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The electronic structure of extreme ultra violet resist materials and of their individual components,

two polymers and two photoacid generators (PAGs), is studied using a combination of x-ray and

UV photoemission spectroscopies, electron energy loss spectroscopy, and ab-initio techniques. It is

shown that simple molecular models can be used to understand the electronic structure of each

sample and describe the experimental data. Additionally, effects directly relevant to the

photochemical processes are observed: low energy loss processes are observed for the phenolic

polymer containing samples that should favor thermalization of electrons; PAG segregation is

measured at the surface of the resist films that could lead to surface inhomogeneities; both PAGs

are found to be stable upon irradiation in the absence of the polymer, contrasting with a high

reactivity that can be followed upon x-ray irradiation of the full resist. Published by AIP
Publishing. [http://dx.doi.org/10.1063/1.4992083]

I. INTRODUCTION

Extreme ultra violet (EUV) lithography, using an inci-

dent wavelength of 13.5 nm (�92 eV), is the primary strategy

for future nanolithography.1 Owing to the weak output of the

current EUV sources and high losses from EUV optics,

resists of high sensitivity are required. Several strategies

have been used to increase organic resist sensitivities, includ-

ing doping with an element of high ionization cross section

such as iodine or fluorine, and inclusion of photo acid gener-

ators (PAGs) in the polymer matrix. In such a configuration,

EUV photons generate photoelectrons with an efficiency that

depends on the atomic cross sections for photo-ionization

and on the atomic density. Lower energy electrons are subse-

quently generated via several energy loss processes until

thermalized electrons (E� 15 eV) are able to react with the

PAG components.2–4

Owing to the sensitivity of the resist materials to x-ray

or electron irradiation and to their insulating nature, very

few spectroscopic studies have been devoted to the elec-

tronic structure or the low energy excitation properties of

these technologically important materials. Yet, important

information could be gathered from a thorough understand-

ing of the electronic properties of these compound materi-

als, including the nature of the low energy excitation

processes giving rise to chemical transformations in the

resist and the reaction pathways leading to the final chemi-

cal products.

In this work, we perform a benchmark electronic struc-

ture study of a series of EUV resist and resist component

materials. Three sets of samples have been measured: pure

polymers (called Polymer 1 and Polymer 2), PAG samples

(called S-PAG and I-PAG), and open source resists (OS 2,

OS 4, OS 12, and OS 14) based on these polymers and

PAGs. The two polymers, whose schematic composition is

indicated in Fig. 1, have been chosen in order to compare the

properties of aromatic compounds to aliphatic compounds.

Polymer 1 is an aromatic polymer composed of 65% hydrox-

ystyrene (OHStyr), 20% styrene (Styr), and 15% t-butyl

acrylate (TBA) in mole percentages. Polymer 2 is an ali-

phatic polymer composed of 30% methyl adamantyl methac-

rylate (MAMA), 50% c-butyrolactone (GBLMA), and 20% a

hydroxyl functionalized adamantyl methacrylate (HadMA)

in molar percentages. The two ionic PAGs have been widely

used in chemically amplified resist work and are represented

in Fig. 1. The S-PAG and I-PAG are composed of perfluoro-

butanesulfonic acid (PFBS) and either triphenylsulfonium

(TPS) or tertbutylphenyliodonium (TBPI) anions, respec-

tively, as indicated in Fig. 1. The resist films (OS 2, OS 4,

OS 12, and OS 14) are comprised of a combination of each

polymer with each PAG as shown in Table I. They were pre-

pared in the following proportions: 83.5 wt. % Polymer,

15 wt. % PAG, and 1.5 wt. % tetrabutylammonium lactate

(TBAL) following previous results.5

X-ray and UV photoemission spectroscopies have been

used to measure the occupied states of these three sets of

samples. Ground state electronic structure calculations of

simple molecular models chosen to represent the key moie-

ties of the polymers and PAGs have been used to perform a

detailed analysis of the photoemission spectra of each com-

pound. Additionally, electron energy loss spectra, using an

incident energy of 110 eV, have been measured in order to

understand the mechanisms for inelastic electron scattering

in such materials. These experimental data are compared to

calculated optical absorption spectra of the moieties based

on ground state calculations that were validated by their abil-

ity to describe photoemission data. Finally, important aspects

of resists chemistry, such as PAG segregation at the surface

of the resist films, or chemical species created upon irradia-

tion, are investigated using photoemission techniques.
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II. EXPERIMENTAL ASPECTS

A. Sample preparation

All samples were prepared as thin films (20 nm) on

highly doped silicon in order to minimize charging effects in

photoemission. The films thicknesses were determined using

a J. Woollam M-2000 ellipsometer. A Cauchy film model

was applied to calculate the film thicknesses for the thin,

optically transparent films.

