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A modern alternative to the positive-tone PMMA resist is the ZEP 520A (Nippon Zeon) brand
co-polymer resist, which offers a higher sensitivity and etch durability for electron beam lithogra-
phy. However, the molecular mechanisms are not entirely understood, and the relative performance
of two resists for various process conditions of nanofabrication is not readily predictable. The
authors report a thorough experimental comparison of the performance of PMMA 950k and ZEP
520A resists in MIBK:IPA, ZED, and IPA:water developers. Interestingly, ZEP resist performance
was found to depend significantly on the developer. ZED developer increases the sensitivity,
whereas IPA:water optimizes line edge roughness and conceivably the resolution at the expense of
sensitivity. The authors also describe two alternative numerical models, one assuming an enhance-
ment of the main chain scission in ZEP as a result of electronic excitations in side groups, and
another without such enhancement. In the second case, the differences in ZEP and PMMA resists
performance are attributed to their different interaction with the developers. Using both
approaches, the authors parameterize the respective models of ZEP development by fitting numeri-
cal results to the experimental resist morphologies, and analyze the outcomes. © 2011 American

Vacuum Society. [DOIL: 10.1116/1.3640794]

I. INTRODUCTION

One of the most efficient and established techniques for
creating deep submicron patterns is electron beam lithography
(EBL). A focused beam of electrons interacting with a layer
of radiation sensitive material (resist) induces chemical
changes, such as chain scissioning in positive tone polymer
resists. The fragmented resist material from exposed regions
is then removed by dissolution in a suitable solvent (devel-
oper). Polymethylmethacrylate (PMMA) is well-known as the
industry standard, high-resolution, positive-tone resist for
EBL. The EBL exposure and processing mechanisms of
PMMA are well understood and a large number of usage
options have been developed. Processing techniques such as
for example ultrasonic agitation or cold development have
enabled patterning up to 10 nm resolution employing
PMMA.' However, PMMA has a relatively low sensitivity
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and poor etch resistance. To meet the growing needs in direct-
write fabrication of large arrays of smaller, denser nanostruc-
tures, solutions employing other resists are addressed increas-
ingly often.*”’

A modern alternative to PMMA is another positive-tone
resist, ZEP (a 1:1 copolymer of a-chloromethacrylate and
o-methylstyrene), which has been developed as a highly sen-
sitive, stable, and durable positive-tone resist.® In compari-
son to PMMA, in ZEP the side groups are substituted with a
chlorine atom and a phenyl group (Fig. 1).

Compared with PMMA, ZEP exhibits a 2—10 times greater
sensitivity depending on the exposure and development
conditions.**'! The greatest sensitivity improvements have
been reported with lower voltages and xylene based
developers;*™!" moderate sensitivity improvements were
reached using amyl acetate,'! and the least sensitivity
improvements have been observed using hexyl acetate.** At
present, n-amyl acetate (ZED) is considered as the standard
developer for ZEP resists.'? Further qualities of ZEP include
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high stability — no resolution loss has been reported when
developing exposed ZEP after a period of 6 months.® In addi-
tion, the plasma etch durability of ZEP is known to be 24
times higher compared to PMMA for C,Fg and SF, gases.®'?
Despite these advantages of ZEP over PMMA, it has been
reported that ZEP has comparable or inferior resolution and
line edge roughness (LER) compared to PMMA.*'° To com-
pensate for this shortcoming, resolution enhancement techni-
ques developed with PMMA such as cold development have
been applied to ZEP with a favorable impact on resolution
and LER improvements at the cost of reduced sensitivity.*'*

Whereas many EBL exposure and development optimiza-
tion studies have been conducted for PMMA, processing strat-
egies for ZEP are much less abundant; as well, the
understanding of the molecular mechanisms determining ZEP
performance is very far from complete. The observed sensitiv-
ity increase of ZEP in comparison to PMMA has been attrib-
uted to the presence of the chlorine group, whereas the
presence of the phenyl group is expected to enhance the etch
durability.® A more detailed understanding of ZEP resist prop-
erties is, however, extremely challenging. The inductive effect
of chlorine atoms (partial withdrawal of valence electrons
from the main chain)® may facilitate the chain scission in
ZEP. It was also hypothesized'” that ionization of chlorine by
electron impact could lead to main-chain scission. The role of
phenyl group in the performance of ZEP resist is not yet
entirely clear; in addition to increasing the etch durability,®
the phenyl group may also play a role in the dissociation of
the main-chain in the presence of the chlorine group.

