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ZEP brand electron beam resists are well-known for their high sensitivity and etch durability. The various performance metrics such as sensitivity,

contrast, and resolution of ZEP resist depend strongly on the development process. In this work, we investigate the development of ZEP-520

resist through contrast curves, dense gratings, and surface roughness measurements using three different classes of developer systems of

varying solvation strength, ZED-N50, methyl isobutyl ketone (MIBK) : isopropyl alcohol (IPA) 1 : 3, and IPA : H2O 7 : 3, at the ambient

temperature (22 �C) and cold (�15 �C) development conditions. In order to provide a deeper insight into the ZEP development process, we

propose a novel kinetic model of dissolution for ZEP, and develop an efficient analytical method that allows determining the microscopic

parameters of ZEP dissolution based on experimental contrast curves. We also observe experimentally and characterize the negative tone

behavior of ZEP for dense grating patterning and compare its performance with positive tone behavior.

# 2012 The Japan Society of Applied Physics

1. Introduction

Electron beam lithography (EBL) is the technology of

choice for serial prototyping and fabrication of nanoscale

features and devices. In EBL, a focused beam of electrons

induces a chemical change in a radiation sensitive material

(resist) such as chain-scissioning,1–3) cross-linking,4–6) or

both7–11) depending on various process variables used. These

process variables include exposure and development stage

conditions such as the exposure voltage and dose, developer

selection, development time and temperature, etc. The

tuning of these variables yields a variety of useful

fabrication processes as well as allows investigation of

the underlying physico-chemical mechanisms. A range of

metrics exist for evaluating a particular process such as the

sensitivity, resolution, surface roughness, line edge rough-

ness, etc.

ZEP brand co-polymer (1 : 1 �-chloromethacrylate and

�-methylstyrene) positive-tone electron beam resists

(Nippon Zeon) have been known for their higher sensitivity

and etch durability compared to the conventional poly-

(methyl methacrylate) (PMMA) resist for nearly two dec-

ades.12) The higher sensitivity and etch durability of ZEP are

attributed to the presence of the chlorine and phenyl groups,

respectively.13) The two commonly available formulations

for ZEP brand resist are ZEP-520 and ZEP-7000; the main

difference being the molecular weights of 67 and 476 kg/

mol, respectively.14) The higher molecular weight formula-

tion is understood to yield a higher contrast at the cost of

resist swelling; however, these differences are strongly

dependent on the processing conditions employed. In this

study, the examined formulation is ZEP-520, in continuation

with our previous study.15) The manufacturer recommended

developer for ZEP-520 is composed of a single-solvent

compound n-amyl acetate, marketed as ZED-N50.16)

In our present study, we investigate the development stage

variables— the selection of the developer, development

time, and temperature. A survey of literature indicates that a

large number of single-solvent and binary-solvent devel-

opers have been used for ZEP. Single-solvent developers

include compounds such as xylenes17) and alkyl-acetates

(methyl, ethyl, . . . , octyl).14,17,18) Binary-solvent developers

include mixtures of xylenes and dioxane,12) hexane and ace-

tates, butanone, and dichlorobenzene in various ratios.14,18)

Furthermore, some of the above developers (primarily

acetate based formulations) have also been chilled prior to

the development step down to 3,19) �10,20) �17,21) �20,22)

�40,22) and �50 �C23,24) in various studies. The dose-to-

clear for ZEP has been shown to saturate at a development

temperature of �20 �C, which is very close to the result of

�15 �C obtained for PMMA.25,26)

Previously,15) we began exploring the room temperature

behavior of other classes of binary-developers methyl

isobutyl ketone (MIBK) : isopropyl alcohol (IPA) 1 : 3 and

IPA : H2O 7 : 3, in addition to the standard ZED-N50 for

fabricating dense grating patterns in ZEP and PMMA and

proposed various modeling schemes to describe exposure

and development of ZEP. In this work on ZEP resist, we

extend our study to cold development �15 �C conditions,

obtain contrast curves for various developer and develop-

ment conditions, and study both the positive and negative

tone behavior of ZEP through contrast curves, dense grating

fabrication, and atomic force microscopy (AFM) studies.

A distinguishing aspect of this work is the presentation of

a novel kinetic model of ZEP resist development and

parameterization method using the experimental contrast

curves that can be extended to numerous resist-developer

systems. For the negative tone behavior of ZEP, we provide

a detailed dense grating fabrication study, not available in

literature previously.