Three sets of samples were studied: two pure polymer

films (Polymer 1 and Polymer 2), two films with high wt. %

of PAGs (S-PAG and I-PAG), and four open source-resists

which are combinations of these materials in the first sample

sets in the proportions 83.5 wt. % polymer, 15 wt. % PAG,

and 1.5 wt. % TBAL base.5

The samples were spun coat onto a silicon wafer under

the following conditions: 3700 RPM for 45 s, using a for-

mulation of 1 wt. % total solids in propylene glycol mono-

methyl ether acetate (PMA). The organic resists and pure

polymers films were then baked at 120 �C for 60 s, while

the high wt. % PAG films was baked only at 40 �C for 60 s

to prevent thermally activated crystallization.

B. Spectroscopic methods

All measurements were performed in an ESCALAB

250xi, without charge compensation, on thin films (20 nm)

deposited on highly doped silicon. XPS was performed using

a monochromated Al Ka line, with an overall resolution of

about 0.6 eV. UPS was performed using the He II line, with

a resolution better than 0.1 eV. EELS was performed in the

reflection mode in the ESCALAB 250xi using an electron

source of 110 eV with a resolution of 1 eV. The spectra have

been normalized with respect to the primary peak by setting

its maximum to unity. The primary peak centroid has been

centered at zero.

All organic samples were thin enough (20 nm film on

highly doped silicon substrate) to avoid strong charging effects

during measurements. Moreover, spectra were acquired as a

function of beam dose to evaluate any chemical transforma-

tions induced either by x-ray or electron irradiation. The poly-

mers and the resist samples were quite stable upon x-ray

irradiation and for our acquisition times (10 min per core lev-

els). Strong x-ray effects were only observed for the resist

compounds. When performing EELS, beam damage was visi-

ble for long exposure. Thus, EELS spectra were averaged from

short scans (�1 min) acquired on several spots of the samples.

C. Ab-initio methods

Electronic structure calculations of molecules represent-

ing the moieties that constitute the polymers and PAGs were

performed with the GAMESS(US) software package6 using

the Becke3-Lee-Yang-Parr (B3LYP) three parameter density

functional theory (DFT) theory.7–9 Molecular geometries

were at local minima on the potential energy surface calcu-

lated with a 6–31 G basis set, except for iodine, for which

core levels were simulated using SBKJC effective core

potentials.10,11 The density of states (DOS) was produced by

performing a sum of the individual electronic states convo-

luted with a 0.7 eV full width at half-maximum Gaussian

function. Optical absorption spectra were simulated using

the time dependant DFT (TD-DFT) code implemented in

GAMESS(US) using B3LYP and 6–31 G. Although the basis

set employed here is insufficient to accurately account for

excitation energies, the overall nature of the excitations, in

particular their relationship to ground-state orbitals, can be

retrieved. Only singlet transitions were considered.

FIG. 1. Polymers and PAG materials

considered in this work. The stoichi-

ometry of the different components is

indicated in red.

TABLE I. Open source organic resist composition.

Polymer 1 Polymer 2

I-PAG OS 2 OS 12

S-PAG OS 4 OS 14
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III. RESULTS AND DISCUSSION

A. Individual components of the EUV resists

1. Polymers

Core level and valence band (VB) spectra of the two

polymer thin films were measured using XPS and UPS. For

both films, the experimentally determined atomic composi-

tions, obtained using XPS, are found to be close to the

expected compositions as shown in Table II.

Core level spectra can often be interpreted using previ-

ously assigned chemical signatures from the literature. In

contrast, valence band (VB) spectra, obtained either using

XPS or UPS, are typically more difficult to interpret due to

their complex nature. Nevertheless, VB spectra are also

unique chemical fingerprints of organic materials, as they

directly reflect the local hybridization. In order to infer the

nature of the polymer films from the spectroscopic data,

ground state electronic structures of model polymer compo-

nents have been calculated.

Given that the polymer units are linked by C-C single

bonds, and given the typical lack of order in these materials,

we have assumed that electron delocalization over the back-

bone of the polymer chains is not significant. Therefore, the

electronic structure of each polymer was simulated using an

appropriate linear combination of the electronic structures

calculated for the molecules shown in the lower panel of

Fig. 2. These particular molecules were chosen, in part, in

order to represent the polymer side groups while maintaining

the C and O stoichiometry of the polymer. After geometrical

optimization of each molecular unit, the DOS was extracted

and used to simulate the DOS of the polymers. To align the

calculated DOS to the experimental spectra, rigid shifts were

applied to different energy regions (O 1s –11.7 eV; C 1s

–7.7 eV and VB 1.6 eV), and individual DOS were then

summed with a weight corresponding to the polymer compo-

sition. This simple model for the electronic structure is com-

pared to XPS and UPS spectra in Figs. 3 and 4, respectively.

Figure 3 shows the C1s, O1s spectra obtained using

XPS. The valence band spectra measured in XPS are

reported in Fig. S1 of the supplementary material. The

crosses are the experimental data, while the solid black

curves are the calculated core level line shapes or valence

band DOS. These curves are weighted sums of the individual

contributions calculated for each component molecule,

which are shown as the colored curves at the bottom of each

panel. The bonding configurations associated with each fea-

ture in the C 1s and O 1s core levels are indicated.