Furthermore, in most applications different developers and
development durations are employed for PMMA and ZEP,
which challenges the comparison of the resists. In addition to
hypothetical differences in the mechanism of main-chain scis-
sion, various rates of dissolution in different developers may
also be a factor. In order to fully realize the potential of ZEP
resists, the understanding of its properties needs to be
improved.

The purpose of this research is to understand the exposure
and development of ZEP 520A resist and compare these to
PMMA 950k, both experimentally and by numerical model-
ing. For this purpose, we conduct EBL exposure and devel-
opment of both resists using identical conditions wherever
possible. We report a thorough comparison of the perform-
ance of PMMA and ZEP in MIBK:IPA 1:3, ZED-N50, and
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Fic. 1. (left) PMMA and (right) ZEP polymer structures.
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IPA:water 7:3 developers. In order to interpret the experi-
mental results, we extended our simulation tool reported ear-
lier for PMMA'® to include exposure and development of
ZEP resist. We describe two hypothetical models of ZEP ex-
posure, one assuming an enhancement of the main chain
scission in ZEP as a result of electronic impact onto some of
the side groups, and another without such enhancement. In
the second case, the differences in ZEP and PMMA resists
performance are attributed only to their different interactions
with the developers. Using both approaches, we parameter-
ize the respective models of ZEP development by fitting nu-
merical results to the experimental resist morphologies, and
analyze the outcomes.

Il. EXPERIMENT

Silicon substrates were spin coated with 55-63 nm thick
ZEP-520A and PMMA 950k resist layers. Sets of periodic gra-
ting patterns of various pitches and increasing doses were pat-
terned at 3-30 keV exposure voltage (Raith 150 and 15079,
A wide array of periodic gratings with progressively increas-
ing doses has been employed to identify the applicable dose
windows within which quality gratings can be fabricated. Ini-
tially, the ZEP samples were developed in ZED-N50 (n-amyl
acetate) for 30 s and rinsed in MIBK for 20 s. The selection of
developer, rinse, and development duration was based on the
standard procedures provided by the resist manufacturer and
also in use by the scientific community. The experiments done
with these conditions were used to generate Fig. 2(a) which
compares the applicable dose windows of PMMA and ZEP
for 3-30 keV exposure voltages. The PMMA data used in
Fig. 2(a) was taken from our previous work'”'® using compat-
ible experimental conditions. From Fig. 2(a), we estimate a
3.7-4.1 times sensitivity increase and a 3—7 times dose win-
dow decrease using ZEP compared to PMMA.

In order to better understand the development of ZEP, we
decided to test MIBK as the developer instead of the rinse/
stopper. Using 10 keV exposure and 30 s development in
MIBK showed that 30 nm half-pitch gratings could be pat-
terned at approximately 63 pC/cm, which is almost the same
dose required for developing ZEP in ZED-N50 and rinsing in
MIBK. The fact that MIBK could be used as a developer for
ZEP at comparable sensitivity and development time was sur-
prising but not entirely unexpected considering that MIBK is
a very strong developer for PMMA and both PMMA and ZEP
are polymeric resists with many similarities as seen in Fig. 1.
Therefore, to proceed with a detailed comparison of ZEP and
PMMA development, we developed both ZEP and PMMA
for 2-20 s in ZED-N50, MIBK:IPA 1:3, and IPA:H,O 7:3 for
10 keV exposures. The samples developed in ZED-N50 and
MIBK:IPA 1:3 were rinsed in IPA for 20 s, whereas the sam-
ples developed in IPA:H,O 7:3 were not rinsed at all. Using
MIBK:IPA 1:3 and IPA:H,O 7:3 as developers for ZEP and
using ZED-N50 as a developer for PMMA, especially for
such short development durations is unique to our study. The
data from this study was used to generate Fig. 2(b) and Fig. 3
in which the applicable dose windows as well as top-view gra-
ting morphologies of ZEP and PMMA resists are compared
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Fic. 2. Comparison of the applicable dose windows for fabricating 35 nm
half-pitch gratings in PMMA and ZEP resists at room temperature: (a)
employing a 1:3 MIBK:IPA developer for PMMA and ZED-N50 developer
for ZEP and various exposure voltages; (b) employing various developers
and 10 keV exposure voltage. The bars show the range of doses for which
quality grating patterns can be fabricated. All development was carried out
for 5 s except for PMMA in ZED-N50 (2 s).

for ZED-N50, MIBK:IPA 1:3, and IPA: H,O 7:3 developers.
The sensitivity of PMMA remains nearly constant for the
developers discussed, whereas ZEP shows a significant varia-
tion in sensitivity and dose window. Using IPA: H,O 7:3 pro-
vides the highest resolution and lowest line edge roughness
(LER) at the expense of reduced sensitivity. Further discus-
sion is given in Sec. IV.

