tBuMA) with and without PAG, as well as a 
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PtBuMA + PAG sample after EUV exposure, are placed in the ALD reactor and exposed to TiCl4 

(without water doses), using otherwise the same conditions used for ALD. After either a single 

dose or 10 sequential doses, samples are removed from the reactor and analyzed by RBS and XPS, 

and results are shown in Figure 4 and Table S2, respectively.   

As shown in Figure 4, after 1 dose of TiCl4, the Ti density was 0.3-0.4 x1015/cm2 for all materials 

studied. After 10 doses, the Ti content in the PHS and P(HS-r-tBuMA) materials remained 

approximately constant. This is consistent with the relatively large -OH density in these polymers, 

so that during the first dose, the TiCl4 can react near the surface to form Ti-O and possibly Ti-O-

Ti linkages that can block sub-surface diffusion. However, for PtBuMA (with and without PAG) 

the additional nine doses of TiCl4 led to a marked increase in Ti content. We ascribe this difference 

to the smaller density of -OH groups in the PtBuMA, so that the TiCl4 tends to not react on the 

surface, but instead it can diffuse and react with available groups throughout the polymer bulk. 

The trend observed by RBS is corroborated by the atomic concentration values in Table S2 

obtained from XPS. For the PtBuMA polymer, ToF-SIMS depth profile data collected before and 

after 100 cycles of TiO2 ALD (Figure S6) further confirms sub-surface titanium diffusion.  

 

Figure 4. RBS measurements after one (green solid fill) and ten (purple striped fill) repeated TiCl4 

doses on various surfaces. For each polymer (PHS, P(HS-r-tBuMA), and PtBuMA) results are 
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shown for samples with and without PAG, as indicated on the Figure. For PtBuMA + PAG, results 

are also shown after EUV exposure.   

To explore the effect of polymer modification on the extent of precursor diffusion during ALD, 

we hypothesized that sub-surface reactant diffusion could be enhanced by blocking available 

reactive sites near the growth surface. For this test, we selected the PHS + PAG polymer which, 

as shown in Figures 3 and 4, allows rapid TiO2 nucleation during ALD. Two samples of 30 nm 

PHS + PAG were prepared, and one was exposed to DMA-TMS for 300 s to react with and 

passivate accessible -OH sites. Then, both samples were placed in the ALD reactor and exposed 

to 100 cycles of ALD. After deposition, samples were analyzed by cross-section transmission 

electron microscopy (TEM) with elemental analysis from energy dispersive spectroscopy (EDS), 

and the resulting images are given in Figure 5 and S7. 

For the as-prepared PHS + PAG, the image (5a) and Ti EDS signal (5b) indicate a distinct 

uniform ~4 nm TiO2 film on top of the polymer. In contrast, for the PHS exposed to DMA-TMS, 

no surface TiO2 film is observed (5c), and the Ti EDS signal (5d) is distributed uniformly 

throughout the bulk of the polymer. We note the swelling of the resist material treated with DMA-

TMS and TiO2 ALD from ~25 to ~47 nm thick, which is attributed to diffusion of the DMA-TMS 

inhibitor and/or the TiCl4 precursor. One potential way to reduce swelling (and thereby reduce its 

impact on CD in patterns) would be to decrease the DMA-TMS treatment time and/or reduce the 

number of ALD cycles, and warrants future investigation. 

These results are also observed from depth profiling of EDS line-scans, as in Figure 5e. Figure 

5e shows a sharp Ti peak at the surface of the polymer layer for the sample without DMA-TMS 

inhibitor, whereas the Ti signal is dispersed throughout the polymer layer for the sample exposed 

to DMA-TMS. Additionally, the DMA-TMS treated polymer shows increased Si content within 
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the polymer layer compared to the polymer without DMA-TMS, suggesting that some of the 

DMA-TMS inhibitor also diffuses into the polymer. Therefore, modifying the available reactive 

groups prior to ALD treatment can be used to adjust the extent of Ti infiltration into polymer resists 

for resist-hardening applications, as shown in Figure 1c. 

 

Figure 5. TEM high-angle annular dark-field (HAADF) (a,c) and EDS (b,d) images of 100 cycles 

TiO2 deposited at 125 oC on (a-b) PHS + PAG and (c-d) DMA-TMS treated PHS + PAG. 