There is a very good agreement between the core level

shapes and the calculated curve for each polymer. The

weighted ground state contributions are able to describe the

chemical shifts measured in XPS for both the C 1s and O 1s

core levels. The C 1s spectra of Figs. 3(a) and 3(b) are com-

prised of features associated with C–C, C¼C and C–H bonds

occurring around –284.8 eV and two distinct O–C–C and

–CO2 features around –286.8 eV and –288.9 eV, respec-

tively. The O 1s spectra can be decomposed into two main

components: one at –533.3 eV associated with C–O–C bonds

and a conjugated C¼O and overlapping non-conjugated

C¼O and C–OH features around �532.3 eV.

The XPS valence band spectra of Fig. S1 (supplementary

material) generally agree with the calculated DOS; however,

differential cross section effects cause an underestimation of

the contribution from O 2s states to the XPS VB spectra in

the energy range around –28 eV. In contrast, the cross sec-

tions are more balanced in the UPS valence band spectra of

the two polymers, shown in Figs. 4(a) and 4(b), which are in

very good agreement with their respective calculated DOSs.

TABLE II. Atomic composition expected for the pure polymer films com-

pared to their atomic composition determined using XPS.

Polymer 1 Polymer 2

Composition Calculated (%) Measured (%) Calculated (%) Measured (%)

C 89.2 89.4 77.9 80.2

O 10.8 10.7 22.1 19.8

FIG. 2. Polymer composition and indi-

vidual molecular units considered to

mimic the polymer electronic struc-

ture. The color code for the atoms is as

follows: C brown, O red, and H white.
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Here again, the calculated DOS has been aligned to the

experimental features of the UPS VB spectra. In particular,

the presence of the characteristic two-peaked feature mea-

sured at –2 eV and –3 eV on polymer 1 and related to phenyl

groups is well reproduced in the calculated DOS.

Although the approach taken to model the electronic

structure is simple and might not represent finer details (for

example there is an inherent over-representation of CH3

states), the final DOS simulated for the two polymers (either

aromatic or aliphatic) enables a deeper understanding of the

electronic structure of these polymers. First, these results

indicate that the electronic properties of these polymers

might not be delocalized, as it could be the case for more

ordered, or more highly conjugated systems.

In addition to these photoemission studies, electron

energy loss spectra have been measured on the two polymer

films for an incident electron energy of 110 eV and are

shown in Fig. 5. A striking difference between the two spec-

tra is the presence of an important feature centered around

–6.5 eV for the polymer 1 which is absent for polymer 2. For

larger energy losses, the loss profile for the two polymers is

similar, and consists of a broad feature centered at –17 eV.

The narrow peak found around –6.5 eV is typically attributed

to p to p* transitions in benzene-like molecules, explaining

the presence of this feature only for the phenolic polymer.

The broad loss, however, has been attributed to plasmon res-

onance losses, due to experimentally observed plasmon-like

dispersion in polymers.12–14

FIG. 3. C1s and O1s core levels mea-

sured in XPS (crosses), compared to the

calculated ground state DOS for each

polymer (black curve). The DOSs cal-

culated for individual components are

also shown (colored curves) and spe-

cific chemical environments are indi-

cated. When necessary, the * denotes

the site related to the peak.

FIG. 4. Valence band measured in

UPS of both polymers, compared to

the calculated DOS.
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To describe the loss spectra, optical absorption spectra

have been calculated for the individual components of each

polymers of Fig. 2, and then summed with the appropriate

weight corresponding to the polymer composition. The

resulting spectra are shown in Fig. S2 of the supplementary

material for the two polymers. As expected, only the pheno-

lic polymer gives rise to an intense absorption feature near

7 eV, arising from p to p* transitions of the phenyl rings.15,16

As low energy electrons are the key to stimulating

chemical reactions in EUV resists, the existence of an impor-

tant low energy loss process in polymer 1 could open a new

channel for production of low energy electrons and therefore

increase the EUV resist yield.

2. Photo-acid generators

A study similar to the one that was undertaken for the

two polymer films was also performed on polymer films

with high PAG concentration. The calculated geometries of

the individual ions are shown in Fig. 6. Highly loaded PAG

films were obtained by mixing the PAGs with Polymer 2 in

a 3:1 weight ratio.17 However, as shown in Table III, the

stoichiometry measured for these films using XPS is strik-

ingly close to what is expected for a pure PAG film. This

observation suggests that in both cases the PAG has segre-

gated to the surface of the film. These films are particularly

well suited for study of the electronic properties of the indi-

vidual PAGs.