Ill. MODELING
A. Model of electron-resist interaction

In order to better understand the properties of ZEP resist, we
have extended our model of electron beam exposure of positive-
tone resist (initially PMMA) reported recently.m’19 In brief, the
positive-tone resist response is represented by main-chain C-C
bond breaking through the impact of primary and secondary
electrons, as well as those backscattered from the substrate. For
a point source of primary electrons traveling a distance z in the
resist, the probability of lateral broadening through elastic scat-
tering can be described by the diffusion approximation,”*>*

32 3p?
P(z,p)pdp = 5 exp (— 7) pdp, (1)

where z is depth, p is the lateral coordinate, and / is the elas-
tic transport mean free path.”> When traveling in the resist,
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Fig. 3. Top-view SEM micrographs of 35 nm half-pitch PMMA and
ZEP gratings exposed with 10 keV electrons and developed in ZED-NS50,
MIBK:IPA 1:3, and IPA:water 7:3 developers. The doses and minimum
gap-widths achieved for each combination are noted. All samples are
precoated with a 6 nm chromium anti-charging layer.

primary electrons undergo inelastic collisions producing
bond scissions and generating secondary electrons. The latter
in turn produce further scissions and next-generation elec-
trons, and so on. A widely used approach represents the ex-
posure by a spatial distribution function (point spread
function) of deposited energy in the form***!

Fiz,p) = j Fp— phEG o )PGp)pndpr. ()

16.1 .. .
In our model'®'” we employ a similar form, however, instead

of the point spread function of deposited energy, we consider
the yield of main chain scission for a positive tone resist. We
believe that computing the yield of bond scission directly
without mapping the distributions of deposited energy avoids
the well-known uncertainties related to the conversion of de-
posited energy into the scission yield,'”' and also facilitates
accounting for molecular properties of the material, which is
important for the present extension of the model from PMMA
to ZEP. In this work, we compute the three dimensional (3D)
distributions of the probability of the main chain scission in
PMMA and ZEP employing Eq. (2), where E(z,p) is the
energy of primary electrons at point {z, p}, and f(p,E) is
the radial distribution of the scission probability including the
impact of secondary and higher generation electrons. Adopt-
ing this partition, we simplify the task of finding a 3D distri-
bution function of scission probability events in resist to a
layer-by-layer computation.
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Distinct from our previous work'®' where equations of
kinetic transport theory were employed to compute the radial
distribution of the yield of scission f(p,E), in the present
work we have implemented a modified Monte Carlo simula-
tion approach®* to compute the scission yields without map-
ping the distributions of deposited energy. To calculate the
radial distribution of the scission probability, a point
“primary”’ electron source with a particular energy and fixed
direction in an appropriate resist is employed. These
“primary” electrons generate scissions in the resist as well as
produce secondary and higher generation electrons.

Secondary electrons undergo elastic and inelastic colli-
sions as they travel in the resist. We describe elastic proc-
esses by a screened Rutherford elastic collision cross
section.”* For the inelastic scattering events, we employ the
Gryzinsky cross section®” as described in Refs. 16 and 19.
Elastic scattering events formally involve a single moving
electron, which changes only its direction but not its energy.
Inelastic scattering processes are binary collision events,
where a secondary electron is generated, and which are
accompanied by inelastic energy losses. Accordingly, the
energy of the electron before the collision, reduced by the
ionization energy, is split into two generally unequal parts
among two resulting electrons. The electron with greater
energy is conventionally considered as “scattered,” whereas
the one with less energy is seen as “generated secondary” as
a result of an inelastic collision. Inelastic collision events
can only take place if the energy of the initial electron before
the collision is greater than the energy of ionization.

The inelastic ionization losses depend on the structure of
the resist. All electrons in the material are categorized into
core electrons of particular shell and valence electrons.'® Va-
lence electrons are in turn split into a group responsible for
the main-chain bond breaking, and all other valence
electrons.