Elemental depth profiles are shown in (e). Color scheme for EDS maps are as follows: Ti (green), 

O (blue), C (red), S (yellow), Si (white). 
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C. TiO2 ALD on DMA-TMS Passivated Polymers 

3.C.1. Effect of DMA-TMS Inhibitor on EUV Resist Materials 

To further explore ASD for resist hardening and tone inversion shown in Figure 1, we tested 

ALD nucleation on the starting substrate materials and on resist polymers after exposing them to 

dimethylamino-trimethylsilane (DMA-TMS). To test these processes, five sample pieces, 

including SiO2 on Si, ~30 nm films of PHS + PAG and P(HS-r-tBuMA) + PAG, and PHS + PAG 

and P(HS-r-tBuMA) + PAG films exposed to 15 mJ/cm2 of EUV, were placed in the reactor and 

dosed with DMA-TMS vapor at 135 oC for either 300 or 1140 s. The WCA on each surface before 

and after DMA-TMS treatment is given in Figure 6. For all samples, 300 s exposure to DMA-TMS 

increases the WCA to ~85-95°. Compared to the P(HS-r-tBuMA), the PHS contains a larger 

fraction of -OH groups, consistent with a somewhat larger WCA for PHS after DMA-TMS 

exposure. EUV exposed samples showed a similar change in WCA. The longer DMA-TMS 

treatment times do not significantly increase surface hydrophobicity, but they could affect the 

extent of diffusion into the polymer bulk. A fixed DMA-TMS exposure time of 300 s is maintained 

for further experiments.  
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Figure 6. WCA measurements for various DMA-TMS treatment times at 135 oC on SiO2 (black), 

PHS + PAG (purple) and P(HS-r-tBuMA) + PAG (green). Results are shown for treatment on both 

EUV exposed (dashed lines) and unexposed (solid lines) polymers. 

 

3.C.2. TiO2 ALD on EUV Resist Materials With and Without DMA-TMS Inhibitor 

To test integration of DMA-TMS into ASD processes using resist materials, several approaches 

were tested including: 1) treating the initial SiO2 substrate with DMA-TMS before resist coating; 

2) treating as-spun resists with DMA-TMS before patterning with EUV; 3) treating patterned 

resist/SiO2 surface with DMA-TMS. We note that for different material sets, different scenarios 

for integrating exposure, ASD (with optional inhibitor), and development may provide the highest 

selectivity, and should be considered when expanding these results to new materials. In this case, 

for the first approach, DMA-TMS on SiO2 negatively impacted the subsequent resist coating. The 

second method also produced unfavorable results because the development step after EUV 

treatment tended to remove the DMA-TMS passivation from the resist surface (details described 

in SI).  
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To test the third approach, we prepared four sets of polymer samples: P(HS-r-tBuMA) + PAG, 

P(HS-r-tBuMA) + PAG + EUV, PHS + PAG, and PHS + PAG + EUV. One sample of each type 

was used as-prepared, and one sample of each type was exposed to DMA-TMS. Then, the eight 

sample pieces were transferred to the ALD reactor and coated with 50 cycles of TiO2 at 125°C. 

Three additional sets of eight identical pieces were also prepared, and they were coated with 100, 

200, and 300 cycles of ALD, respectively. After coating, all samples were analyzed by RBS and 

WCA. Results for samples without EUV treatment are shown in Figure 7, and those with EUV are 

given in S5.  

The results in Figure 7 show that TiO2 nucleates and grows readily on both polymers, the growth 

was similar with or without the DMA-TMS treatment. However, for PHS + PAG, the DMA-TMS 

led to an increase in the Ti content measured by RBS while maintaining a somewhat hydrophobic 

surface. This is consistent with the results shown in Figure 5, where the DMA-TMS helps promote 

TiCl4 diffusion into the bulk of the polymer, likely by passivating -OH sites exposed on the 

polymer surface. Figure 5 also demonstrates an increase in Si concentration in the bulk of the PHS 

polymer and close to the polymer surface after treatment with DMA-TMS, suggesting that some 

TMS groups also diffuse into the polymer (especially closer to the interface, which may be less 

dense). Therefore, it may be possible to further tune the amount of Ti deposition inside the polymer 

and its spatial distribution by varying the DMA-TMS treatment time. Comparing RBS and WCA 

results in Figure 7 to those in Figure S5, ALD TiO2 grows similarly on these polymers before and 

after EUV exposure. Note that more cycle numbers were evaluated with WCA compared to RBS 

due to the relatively more convenient nature of WCA analysis.  
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Figure 7. (a-b) RBS and (c-d) WCA measurements for various cycles of TiO2 ALD on (a, c) P(HS-

r-tBuMA) + PAG and (b, d) PHS + PAG. DMA-TMS treated and untreated data sets are indicated 

on the Figure. Data on DMA-TMS treated and untreated SiO2 are shown as a reference, as 

indicated on the Figure. Lines are drawn as guides to the eye. 