The C 1s core levels for both PAGs, as well as the calcu-

lated core level line shapes for their respective anion and cat-

ion counterparts, are shown in Figs. 7(a) and 7(b). Note that

the respective alignment of the calculated curves has been

chosen so as to match the experimental features due to the

intrinsic energy shift related to the Madelung energy in this

ionic compound.18 Three distinct C–F features, correspond-

ing to the CF3, center CF2, and S–CF2 environments of the

anion, are found, respectively, at binding energies of

–293.6 eV, –291.3 to –290.2 eV, and –288.7 eV. In this

region, and superimposed to the CF2 C1s signal, additional

intensity at � �291.5 eV is attributed to a p ! p* loss fea-

ture from the main C 1s feature at –285.0 eV.

Figure 8 shows the S 2p and the I 3d core levels for the

two PAGs. Note that the S 2p level is a spin-orbit doublet

split by 1.0 eV, and the I 3d doublet is split by 11.5 eV. As

expected, the S-PAG possesses two S 2p core levels, with

2p3=2 levels found at –168.8 eV and –167.1 eV, attributed to

the R3-Sþ and SO�3 environments of the cation and anion,

respectively. In the case of the I-PAG, a single component

corresponding to the anion is observed for the S 2p doublet

–168.8 eV, and a single chemical environment is measured

for the I 3d level of the cation with the 3d5=2 level located at

–623.6 eV. The F 1s and O 1s spectra (not shown), which

originate from the anion only, were similar for both PAG

films. The F 1s core level was found at –688.8 eV and the O

1s was found at –532.8 eV.

FIG. 5. EELS spectra measured on the two polymer films for an incident elec-

tron energy of 110 eV. The elastic peak intensity has been normalized to 1.

FIG. 6. PAG component chemical struc-

ture: S-PAG¼TPSþPFBS and I-

PAG¼TBPIþPFBS. Calculated geom-

etries obtained for the individual ions:

TPS, PFBS, and TBPI. The color code

for the atoms is as follows: C brown, O

red, H white, S yellow, F blue, and I

green.

TABLE III. Atomic composition expected for pure PAG films compared to

the atomic composition determined on highly loaded PAG films using XPS.

I-PAG S-PAG

Composition Calculated (%) Measured (%) Calculated (%) Measured (%)

C 63.2 62.4 61.1 60.7

O 8.0 11.9 8.3 11.6

S 2.6 2.9 5.6 5.1

F 23.7 20.6 25.0 22.7

I 2.6 2.3 … …
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The VBs measured in UPS on the two PAG films are

shown in Fig. 9, along with the calculated DOS for the corre-

sponding anion and cations. Here again, the calculated DOSs

have been aligned to experimental features of the VB spec-

tra. By doing so, the nature of the states composing the

valence band is easily identified. First, the prominent feature

measured for both PAG between –14 eV and –10 eV is attrib-

uted to F 2p states from the anion. Additionally, the different

shapes obtained for the I-PAG and S-PAG between –7 eV

and –3 eV are explained nicely by the different phenyl p sys-

tems obtained from the calculated DOS.

EELS spectra obtained from the two PAG-loaded films,

acquired with an electron energy of 110 eV, are compared in

Fig. 10. As the EELS spectrum of Polymer 2 does not con-

tain strong features in the region with a loss energy less than

10 eV, most of the EELS signals are thought to originate

from the PAGs. Both PAG spectra contain well-defined loss

features around –5 eV and –6.5 eV that are expected to be

primarily related to phenyl p to p* transitions. At loss ener-

gies greater than 10 eV, both spectra exhibit a broad loss fea-

ture centered at –17 eV, resembling the feature identified as

a plasmon loss for the two polymers.

Taking an approach similar to the one used to interpret

the loss spectra of the polymers, we have calculated the

absorption spectra of the individual components of the two

PAGs, and then summed the resulting spectra as shown in

Fig. S3 of the supplementary material. Again, the calculated

spectra, convincingly describe the low energy loss features

for the two PAGs. In particular, the loss spectra obtained for

the two PAGs appear quite similar and the strong loss fea-

tures found centered around –7 eV are associated with p to

p* transitions in the phenyl groups of the cation.

To conclude this part, it is important to note that both

highly loaded PAG films suffered PAG segregation at the

surface. Similar segregation effects, depending on the PAG

miscibility in polymers, have been reported previously on

other PAG-polymer systems.19 This allowed a determination

of the electronic structure of both PAGs with unprecedented

details. As the PAG is a key compound in the EUV chemical

reactivity, these results define the basis to study in-situ the

electronic structure of representative EUV resist materials.

B. EUV resists

1. Resist film composition

The ground state properties and excitation spectra of the

organic resist components studied in Sec. III A greatly facili-

tate the exploration of the four open source resists identified in

Table I. As noted earlier, the resist films were prepared using

the following stoichiometry by weight: 83.5 wt. % Polymer,

15 wt. % PAG, and 1.5 wt. % TBAL. However, atomic compo-

sitions obtained using XPS measurements did not indicate this

FIG. 7. C 1s core levels measured on the PAG films, compared to the DOSs

calculated for their corresponding anion and cation counterparts.