Scattering events for each kind of collision, elastic or
inelastic, and group of electrons are described by a cross sec-
tion with particular parameters specified for the group. In the
case of inelastic collisions, an important parameter is the
appropriate shell binding energy or ionization energy Uj,
where i denotes the group of electrons. The ionization
energy accounts for the inelastic loss of electron energy
under this particular scattering event. Effective parameters
that describe elastic collisions are the density, atomic weight,
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and atomic number of a particular resist.'” The total cross
section employed in this work is,

H(E) = Z N;0i(E) = NRutherfora O Rutherford (E)
i
+ NGryzinsky7lsfshellO-Gryzinsky,lsfshe/[ (E) + . (3)

where N; is the number density of electrons for the correspond-
ing cross section, and ¢;(E) is an appropriate cross section for
elementary elastic (Rutherford) or inelastic (Gryzinsky) scat-
tering events. The number density of electrons is

_ kipNy

Ni ’
M

“
where k; is a number of electrons from a given group per
monomer of the resist involved in a particular scattering pro-
cess, p is density of the resist, N4 is Avogadro’s number, and
finally M denotes the molar mass of a monomer.

The resulting 3D distribution of the yield of scission per
monomer of the resist, computed using Eq. (2) for a point
source of electrons in a resist of a given thickness, is then
convolved with the writing pattern of interest. The contribu-
tion to scission from electrons backscattered from the sub-
strate is described employing similar concepts. Further
details of the model and a basic validation for PMMA are
given in Refs. 16 and 19.

In this paper we compare two positive-tone resists,
PMMA and ZEP. Parameters adopted for the calculation, the
elementary processes considered, specification of the corre-
sponding groups of electrons, and the number of electrons in
each group for two resists are presented in Tables I, II,
and III. For simplicity, all of the possible inelastic processes
in the material are reduced, e.g., in the case of PMMA, to
four ionization collisions, namely collisions with carbon and
oxygen core electrons, collisions with valence electrons
involved in main chain C-C bonding, and finally collisions
with all other valence electrons. Knocking out a valence
electron that has been involved in an intra-molecular binding
is interpreted as the bond scission event. The binding ener-
gies (ionization energies) U; for core electrons and electrons
in the main-chain bonds are available in the literature.'?~°
For other valence electrons, the parameter U, has been fitted
so that the total inelastic stopping power reproduces well the
Bethe stopping power”’ of electrons at 30 keV energy. The

TaBLE I. Model parameters for PMMA resist, inelastic collisions.

Elementary collision processes

Number of electrons

involving various groups of electrons per monomer, k; U; (eV)
Oxygen core 1s electrons 4 538"
Carbon core 1s electrons 10 228"
Valence electrons in main-chain C-C bonds® 4 3.5%
Other valence electrons 36 16.52°

“Inelastic collision events with this group of electrons are interpreted as resulting in main chain bond scission in

PMMA (see Ref. 16 and 19).

"The average ionization potential is chosen to fit the total inelastic stopping power to the Bethe stopping power

(see Ref. 27) at 30 keV.

J. Vac. Sci. Technol. B, Vol. 29, No. 6, Nov/Dec 2011
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TasLE II. Model 1 parameters for ZEP resist, inelastic collisions.

Elementary collision processes

Number of electrons

involving various groups of electrons per monomer, k; U; (eV)
Oxygen core 1s electrons 4 5387
Carbon core 1s electrons 26 228"
Chlorine core 1s electrons 2 28082*
Chlorine core 2s electrons 2 28678
Chlorine core 2p electrons 6 2197
Valence electrons in main-chain C-C bonds® 8" 3.5%
Collisions with valence electrons in side groups inducing 38° 3.5"
remote bond scissions in the main chain®

Other collisions with valence electrons 40 16°

“Inelastic collision events with this group of electrons are interpreted as resulting in main chain bond scission.
The number of electrons takes into account 8 main-chain C-C bond electrons per ZEP monomer.

"These collisions are also interpreted as inducing a remote dissociation of C-C bonds in the main chain. The
number of electrons can be interpreted as 30 valence electrons of phenyl side group and an effective upper esti-
mate of 8 valence electrons of chlorine group. The corresponding ionization potential U; is adopted equal to

that for regular main chain scission process.