 

 

D. Selectivity of TiO2 on Polymer Resists 
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The values for TiO2 thickness (t) vs ALD cycle obtained from RBS data on SiO2 and different 

polymers in Figure 3 and 7 can be used to quantify the extent of selectivity (S) for growth on SiO2 

vs polymer,  

 

𝑆𝑆𝑖𝑂2 𝑣.  𝑝𝑜𝑙𝑦𝑚𝑒𝑟 =
(𝑡𝑆𝑖𝑂2

 − 𝑡𝑝𝑜𝑙𝑦𝑚𝑒𝑟)

(𝑡𝑆𝑖𝑂2  + 𝑡𝑝𝑜𝑙𝑦𝑚𝑒𝑟)
   Equation 2 

 

and for growth on untreated vs DMA-TMS-treated polymers: 

 

 𝑆𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑣.  𝑆𝑖𝑂2−𝑇𝑀𝑆 =
(𝑡𝑝𝑜𝑙𝑦𝑚𝑒𝑟 − 𝑡𝑆𝑖𝑂2−𝑇𝑀𝑆)

(𝑡𝑝𝑜𝑙𝑦𝑚𝑒𝑟 + 𝑡𝑆𝑖𝑂2−𝑇𝑀𝑆)
  Equation 3 

 

Materials that allow large values of 𝑆𝑆𝑖𝑂2 𝑣.  polymer (i.e. growth on SiO2 with minimal growth on 

the resist) are attractive for tone inversion applications, whereas materials with large 

𝑆𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑣.  𝑆𝑖𝑂2−𝑇𝑀𝑆 are favorable for resist hardening.     

Figure 8a and b show the calculated values for S plotted vs TiO2 thickness on SiO2. For 

𝑆𝑆𝑖𝑂2 𝑣.  polymer in Figure 8a, PCHMA demonstrates the highest selectivity with 𝑆𝑆𝑖𝑂2 𝑣.  PCHMA =

0.76 after ~4 nm of TiO2 (100 cycles) on SiO2. Continued ALD enables 𝑆𝑆𝑖𝑂2 𝑣.  PCHMA > 0.7 after 

7.4 nm (200 cycles) of TiO2. We note the initial decrease in selectivity during the first 10 ALD 

cycles, corresponding to relatively rapid TiO2 growth during the initial cycles, followed by slower 

growth. This is attributed to diffusion of TiCl4 through the thin polymer layer to react with residual 

OH sites on the SiO2 substrate (i.e. sites remaining after the HMDS prime and polymer spin-

coating or due to lower polymer density at the substrate interface), as shown in Scheme S1.40,46 

After site consumption, Ti uptake is slow, with minimal growth for ~100 cycles. For the other 

polymers studied (i.e. without CHMA), selectivity decreases rapidly within the first 1-2 nm of 
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deposition on the SiO2 growth surface. These results demonstrate that TiO2 is inhibited on 

polymers with the cyclohexyl protecting group, making this structure a good candidate for tone 

inversion, as shown in Figure 1b. Further investigation should be conducted to minimize possible 

interactions between the TiCl4 precursor and the underlying substrate beneath the polymer layer. 

For 𝑆𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑣.  𝑆𝑖𝑂2−𝑇𝑀𝑆 in Figure 8b both PHS + PAG and P(HS-r-tBuMA) + PAG show 

 𝑆𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑣.  𝑆𝑖𝑂2−𝑇𝑀𝑆 = 0.90 after ~4 nm of TiO2. This high selectivity is maintained in both the 

case of TiO2 deposition on the as-spun polymers and for TiO2 infiltration into DMA-TMS treated 

polymers. Because TiO2 deposits equally well on both EUV exposed and unexposed surfaces, this 

resist hardening process could work with both positive and negative-tone resist materials. 

 

Figure 8. Selectivity as a function of deposited TiO2 film thickness using (a) polymers as the non-

growth surface (with SiO2 as the growth surface) and (b) polymers as the growth surface (with 

DMA-TMS passivated SiO2 as the non-growth surface). Lines are drawn as guides to the eye.  

 

E. Mechanisms for Selectivity and Selectivity Loss 
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The differences in TiO2 growth behavior are attributed to the small size and high Lewis acid 

character of the TiCl4 precursor. The small molecular size facilitates diffusion into the bulk 

polymer during ALD to enable growth within the polymer,46,63 as supported by TEM EDS (Fig. 5) 

and ToF-SIMS (Fig. S6). Previous reports indicate that diffusion is more significant for thinner 

polymers.40,46 Additionally, from Figures 4, 5, and 7, polymers with a higher density of surface 

reactive sites (e.g. OH groups on PHS) facilitate TiCl4 reaction at the surface, thus decreasing the 

extent of sub-surface diffusion, consistent with previous reports.41,64,65 In contrast, when there are 

few reactive sites on the polymer surface (i.e. EUV unexposed PtBuMA or DMA-TMS passivated 

PHS), then the TiCl4 precursor is more likely to diffuse into the bulk polymer and react sub-

surface.41,64,65 The sub-surface infiltration of Ti-species provides a potential method to increase 

etch resistance without significantly affecting CD, consistent with previous results.26 Accordingly, 

tuning the surface species (e.g. with the DMA-TMS inhibitor or various protecting groups) 

provides a viable method to control Ti-species placement on the surface vs within the bulk of the 

polymer film. For example, diffusion could be further reduced using bulkier ALD precursors, 

bulkier polymer backbones, or longer DMA-TMS passivation times.46 Note that it could also be 

possible for some sub-surface TiO2 to inhibit further diffusion of Ti-species. 