2. Experiment

In order to evaluate alternative developers for positive and

negative tone ZEP behavior, we conducted two different sets

of experiments. One set of experiments was designed for

obtaining contrast curves and the other for obtaining dense

grating patterns of a moderate aspect ratio. Except for resist

thickness and exposure pattern design, all the experimental

conditions were kept uniform in both sets of experiments.

To obtain contrast curves, an array of 1 �m squares with a

gradually increasing dose were exposed by 10 keV electrons

(Raith 150/150TWO) on a 145–160 nm thick ZEP-520 resist�E-mail address: M.A.Mohammad@ualberta.net
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layer. Each adjacent square was given a minimum spacing of

2 �m to reduce the proximity effect. The exposed resist was

developed for 5 and 20 s at 22 �C (room temperature: RT)

and at �15 �C in three developer/rinse combinations: (a)

ZED-N50 + 20 s IPA, (b) MIBK : IPA 1 : 3 + 20 s IPA, (c)

IPA : H2O 7 : 3 + no rinse. The rinse was kept at the same

temperature as the developer. The resulting resist surface

was scanned by an AFM (Veeco Dimension 3100). The

AFM surface scans are used to accurately assess depth

variation with increasing dose. Examples of the resulting

contrast curves are shown in Figs. 1(a) and 1(b). In addition,

high resolution AFM scans of the exposed area are used to

assess surface roughness and image fine details of the

partially exposed resist to learn more about the dissolution

stage.

In order to assess the viability of the aforementioned

developers for obtaining dense gratings, arrays of 40, 50, 60,

and 70 nm pitch gratings were exposed by 10 keV electrons

(Raith 150/150TWO) on a 60–64 nm thick ZEP-520 resist

layer. Each grating array includes a minimum of 2000

adjacent single pixel lines with a progressively increasing

dose covering a 10� 50 �m2 field to capture the complete

contribution of any proximity effects. Numerous grating

arrays were exposed with increasing dose factors in order

to expose the resist from <100 pC/cm to >17;000 pC/cm

dose. This wide range of exposure doses allows us to study,

in detail, the behavior of ZEP resist with increasing dose.

We are able to witness the various grating morphologies and

obtain the positive and negative tone dose windows. The

development conditions were identical to those described in

the contrast curve study above. The patterned resist was

imaged by an SEM (Hitachi S-4800), and the critical

dimension measurements were conducted using ImageJ27)

and a locally written script.

3. Theory

To efficiently co-optimize the multitude of various factors on

which the EBL process depends, it is highly desirable to

have a theoretical tool to predict the performance of resist

and developer under particular conditions. Earlier15,28,29)

we introduced a model which represents dissolution of a

positive-tone resist by a kinetic diffusion-driven process.

Based on this model,15) dissolution of a uniformly exposed

resist can be described by

dz

dt
¼

DðzÞ
z

; ð1Þ

where t is time of dissolution, z is depth reached at time t,

and the effective diffusivity DðzÞ is given by28)

DðzÞ ¼ hni���0 exp �
�U

kT

� �

: ð2Þ

In eq. (2), �U is activation energy, n is the number of

monomers in resist fragments, and the averaging is

performed over the fragment size distribution in exposed

resist at depth z. One can demonstrate that for moderate

applied doses, when hni / 1=d, the expression for diffusivity

becomes

DðzÞ ¼ cp�ðzÞd� exp �
�U

kT

� �

; ð3Þ

see for example ref. 28. In eq. (3) d is dose, pðzÞ is the yield
of the main-chain scissions per electron at depth z, and c is

a proportionality coefficient. The parameter � in eq. (3)

determines the dependence of the diffusivity on the

exposure, and can be considered as a characteristic of the

resist’s contrast.