“The average ionization potential for other valence electrons is chosen to fit the total inelastic stopping power to

the Bethe stopping power (see Ref. 27) at 30 keV.

model parameters employed to describe the inelastic colli-
sions of electrons in PMMA are given in Table I. A similar
approach to model main chain scission in PMMA has been
employed elsewhere.'®!?

The major distinction between ZEP and PMMA is that the
former contains a phenyl group and a chlorine atom (see Fig.
1). The chlorine introduces additional scattering events with
core electrons from its inner shells.?® In addition to this differ-
ence, we have also explored a hypothesis that the collisions
with valence electrons in the phenyl side group and chlorine
group could result in a remote scission of the bonds in the
main chain of ZEP. The parameters adopted in this model,
denoted here as the ZEP Model 1, are given in Table II. For
comparison, we have also considered a ZEP exposure model
without the enhanced bond scission (ZEP Model 2). In this
second model, only inelastic collisions with valence electrons
involved in main chain C-C bonds lead to the chain scission,
as occurs in PMMA. The corresponding model parameters
can be found in Table III.

Figure 4(a) shows an example of the computed yield of
the main-chain scission per monomer in a PMMA layer on a

silicon substrate for a periodic grating with a 70 nm pitch
exposed with three representative voltages using the doses
from the applicable windows shown in Fig. 2(a). For ZEP,
Figs. 4(b) and 4(c) illustrate the predictions by Models 1 and
2, respectively, for similar conditions of exposure; whereas
Figs. 5(a) and 5(b) show how the ratio of the nominal yields
of main chain scission predicted by ZEP Models 1 and 2
depends on the location in the grating pattern.

B. Modeling of ZEP development

In order to explore development of exposed ZEP, we
employed our dissolution model described in detail else-
where,'®!7 which has already proven to work well for
PMMA.'®'® In brief, during dissolution the resist-developer
interface is moving with the rate

)

where L is the resist shrinkage depth and D(r) denotes the
effective diffusion coefficient at the interface location r,

TasLE III. Model 2 parameters for ZEP resist, inelastic collisions.

Elementary collision processes involving

Number of electrons

various groups of electrons per monomer involved, &; U; (eV)
Oxygen core 1s electrons 4 538
Carbon core 1s electrons 26 228
Chlorine core 1s electrons 2 280828
Chlorine core 2s electrons 2 286
Chlorine core 2p electrons 6 219%
Valence electrons in main-chain C-C bonds® 8" 3.5%
Other valence electrons 78 16°

“Inelastic collision events with this group of electrons are interpreted as resulting in main chain bond scission.
The number of electrons takes into account 8 main-chain C-C bond electrons per ZEP monomer.
The average ionization potential is chosen to fit the total inelastic stopping power to the Bethe (see Ref. 27)

stopping power at 30 keV.

JVST B - Microelectronics and Nanometer Structures



06F306-6 Koshelev et al.: Comparison between ZEP and PMMA resists for nanoscale EBL

05
==-3 keV, 110 pC/cm
o (E) PMMA — 10 keV, 330 pClom
5 -+ 30 keV, 1000 pC/cm
Q
=03}
c
ko)
0.
O
(%]

(b) ZEP-1

30 keV, 1000 pC/cm

Scission yield
@

==-3 keV, 110 pC/cm

0l (© ZEP-2 it |—10 keV, 330 pClem
5 30 keV, 1000 pC/ecm
Q
> 0.6}

c
ke
B 0.4t
(8]
73]
0.2
0

Fi1G. 4. Computed lateral distributions of the average nominal yield of main
chain scissions per monomer in (a) PMMA, (b) ZEP Model 1, and (c) ZEP
Model 2 for a periodic 70 nm pitch grating, exposed with 3 keV, 10 keV,
and 30 keV voltages, for exposure doses from the applicable windows iden-
tified experimentally in PMMA [see Fig. 2(a)]. The plots are taken at half-
depth of 55 nm thick resist layers on a silicon substrate.