We note that while polymer glass transition temperature (Tg) is an important factor for EUV 

resists and polymer processing, the Tg does not have a clear impact on growth rate for polymers 

studied here. Typically, more mobile chains (i.e. lower Tg) are expected to enhance diffusion and 

thus result in more Ti uptake.66 However, in this work, a similar Ti growth rate is observed on PHS 

(Tg ~150 oC),66 P(HS-r-tBuMA) (Tg ~98 oC), 19 and PMCPMA (Tg ~79 oC)19 despite different Tg 

values reported in literature, which may be attributed to changes in actual Tg values due to 
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influences from resist thickness, copolymer constituents, PAG, EUV exposure, and the underlying 

substrate.17,56,66 

Another mechanism for selectivity loss in this work is attributed to coordination between the 

Lewis acidic TiCl4 precursor and the lone electron pair in the carbonyl bond of acrylates,46,63,67 as 

shown in Scheme 2. This could explain the smaller WCAs after TiO2 deposition on polymers than 

the average TiO2 WCA (Fig. 3 and 7). While alternative Ti precursors that are weaker Lewis acids 

could be used to mitigate this undesired reaction,46 TiCl4 is necessitated in this case by the low 

thermal budget for polymer processing. An alternative solution is the use of polymers with a 

secondary carbon bound to the ester group (e.g. the cyclohexyl group), which is less susceptible 

to Lewis acid reaction than a tertiary carbon (e.g. tert-butyl and methylcyclopentyl groups, Scheme 

2). Indeed, results in Figure 3 demonstrate significantly less TiO2 on polymers with the cyclohexyl 

protecting group (i.e. PCHMA and P(NLMA-r-CHMA)) compared to polymers with tertiary 

carbons (i.e. polymers containing tBuMA or MCPMA). In each case, TiCl4 may coordinate with 

the carbonyl group in the methacrylate backbone, but the subsequent hydrolysis reaction is more 

likely to occur with the tertiary substituted protecting group compared to the less stable, secondary 

substituted carbon in the protecting group. Therefore, we conclude that deposition during TiO2 

ALD on the methacrylate polymers containing a tertiary carbon on the ester group is related to 

Lewis acid catalyzed reactions between the TiCl4 precursor and methacrylate polymers. Selectivity 

to the polymer can thus be enabled by tuning the structure of the resist material to reduce these 

reactions, for example with the cyclohexyl protecting group studied here. 
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Scheme 2. Proposed reaction mechanisms between TiCl4, H2O, and methacrylate polymers with 

tertiary vs secondary substituted carbon linking the protecting group to ester group.  

 

CONCLUSION 

In this work, we successfully demonstrate the compatibility of TiO2 ASD with several 

polymethacrylate-based thin EUV resist materials for potential use in both tone inverting and resist 

hardening applications. PCHMA, with its secondary carbon linking the protecting and ester 

groups, succeeds in inhibiting TiO2 deposition by reducing reactions catalyzed by the TiCl4 Lewis 

acid, whereas polymers with a tertiary carbon adjacent to the ester group are prone to reactions 

catalyzed by Lewis acids and therefore enable TiO2 deposition regardless of the protecting group 

size. PCHMA inhibits TiO2 growth up to ~200 cycles, making this a promising structure to utilize 

in resist candidates for tone inversion applications (e.g. on oxide underlayers). On the other hand, 

TiO2 is successfully deposited on P(HS-r-tBuMA) and PHS resist materials regardless of the 

presence of PAG or EUV exposure, and thus these materials are of interest for resist hardening 

applications. We furthermore demonstrate that the resist material processing is compatible with a 

DMA-TMS inhibitor. The DMA-TMS treatment inhibits growth on SiO2, for example, while 
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enabling Ti infiltration into the bulk resist, thus providing a means for resist hardening via 

infiltration. Further investigation is required to minimize resist swelling due to diffusion of the 

DMA-TMS inhibitor and/or Ti-species and enable increased resist etch resistance without 

significantly affecting CDs. We expect these findings are highly relevant to tune and design 

polymer structures for EUV lithography and will lead to increased integration between ASD and 

EUV resists to enable enhanced patterning resolution for advanced devices. Future work should 

focus on extending these ASD results to additional resist structures and to nanopatterns. 
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BRIEFS 

Area-selective deposition of TiO2 on polymethacrylate EUV resists demonstrates potential for 

resist hardening and tone inversion applications for higher resolution pattern transfer. 
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