Here we propose a new methodology to parameterize the

model [eqs. (1)–(3)] so that it reproduces the experimental

data for ZEP. In our approach, we derive simple equations

that allow the determination of some of the parameters in

eq. (3) employing the experimental contrast curves collected

for different temperatures and times of development. In the

model, we consider a uniform exposure of the resist, and

assume that dissolution can be described by a gradual

increase of depth z. Initially z ¼ 0, whereas complete resist

clearance corresponds to z ¼ zmax. Equation (1), which

describes such a process, can be easily integrated. For

example,
Z zmax

0

z dz

p�ðzÞ
¼ c exp �

�U

kT

� �

d�tmax; ð4Þ

where tmax is time required to clear the resist. Equation (4)

can be generalized to the case of arbitrary initial and final

dissolution depths z1 and z2 such that 0 � z1 < z2 � zmax:
Z z2

z1

f ðzÞ dz ¼ c exp �
�U

kT

� �

d��t; ð5Þ

where f ðzÞ ¼ z=p�ðzÞ and �t is time required for dissolution

from depth z1 to z2. For two samples exposed at the same

voltage with different doses, and developed up to the same

depths with the same developer, but with different develop-

ment temperatures, one can write,

Fig. 1. Normalized contrast curves for 160 nm thick ZEP-520, exposed at

10 keV, and developed at 22 �C (filled symbols) and �15 �C (open

symbols). (a) Comparison of ZED-N50 (diamonds), MIBK : IPA 1 : 3

(circles), and IPA : H2O 7 : 3 (triangles) developers for 20 s development.

(b) Comparison of 5 s (square) and 20 s (circles) development using

MIBK : IPA 1 : 3 developer.
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Z z2

z1

f ðzÞ dz ¼ c exp �
�U

kT1

� �

d�1�t1; ð6Þ
Z z2

z1

f ðzÞ dz ¼ c exp �
�U

kT2

� �

d�2�t2; ð7Þ

for the first and second sample, respectively. Since the left-

hand sides of eqs. (6) and (7) are identical, taking their ratio

provides the following equation:

�U ¼
�kT1T2

T1 � T2
ln

d2
ffiffiffiffiffiffiffiffi

�t2
�
p

d1
ffiffiffiffiffiffiffiffi

�t1
�
p

� �

: ð8Þ

As can be seen, the depth dependence of the scission yield

pðzÞ is excluded from the equation. Similarly, for two samples

exposed with different doses and developed up to the same

depth with the same temperature T1 ¼ T2, one obtains

� ¼
lnð�t1=�t2Þ
lnðd2=d1Þ

: ð9Þ

In eqs. (8) and (9), �t1 and �t2 are development times for

which the dissolution depths were measured, and d1 and d2
are the corresponding exposure doses. The equations allow

estimation of the effective activation energy �U and the

contrast parameter � from pairs of experimental contrast

curves, taking the doses at the same height (which is

equivalent to zmax � z) as shown in Fig. 2. Equation (8) is

applied to contrast curves obtained at different temperatures

T1 and T2, whereas eq. (9) is applied to contrast curves

obtained with the same temperature. Equation (8) can be

employed for estimations of activation energy if � is known

and eq. (9) provides an independent estimation of �. For a

pair of contrast curves, eqs. (8) and (9) can be applied to a

variety of heights, producing sets of multiple estimates for

�U and �. Importantly, eqs. (8) and (9) do not depend on any

details of the scission distribution within exposed resist,

which makes them applicable to a broad variety of positive

tone resists and developers, as well as scission and

dissolution models.

In this work, we explore the outcomes of eq. (8) to get

estimations of the effective activation energy with a number

of assumed values of � from 2 to 10. For this purpose, we

employ four experimental contrast curves for ZEP developed

in MIBK : IPA 1 : 3, for two temperatures and two times of

development as depicted at Fig. 1(b). These contrast curves

are grouped in four pairs so that two curves in each pair

correspond to different temperatures (see Table I, first row).

Then, for each pair the estimations of activation energy are

made at selected heights with fixed values of � as shown at

Fig. 2. The idea is to find such values for activation energy

and � (both supposed to be constant) to best fit all the

experimental data. The results of fitting of the activation

energy for two selected parameters � are presented in

Table I. We also estimated � independently through eq. (9).

Further discussion of these results is given in the next section.