(n) < ng

o) = (L) st = {3 S

In this equation, n stands for polymer fragment length meas-
ured in basic units corresponding to two main-chain C-C
atoms. According to this definition, an MMA monomer cor-
responds to n=1. For a strictly alternating copolymer, one
nominal monomer unit of ZEP corresponds to n =2, whereas
ZEP fragments corresponding to n =1 and other odd » num-
bers represent averaged kinetic properties of two possible
formulations each. In the future, the model can be upgraded
by distinguishing the composition of small ZEP fragments.
The averaging in Eq. (6) is performed over the local distribu-
tion of the fragment size of the exposed resist, f§ is a constant
coefficient, and ny represents a characteristic fragment size
at which the chain entanglement regime is reached.'®'” The
3D spatial distribution of the resist fragments over size is
derived from the corresponding main chain scission yield
profiles as described in Ref. 16. The development process is
represented by a sequence of discrete dissolution steps with
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FiG. 5. (a) Ratio of the nominal scission yields from two ZEP models, ZEP-
1/ZEP-2, for a 70 nm pitch grating exposed in a 60 nm thick resist layer
with 10 keV electrons. (b) Plots of the ratio of scission yields from two ZEP
models, ZEP-1/ZEP-2 for the same conditions as in (a) in the top, middle,
and at the bottom of the resist layer.

time ot required to dissolve a resist layer of thickness JL at
location r determined by 6f=2LJL/D(r). The simulation
provides the location of the three-dimensional resist-devel-
oper interface as a function of development time.

In this model, the interaction between developer and resist
can be characterized by two parameters,  and ng. In this
work, we estimate these parameters by fitting the predicted
development profiles to experimental data from Sec. II. As
the objective function for the fitting, the following expression
was chosen,

A= _Z (Lexp - Lmod)27 (7)

where Lex, and Lyq are experimentally determined and pre-
dicted trench widths, respectively, and N denotes the number
of experimental points for the given conditions, which varied
from 11 to 24. One can expect that the dissolution parame-
ters f§ and ng should not depend on the details of the expo-
sure geometry, such as the grating pitch. Thus, in order to
check the consistency of our ZEP models, we performed
individual fitting for two different pitches for each of the
developers considered. This involved 50 and 70 nm pitches
for ZED and 60 and 70 nm pitches for IPA:water and MIB-
K:IPA mixtures, see also Table IV. The value of the devia-
tion A was also employed as a control parameter. The fitting
results are presented in Table I'V.
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TaBLE IV. Fitting results for two scission models for ZEP. The parameters
ng and f§ for two ZEP development models were evaluated by fitting the nu-
merical results to the experimentally determined widths of trenches in devel-
oped ZEP resist, employing the deviation A defined by Eq. (7) as the
objective function. For each developer, independent fitting procedures were
performed for different grating pitches.

ZEP Model 1 ZEP Model 2

Developer ~ Grating Pitch 1y ff, nm%s A, nm ny p,nm*s A, nm
ZED 50 nm 32 7300 15 140 90000 1
ZED 70 nm 29 10500 3 680 4.3.10° 2.5
IPA:water 60 nm 1.9 200 9 11 1400 4
IPA:water 70 nm 1.6 140 14 48 35000 5
MIBK:IPA 60 nm 8.7 960 2.5 38 9300 1.5
MIBK:IPA 70 nm 7.0 1100 3 170 3.3.10° 2

IV. DISCUSSION

Comparing the experimentally observed applicable dose
windows of PMMA 950k resist developed in an MIBK:IPA
mixture and ZEP 520A resist developed in ZED solvent for
various exposure voltages from Fig. 2(a), it is possible to
estimate the sensitivity ratio using the minimum dose
required for clearance. From Fig. 2(a), we obtain a 3.7-4.1
times better sensitivity using ZEP with a somewhat stronger
sensitivity improvement tending to occur at lower voltages.
These observations are in accordance with earlier reports in
literature.”'" In addition, we observe that the applicable
dose window of ZEP is 3—7 times smaller than for PMMA
for each exposure voltage, i.e., the process for ZEP is less ro-
bust than that for PMMA.

Furthermore, our experiments revealed that (1) ZEP can be
successfully developed for very short times of only 5 s, and
(2) ZEP can be developed in developers usually employed for
PMMA, such as MIBK, MIBK:IPA 1:3, and IPA:water 7:3.
Similarly, PMMA can be developed in ZEP’s developer
ZED-N50. Comparing the development of 10 keV exposed
PMMA and ZEP resists in ZED-N50, MIBK:IPA 1:3, and
IPA: H,O 7:3 developers [Fig. 2(b)], we observe that ZEP
shows a significant variation in both sensitivity and applicable
dose windows, whereas the performance of PMMA is less de-
pendent on the formulation of the developer. Thus, PMMA’s
sensitivity is nearly constant for the three developers dis-
cussed. The most pronounced sensitivity improvement of
20% was achieved for PMMA developed in IPA:H,O 7:3 in
comparison to MIBK:IPA 1:3, which could be expected.”’
However, ZEP becomes approximately 12 times less sensitive
and at the same time exhibits a significantly larger applicable
dose window when developed in IPA:H,O 7:3 in comparison
to ZED-NS50.