FIG. 8. S 2p and I 3d core levels mea-

sured on the PAG films, and molecular

schematics for the PAG individual

components on the PAG.
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stoichiometry and signs of PAG segregation were observed for

all the resist samples. PAG segregation led to a near-surface

composition of 68.8 wt. % Polymer, 30 wt. % PAG, and

1.2 wt. % TBAL, as indicated in Table IV. The concentrations

of sulfur and fluorine, markers of the PAGs, allow a clear

quantification of both PAGs at the surface of the resist films.

The slightly lower percentages of iodine, also a marker for the

I-PAG, are likely the result of its higher cross sections for x-

ray beam stimulated desorption.

Given that the probing depth of XPS is about 10 nm, and

the estimated thickness of 20 nm of the resists films, it

appears that most of the PAG has migrated to the top surface.

This behavior was found for all PAG-polymer combinations

considered here, and will have a direct impact on the reactiv-

ity across the films upon exposure to EUV light.20–22

2. Chemical environment

Given that the PAGs have much higher molecular

weights than the polymers (Polymer 1: 118 g mol�1;

Polymer 2: 202.4 g mol�1; S-PAG: 562 g mol�1; and I-PAG:

692 g mol�1), the molar composition of these resist materials

is dominated by the polymer. This is reflected in the line

shapes of the C 1s, O1s core levels, and VBs of the resist

samples measured by XPS as shown in Fig. 11. As can be

seen in Figs. 11(a) and 11(b), the C 1s and O 1s core levels

of OS 2 and OS 4 resists are comparable to those of polymer

1, while the line shapes from resists OS 12 and OS 14 are

comparable to those of polymer 2. The CFx bond contribu-

tions, associated with the PAG anion, occurring at binding

energies near –294 eV and –292 eV in the C 1s core levels of

Fig. 11(a), are barely visible owing to the low PAG concen-

tration in the polymers. Similarly, the XPS VB spectra are

reminiscent of those measured for the pure polymers, with

the exception of the presence of prominent F 2s core levels

at a binding energy around –35 eV attributable to the anion

of the PAGs. All of the F 1s spectra of Fig. 11(d) exhibit the

FIG. 9. Valence band spectra mea-

sured in UPS on the highly PAG-

loaded films, compared to the calcu-

lated DOS of the individual PAG’s

components shifted appropriately to

match experimental features.

FIG. 10. EELS spectra measured on the two PAG films for an incident elec-

tron energy of 110 eV. The elastic peak intensity has been normalized to 1.

TABLE IV. Resist film composition as expected from their calculated atomic composition assuming PAG segregation at the surface, compared to the atomic

composition determined using XPS.

OS 4 OS 14 OS 2 OS 12

Composition Calculated (%) Measured (%) Calculated (%) Measured (%) Calculated (%) Measured (%) Calculated (%) Measured (%)

C 82.4 81.3 73.7 71.8 83.6 82.5 74.3 74.6

O 10.2 11.5 18.6 20.8 10.2 11.4 18.8 18.5

S 1.3 1.3 1.4 1.4 0.6 0.8 0.6 1.1

N 0.06 … 0.1 … 0.1 … 0.1 …

F 6.02 5.9 6.3 6.0 5.1 5.1 5.3 5.4

I … … … … 0.6 0.3 0.6 0.4
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same single feature near –689.1 eV for each resist film, indi-

cating that all fluorine atoms of the anion are in the same

chemical environment.

Typical S 2p and I 3d core level spectra, measured for

the four resist films, are shown in Fig. 12. For all of the films,

the S 2p core levels indicate the presence of the SO�3 envi-

ronment of the anion, in agreement with what was measured

for the highly loaded PAG films. However, the core levels

pertaining to the cations indicate that the cations have under-

gone partial decomposition. For example, while the I 3d core

level spectra of Figs. 12(b) and 12(d) contain an I 3d5=2 fea-

ture at –623.3 eV corresponding to the Ph2Iþ environment,

they also show that another feature at a binding energy of

–621.1 eV for both the OS 2 and OS 12 resists, attributable

to an iodobenzene (Ph–I) chemical environment. In the S 2p

spectra of the OS 4 and OS 14 resists, shown in Figs. 12(e)

and 12(f), the expected Ph3Sþ chemical state observed at a

binding energy of –167.0 eV is accompanied by an additional

chemical state at –163.7 eV, attributed to a Ph2S molecular

structure.23

These additional chemical states of I and S found for the

cations of the PAGs in the resist films indicate that the PAGs

partially decompose upon exposure to x-rays, in a manner

consistent with the model shown in Fig. 13 and proposed in

earlier work.24–30 It is important to note that this transforma-

tion was not observed when the highly loaded PAG films

were exposed to similar x-ray doses, implying that the chem-

ical conversion of the PAG is mediated by the presence of

the polymer. Note that the surface segregation, which led to

a PAG concentration of 30 wt. % for the resists, leads to a

local concentration that is still sufficiently low to allow the

polymer-mediated PAG photo-decomposition to occur.