Furthermore, we developed a detailed model to simulate

contrast curves with accounting for both main chain

scissioning by electron exposure and kinetic processes of

development. Our model of exposure is a modification of

the earlier approach,15) which attributes main chain scission-

ing in ZEP to dissociative ionization occurring upon

knocking out valence electrons involved in C–C binding

in the main chain as well as in some of side groups. In

distinction from the previous work,15) which assumed the

enhancement of the main-chain scission in ZEP by electron

impact on both phenyl and chlorine groups, here we consider

a milder scission enhancement upon electron impact only

onto chlorine groups.12,13) Other details of the exposure

model are as described in ref. 15. Employing the resulting

yields of the main-chain scissions, we compute the spatial

distributions of fragments of various lengths in exposed

resist as described in detail elsewhere.30,31) The development

process is represented by a sequence of discrete dissolution

steps with time �t required to dissolve a resist layer of

thickness �z at depth z determined by �t ¼ z�z=DðzÞ in

accordance with eqs. (1) and (2). The simulation provides

the location of the resist-developer interface as a function of

development time for a given applied dose, given that

parameters �0, � and �U are known.

We parameterized the model, employing four experi-

mental contrast curves for ZEP developed in MIBK : IPA

1 : 3 mixture [Fig. 1(b)]. First, for fixed temperatures and

assumed values of �, we found best-fit values of

� ¼ �0 expð��U=kT Þ by minimizing the objective function

for dissolution depth z,

F ¼
X

½zcomputedðt; dÞ � zexperimentðt; dÞ�2;
where the summation is performed over a representative set

of experimental points from contrast curves. Then, by

finding the best-fit ratios of � obtained at different

temperatures of T ¼ �15 and 22 �C, the activation energy

�U was found. Table II lists the resulting ratios �U=�, and

Figs. 3(a) and 3(b) present examples of the computed

contrast curves for ZEP developed in MIBK : IPA 1 : 3.

4. Discussion

4.1 Contrast curve study

In this study, we obtain contrast curves for ZEP developed

in ZED-N50, MIBK : IPA 1 : 3, and IPA : H2O 7 : 3 at 22

and �15 �C for 5 and 20 s development times. Except for

ZED-N50, which is the developer with the greatest affinity

for ZEP amongst the current selection, the development

times bear no effect on the contrast. For ZED-N50 developer

at 22 �C, 5 s development time yields a higher contrast than

20 s at the cost of reduced sensitivity; however, we observe

that cooling the developer down to �15 �C reduces the effect

of varying development time as well.

Dose,  d

d1 d2

H
e
ig

h
t,

  
h

Fig. 2. The sketch illustrating application of eqs. (8) and (9) to extract the

model parameters from experimental contrast curves. The doses are taken at

the same height h. The height is related to dissolution depth z by

h ¼ 1� z=zmax.
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Comparing the contrast curves for the aforementioned

three developers and two developer temperatures in

Fig. 1(a), we make a number of observations. For 22 �C

development conditions, MIBK : IPA 1 : 3 yields the high-

est contrast; however, it yields nearly 4 times lower

sensitivity compared to ZED-N50. IPA : H2O 7 : 3 yields

the lowest sensitivity (nearly 10 times lower than ZED-N50)

and apparently does not yield pattern clearance as the

contrast curve seems to exhibit a positive-to-negative tone

transition at approximately 600 �C/cm2. In addition, for

MIBK : IPA 1 : 3 and IPA : H2O 7 : 3 developers, we note

that the contrast curve shoulder seems to exhibit a rapid dip

and settling before resuming its normal behavior. Such a

behavior has also been observed by Yang et al.22) using IPA,

which is a very weak developer for ZEP. This can be

attributed to an uneven development where the scissioned

polymer fragments are extracted from the dissolution front

(interface) in aggregates in weak solvents. Figure 1(b)

compares the room temperature (22 �C) and cold (�15 �C)

development contrast curves using MIBK : IPA 1 : 3

developer at 5 and 20 s development times, respectively.

The improvement of the contrast curve shoulder at �15 �C

temperature demonstrates improvement in both 5 and 20 s

development data sets.

Comparing the behavior of room temperature 22 �C

development to cold �15 �C development, it is clear that

the cold development improves the contrast for ZED-N50

and MIBK : IPA 1 : 3 developers at the expense of

sensitivity. In the case of ZED-N50, the sensitivity penalty

is nearly 3 times; however, in the case of MIBK : IPA 1 : 3,

the difference is less than 2 times. In the case of

MIBK : IPA 1 : 3 at �15 �C, we notice that the contrast

Table II. Ratios �U=� for different values of � obtained by fitting of the

detailed resist dissolution model to experimental contrast curves for ZEP

developed in MIBK : IPA 1 : 3 mixture.