Next, the grating morphologies shown in Fig. 3 demon-
strate that the best resolution and line edge roughness (LER)
are also obtained for ZEP development in IPA:H,O 7:3 as
compared to all other resist/developer combinations studied.
This significant improvement comes at the expense of a much
lower sensitivity. However, ZEP also shows a better resolu-
tion and LER improvement when developed in MIBK:IPA
1:3, with a sensitivity increased by a factor of 2 compared to
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IPA:H,0 7:3. The best sensitivity is obtained for development
of ZEP in ZED-N50, as one could expect; however, in this
case the LER is clearly poorer than for all other resist/devel-
oper combinations studied.

The strong dependence of all aspects of the ZEP resist
performance on the developer which we observed experi-
mentally is entirely unexpected, and very different from the
behaviors of PMMA. This suggests a unique interaction
between ZEP and the developers studied. Generally, it is
widely adopted that ZEP is a much more complex resist than
PMMA. That is why special care should be taken to explain
its behavior theoretically. From a theoretical point of view,
one of the most intriguing questions is which particular
mechanism provides ZEP with its high sensitivity in some
developers. There are at least two possible mechanisms for
the sensitivity increase. One evident hypothesis is that the
scission of the main chain of ZEP could be enhanced, for
example, as a result of electron impact onto some of side
groups.'® Although appealing because of its relative simplic-
ity, this approach seems to be challenged by significant vari-
ation of the ZEP sensitivity with the developer that we
observe experimentally. This raises a question of whether
the complex chemical composition of ZEP, which includes a
chlorine group and a phenyl group, could result in a selectiv-
ity of the dissolution process because of a unique physico-
chemical interaction of the ZEP resist with developers. Our
experiments with three different developers strongly support
the idea that the dissolution process plays an important role
in ZEP performance.

In the present paper, we have explored numerical models
representing both approaches. To describe a possibly higher
scission rate of the ZEP main chain, we have considered that
remote bond breaking could occur upon electron impact onto
some of the side groups (ZEP Model 1). Technically, this
model provides a greater nominal yield of main chain scis-
sions. As it can be seen from Figs. 4(a) and 4(b), the pre-
dicted main-chain scission yield per monomer in ZEP Model
1 is approximately 10 times higher than that of PMMA at
similar conditions. This is even higher than the experimen-
tally observed 3.7—4.1 times increase in sensitivity, which is
attributable to an approximately 2.4 times difference in nom-
inal monomer sizes of ZEP and PMMA. The predicted ratio
of scission yields for ZEP Model 1 and PMMA showed a
very weak dependency on the exposure voltage. One can
conclude that Model 1 provides sufficient enhancement of
the scission of the main chain to explain the observed high
sensitivity of ZEP resist when it is developed in ZED-N50.

Another model which we have explored (ZEP Model 2)
does not involve any special enhancement of the scissions.
In this model, the main chain scission mechanism is similar
to that for PMMA. The corresponding nominal yield of scis-
sion [Fig. 4(c)] is approximately twice that of PMMA,
because of the difference in the size of the monomeric units
in PMMA and ZEP. In comparison to Model 1, Model 2 pre-
dicts an approximately 5 times lower yield of scissions. It
can also be seen in Figs. 5(a) and 5(b) that the ratio of the
local scission probabilities predicted by Models 1 and 2 for a
grating pattern is nonuniform and depends on the location.
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From the results obtained with Model 1 representing a case
of strong enhancement of main-chain scissions in ZEP, and
Model 2 without the enhancement, one can predict that the
conceivable sensitivity of ZEP to exposure can vary from
approximately 5 times larger than in PMMA to about the
same as in PMMA.

Although the main-chain scission yield plays an
extremely important role in determining the sensitivity of
positive tone resists, considering the scission yield alone
does not explain the strong dependence of ZEP sensitivity
on the developer. Actually, the interaction of the exposed
resist with the solvent which takes place during the develop-
ment process would ultimately define the performance. This
interaction could either enhance or inhibit the sensitivity
depending on the formulation of the developer. We therefore
also explored the compatibility of both ZEP scission models
with the observed development profiles, employing a model
of resist dissolution described in Sec. III B.