EELS spectra measured on the four EUV resist films are

compared in Fig. 14. These spectra were obtained as the sum

of several low-dose EELS spectra taken on different points

at the surface of the films, as it was found that 110 eV elec-

trons would induce transformation of the films more rapidly

than the one observed under x-ray exposure. Again, as the

molar composition of the resists is dominated by the poly-

mers, it is not surprising that their loss spectra are compara-

ble to the loss spectra measured for the two polymers. Both

OS 2 and OS 4 possess the characteristic p/p* loss, and the

PAG, owing to its low molecular concentration, does not

contribute significantly to the loss spectra.

3. Kinetics of PAG decomposition under x-rays

Having identified spectral features associated with the

two products of the PAG decomposition, it is possible to fol-

low how the chemical reaction proceeds in the resist films as

a function of x-ray exposure. The ratio of the intensity of the

S 2p and I 3d XPS signals associated with Ph2S or PhI, to the

initial intensities of the Ph3Sþ or Ph2Iþ species in the intact

PAGs, expressed as a percentage, gives the percentage of

decomposed PAGs. This percentage has been measured as a

function of x-ray exposure time for the four resist films and

the resulting data are presented in Fig. 15(a). In addition, by

monitoring the decrease of the integrated S 2p and I 3d XPS

intensity as a function of dose, the loss of iodine and sulfur

in the resist films was measured as a function of exposure to

x-rays and is reported Fig. 15(b).

Figure 15(a) indicates that, upon initial irradiation, for a

given exposure time the S-PAG contained in the OS 12 and

OS 4 resists undergoes greater decomposition as compared to

the I-PAG contained in the OS 2 and OS 12 resists. Moreover,

the extent of decomposition is independent of the nature of

the polymer. The decomposition of both PAGs saturates, but

at different doses. S-PAG decomposition stops after �1000 s,

while I-PAG decomposition only stops after �2000 s. The

maximum extent of decomposed PAGs is however similar for

the four resist materials, approaching a final value of 70%.

The saturation could be related to PAG clustering in the poly-

mer matrix, preventing PAG-polymer interaction. This is par-

ticularly true in our case, since PAG segregation leads to an

effective high concentration of PAG near the sample surface.

Hþ yield upon EUV exposure has been measured for OS

2 (polymer 1þ I-PAG) and OS 4 (polymer 2þ S-PAG) and

indicates a very similar behavior (5 6 0.5 and 4 6 0.5 Hþ per

photon, respectively.5 Unfortunately, no similar data exist

yet for the OS 12 and OS 14 resists. In our case, upon x-ray

exposure, the PAG decomposition seems to occur faster for

the S-PAG containing resist than the I-PAG containing

resists. These discrepancies could be due to structural inho-

mogeneities in resist films, given that photoelectron probing

depth in photoemission is typically much smaller than UV

photon penetration depth, and that S 2p photoelectrons

would probe �9.5 nm, whereas I 3d would probe �7.6 nm.31

The decomposition kinetics observed for the PAGs

under x-ray exposure are correlated with the loss of iodine

FIG. 11. Comparison of the C 1s, F 1s, O1s core levels and valence bands

measured in XPS on the four organic resists OS 2, OS 4, OS 12, and OS 14.
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and sulfur from the resist materials, as seen in Fig. 15(b).

The PAG decomposition is accompanied by the desorption

of sulfur and iodine, presumably under the form Ph2S or PhI.

The loss of these products remarkably coincides with the

PAG reaction with the resist polymer, indicating that the vol-

atile products of reaction are quite mobile in the resist films

and can easily escape as previously thought.32 The percent-

age of S and I loss for long exposure appears to reach differ-

ent values for each PAG compound. This could be due to

either a sampling depth effect related to the electron mean

free path of the I 3d or S 2p core electrons assuming a

surface-limited reaction, or to a difference in mobility

between the PhI and Ph2S products in the film. Additional

measurements could help understanding film inhomogenei-

ties. For example, angle-resolved XPS could probe PAG seg-

regation or probe trapped species as a function of depth,

assuming that resist films are flat enough.

IV. CONCLUSION

This work represents a benchmark study of four open

source chemically amplified EUV resist materials using

photoemission spectroscopy and electron energy loss spec-

troscopy. Using thin films on highly doped silicon substrates,

sample charging was limited, and great care was taken in fol-

lowing x-ray and electron beam damage upon irradiation of

the samples. As a result, high quality experimental data were

obtained and compared to electronic properties calculated

using simple molecular models. Several important effects

directly relevant to EUV resist material photochemical pro-

cesses were measured.