In Table IV it can be seen that ZEP Model 1 works reason-
ably well for ZED and MIBK:IPA developers, showing com-
patible values of the parameters f§ and ny for different grating
pitches as well as reasonable levels of the deviation A. The
examples of computed development profiles for 70 nm pitch
gratings presented in Figs. 6(a) and 6(c) illustrate the success-
ful performance of ZEP Model 1 for ZED and MIBK:IPA
developers. However, ZEP Model 1 failed to describe devel-
opment in IPA:water solvent, as demonstrated by high values
of the deviation A in Table IV. The corresponding develop-
ment profile which provides the best fit to experimental
trench width [Fig. 6(b)] is too shallow and does not exhibit
clearance, although quality gratings were observed experi-
mentally at similar conditions. For ZEP Model 2, no satisfac-
tory results were obtained for any of the three developers. As
can be seen in Table IV, the values of f§ parameter differ by
30 times for slightly different pitches of gratings, which is
inconsistent.

To summarize, our simulations of dissolution of exposed
ZEP resist employing Model 1 were successful to match the
experimental data for ZEP-N50 and MIBK:IPA developers,
but not for IPA:water developer. Simply speaking, in the case
of IPA:water developer, Model 1 resulted in too strong frag-
mentation at experimentally relevant doses, requiring unrealis-
tically low mobility coefficients f to achieve a matching
trench width. This might indicate that Model 1 overestimates
the enhancement of the main-chain scission, speaking rather
in favor of Model 2. Simulations employing the latter, how-
ever, did not work well for any of the developers. Trying to
understand the reason, it should be noted that the compatibility
depends on at least two different factors, the scission model
and the kinetic dissolution model. Although the overall better
performance of Model 1 may indicate that some enhancement
of the main-chain scission is present in ZEP, one cannot rule
out a possibility of other mechanisms of scission enhance-
ment, or even no enhancement at all as assumed in our Model
2. In the latter case, the kinetic dissolution model (5,6) should
be modified. Thus, our approach to describe the dissolution
based on the Flory-Huggins theory’® may require a more so-
phisticated accounting for the differences in the formulations
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FiG. 6. Cross-sections of 3D ZEP resist profiles (white, ZEP; black, no ZEP)
computed using Model 1 for 70 nm pitch gratings, exposed with 10 keV
electrons and developed during 10 s in (a) ZED developer, exposure dose
130 pC/cm, (b) IPA:water developer, exposure dose 1600 pC/cm, and (c)
MIBK:IPA developer, dose 500 pC/cm. The doses correspond to approxi-
mately the middle of the experimentally determined applicable dose win-
dows for the conditions given.

and molecular sizes in the resist fragments and solvent mix-
tures, as well as a further extension to describe the interaction
of water and other solvents with polar groups in ZEP. Future
research of temperature dependence of ZEP sensitivity using
various developers, both numerically and experimentally, will
also be helpful to clarify the role of the dissolution process in
the performance of ZEP resist.

V. CONCLUSIONS

If the EBL conditions are properly optimized, ZEP resist
performance may exceed that of PMMA. ZEP performance
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depends significantly on the developer. ZED developer
increases the sensitivity, whereas IPA:water mixture opti-
mizes LER and conceivably the resolution at the expense of
a loss in sensitivity. Interestingly, MIBK:IPA 1:3 mixture
seems to be a very good developer for ZEP and quite
adequate if sensitivity is not an issue. IPA:water 7:3 develop-
ment provides the best resolution and line edge roughness
for both ZEP and PMMA, however, the sensitivity decreases
dramatically.

Out of two alternative models of EBL exposure in ZEP,
one assuming an enhancement of the main chain scission in
ZEP, and another without such enhancement, the first shows
a better compatibility with our experiments employing ZED
and MIBK:IPA developers. Although this indicates that an
enhancement of the main-chain scission in ZEP may take
place, other results suggest that an alternative interpretation
attributing the ZEP resist performance mostly to its interac-
tion with developers, cannot be ruled out yet.

The IPA:water developer is the most promising for usage
of ZEP as an ultrahigh resolution resist. However, under-
standing the behavior of ZEP in IPA:water mixture is a chal-
lenge. The available models do not seem to work well for
this mixture. Further effort, both theoretically and experi-
mentally, is required to improve the understanding of ZEP
interaction with IPA:water mixture so that the potential of
high resolution nanofabrication using ZEP is fully realized.
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