Strong energy loss features are found centered around

6.5 eV in the phenolic polymer, originating from p to p*

transitions. Above this transition, the energy loss spectra

of phenolic and non-phenolic polymers are remarkably

similar. This additional low energy loss channel should

provide a pathway for electrons to thermalize faster in

the phenolic polymer than in the non-phenolic polymer

and could therefore alter electron diffusion and acid

production.

Both the iodonium and sulfonium-based PAGs are found

to strongly segregate to the surface of the resist films, inde-

pendently of the polymer used. Therefore, surface inhomoge-

neities should be expected within a sample depth comparable

FIG. 12. S 2p and I 3d core levels measured in XPS on the four organic resists OS 2, OS 4, OS 12, and OS 14.
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to the one probed in x-ray photoemission, that is within ten

nanometers of the resist films.

Both PAGs were found very stable upon x-ray irradia-

tion, in the absence of polymers. This result contrasts with

the high reactivity of the both PAGs in the resist samples,

and indicates that the presence of the polymer is necessary to

initiate the PAG decomposition in these materials.

Additionally, the kinetics of chemical decomposition of the

PAGs was measured as a function of x-ray irradiation, and

correlated with the loss of the volatile Ph2S and PhI com-

pounds diffusing out of the resist film.

Other resists are currently studied in order to replace

chemically amplified resists such as metallorganic com-

pounds, in part due to the resolution limitation imposed by

the acid migration step. The experimental protocol presented

above should be ideal to study novel generation EUV resist

materials.

SUPPLEMENTARY MATERIAL

See supplementary material for the XPS valence band of

pure polymer films, and for the calculated optical absorption

spectra of the polymers and of the PAGs.

ACKNOWLEDGMENTS

This work was supported by Sematech under the

Contract No. #2014-SE-2569. The author acknowledges

Mark Neisser for useful discussions.

1T. Itani and T. Kozawa, Jpn. J. Appl. Phys., Part 1 52, 010002 (2013).
2R. L. Brainard, G. G. Barclay, E. H. Anderson, and L. E. Ocola,

Microelectron. Eng. 61–62, 707 (2002).
3R. Brainard, E. Hassanein, J. Li, P. Pathak, B. Thiel, F. Cerrina, R. Moore,

M. Rodriguez, B. Yakshinskiy, E. Loginova et al., in Advances in Resist
Materials and Processing Technology XXV, edited by C. L. Henderson

(SPIE-International Society for Optical Engineering, 2008).
4A. Narasimhan, S. Grzeskowiak, B. Srivats, H. Herbol, L. Wisehart, C.

Kelly, W. Earley, L. E. Ocola, M. Neisser, G. Denbeaux et al., in Extreme
Ultraviolet (EUV) Lithography VI, edited by O. R. Wood and E. M.

Panning (SPIE-International Society for Optical Engineering, 2015).
5C. D. Higgins, C. R. Szmanda, A. Antohe, G. Denbeaux, J. Georger, and

R. L. Brainard, Jpn. J. Appl. Phys., Part 1 50, 036504 (2011).
6M. W. Schmidt, K. K. Baldridge, J. A. Boatz, S. T. Elbert, M. S. Gordon,

J. H. Jensen, S. Koseki, N. Matsunaga, K. A. Nguyen, S. Su et al.,
J. Comput. Chem. 14, 1347 (1993).

7A. D. Becke, Phys. Rev. A 38, 3098 (1988).
8C. Lee, W. Yang, and R. G. Parr, Phys. Rev. B 37, 785 (1988).
9A. D. Becke, J. Chem. Phys. 98, 5648 (1993).

10D. Feller, J. Comput. Chem. 17, 1571 (1996).

FIG. 14. EELS spectra measured on the four organic resists films for an inci-

dent electron energy of 110 eV. The elastic peak intensity has been normal-

ized to 1.

FIG. 15. (a) PAG decomposition in the presence of the polymer under x-ray

beam exposure. (b)Iodine and Sulfur loss under x-ray beam exposure with

respect to the initial content.

FIG. 13. Schematic of the PAG-Polymer decomposition mechanism for the

two different PAGs in the presence of a polymer RH.

025305-10 Rangan et al. J. Appl. Phys. 122, 025305 (2017)

ftp://ftp.aip.org/epaps/journ_appl_phys/E-JAPIAU-122-010727
http://dx.doi.org/10.7567/JJAP.52.010002
http://dx.doi.org/10.1016/S0167-9317(02)00564-6
http://dx.doi.org/10.7567/JJAP.50.036504
http://dx.doi.org/10.1002/jcc.540141112
http://dx.doi.org/10.1103/PhysRevA.38.3098
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1002/(SICI)1096-987X(199610)17:13<1571::AID-JCC9>3.0.CO;2-P


11K. L. Schuchardt, B. T. Didier, T. Elsethagen, L. Sun, V. Gurumoorthi, J.

Chase, J. Li, and T. L. Windus, J. Chem. Inf. Model. 47, 1045 (2007).
12M. K. Barbarez, D. K. D. Gupta, and D. Hayward, J. Phys. D: Appl. Phys.

10, 1789 (1977).
13J. J. Ritsko and R. W. Bigelow, J. Chem. Phys. 69, 4162 (1978).
14J. J. Ritsko, J. Chem. Phys. 70, 5343 (1979).
15J. P. Doering, J. Chem. Phys. 51, 2866 (1969).
16J. P. Doering, J. Chem. Phys. 67, 4065 (1977).
17Preparing pure PAG films was not possible, therefore PAGs were mixed

with Polymer 2. The highest concentration of PAG allowing to obtain thin

and continuous films was within a 3:1 PAG to polymer ratio. Polymer 2

was chosen due to its lack of strong loss features in EELS.
18P. H. Citrin and T. D. Thomas, J. Chem. Phys. 57, 4446 (1972).
19K. E. Uhrich, E. Reichmanis, and F. A. Baiocchi, Chem. Mater. 6, 295

(1994).
20J. M. Roberts, R. Meagley, T. H. Fedynyshyn, R. F. Sinta, D. K. Astolfi,

R. B. Goodman, and A. Cabral, in Advances in Resist Technology and
Processing XXIII, edited by Q. Lin (SPIE-International Society for Optical

Engineering, 2006).
21T. H. Fedynyshyn, D. K. Astolfi, A. Cabral, and J. Roberts, in Advances in

Resist Materials and Processing Technology XXIV, edited by Q. Lin

(SPIE-International Society for Optical Engineering, 2007).

22J. T. Woodward, T. H. Fedynyshyn, D. K. Astolfi, S. Cann, J. M. Roberts,

and M. J. Leeson, in Advances in Resist Materials and Processing
Technology XXIV, edited by Q. Lin (SPIE-International Society for

Optical Engineering, 2007).
23B. J. Lindberg, K. Hamrin, G. Johansson, U. Gelius, A. Fahlman, C.

Nordling, and K. Siegbahn, Phys. Scr. 1, 286 (1970).
24S. P. Pappas, B. C. Pappas, L. R. Gatechair, and W. Schnabel, J. Polym.

Sci.: Polym. Chem. Ed. 22, 69 (1984).
25S. P. Pappas, L. R. Gatechair, and J. H. Jilek, J. Polym. Sci.: Polym.

Chem. Ed. 22, 77 (1984).
26J. L. Dektar and N. P. Hacker, J. Org. Chem. 55, 639 (1990).
27J. L. Dektar and N. P. Hacker, J. Am. Chem. Soc. 112, 6004 (1990).
28J. L. Dektar and N. P. Hacker, J. Org. Chem. 56, 1838 (1991).
29N. P. Hacker, D. C. Hofer, and K. M. Welsh, J. Photopolym. Sci. Technol.

5, 35 (1992).
30K. Nakamura, Photopolymers (Taylor & Francis Inc., 2014), ISBN:

146651728X.
31M. P. Seah and W. A. Dench, Surf. Interface Anal. 1, 2 (1979), ISSN:

1096-9918.
32J. Torok, B. Srivats, S. Memon, H. Herbol, J. Schad, S. Das, L. Ocola, G.

Denbeaux, and R. L. Brainard, J. Photopolym. Sci. Technol. 27, 611

(2014).

025305-11 Rangan et al. J. Appl. Phys. 122, 025305 (2017)

http://dx.doi.org/10.1021/ci600510j
http://dx.doi.org/10.1088/0022-3727/10/13/015
http://dx.doi.org/10.1063/1.437096
http://dx.doi.org/10.1063/1.437465
http://dx.doi.org/10.1063/1.1672424
http://dx.doi.org/10.1063/1.435381
http://dx.doi.org/10.1063/1.1678088
http://dx.doi.org/10.1021/cm00039a008
http://dx.doi.org/10.1088/0031-8949/1/5-6/020
http://dx.doi.org/10.1002/pol.1984.170220107
http://dx.doi.org/10.1002/pol.1984.170220107
http://dx.doi.org/10.1002/pol.1984.170220108
http://dx.doi.org/10.1002/pol.1984.170220108
http://dx.doi.org/10.1021/jo00289a045
http://dx.doi.org/10.1021/ja00172a015
http://dx.doi.org/10.1021/jo00005a033
http://dx.doi.org/10.2494/photopolymer.5.35
http://dx.doi.org/10.1002/sia.740010103
http://dx.doi.org/10.2494/photopolymer.27.611

	IR-coverpage
	Electronic structure, excitation properties, and chemical transformations of extreme ultra-violet resist materials
	s1
	s2
	s2A
	s2B
	s2C
	f1
	t1
	s3
	s3A
	s3A1
	t2
	f2
	f3
	f4
	s3A2
	f5
	f6
	t3
	s3B
	s3B3
	f7
	f8
	s3B4
	f9
	f10
	t4
	s3B5
	f11
	s4
	f12
	s5
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	f14
	f15
	f13
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32