�
�U=�

(eV)

2 0.06

6 0.08

8 0.08

10 0.08

12 0.08
10

1
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α=2

α=6

α=10
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(a)
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2
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0.2

0.4

0.6

0.8

1

Dose (µC/cm   )
2

R
e
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a
in
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r

ZEP in MIBK:IPA 1:3

RT, 5s

experiment: RT, 5s

RT, 20s

experiment: RT, 20s

CD, 5s

experiment: CD, 5s

CD, 20s

experiment: CD, 20s

(b)

Fig. 3. Examples of computed contrast curves for ZEP developed in

MIBK : IPA 1 : 3. (a) The best fit to experimental data for different values

of parameter �, for room temperature development during 5 s. (b)

Comparison of computed contrast curves for � ¼ 10 with experimental data

obtained with 5 and 20 s durations and �15 and 22 �C temperatures of

development.

Table I. The diffusion activation energies for ZEP developed in MIBK : IPA 1 : 3 mixture, obtained by fitting of eq. (8) to four pairs of contrast curves

from Fig. 1(b) for two values of �.

Curves Curves Curves Curves

5 s 22 �C/5 s �15 �C 5 s 22 �C/20 s �15 �C 20 s 22 �C/20 s �15 �C 20 s 22 �C/5 s �15 �C

h%
�U (eV)

h%
�U (eV)

h%
�U (eV)

h%
�U (eV)

� ¼ 2 � ¼ 10 � ¼ 2 � ¼ 10 � ¼ 2 � ¼ 10 � ¼ 2 � ¼ 10

0.9724 0.22 1.12 0.9622 0.42 1.13 0.9622 0.18 0.91 0.9634 �0:057 0.70

0.9634 0.19 0.93 0.958 0.43 1.18 0.958 0.20 0.99 0.9606 �0:037 0.80

0.9606 0.20 1.01 0.9469 0.40 1.04 0.9469 0.21 1.03 0.9578 �0:016 0.90

0.9578 0.21 1.05 0.9392 0.42 1.12 0.9392 0.23 1.14 0.9461 �0:012 0.92

0.9461 0.19 0.93 0.8385 0.38 0.92 0.8385 0.22 1.08 0.9364 0.006 1.01

0.9364 0.20 0.99 0.4923 0.33 0.69 0.4923 0.12 0.58 0.8970 0.016 1.06

0.897 0.18 0.88 0.3189 0.34 0.70 0.3189 0.12 0.62 0.6821 �0:070 0.63

0.6821 0.14 0.70 0.2161 0.35 0.76 0.2161 0.14 0.69 0.4610 �0:085 0.56

0.461 0.13 0.65 0.1573 0.36 0.84 0.1573 0.16 0.78 0.3870 �0:069 0.64

0.387 0.14 0.70 0.1231 0.38 0.92 0.1231 0.17 0.87 0.3780 �0:050 0.73

0.378 0.16 0.80 0.1210 0.42 1.10 0.1210 0.21 1.05 0.2087 �0:049 0.73

0.2087 0.16 0.81 0.0825 0.43 1.17 0.0825 0.13 1.13 0.1811 �0:033 0.82

0.1811 0.18 0.88 0.0818 0.40 1.00 0.0818 0.19 0.95

Average Average Average Average

�U (eV) 0.18 0.88 �U (eV) 0.39 0.97 �U (eV) 0.18 0.91 �U (eV) �0:04 0.79
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curve tail is slightly raised. This behavior is contrary to

expectation, and may point to a very early onset of

competition between positive and negative tone behavior

in ZEP. Observing the IPA : H2O 7 : 3 contrast curve at

�15 �C, we notice a decrease in sensitivity and that only

40% clearance is achieved before tone-reversal takes place

around 800 �C/cm2. The contrast curve shoulders of both

MIBK : IPA 1 : 3 and IPA : H2O 7 : 3 developers are closer

to the conventional expectation at cold �15 �C development

temperature, signifying an improvement in contrast. In

addition, we observe that the negative tone slope is nearly

the same at equivalent doses regardless of developer

temperature; however, for �15 �C development, the contrast

curve negative tone behavior seems to saturate around

1100 �C/cm2 showing that perhaps negative tone patterns

are 20% shorter than positive tone patterns.

4.2 Modeling study

Theory in the present work aims to propose an efficient

approach to predict the development process in electron

beam lithography employing ZEP as a resist. For this

purpose, a kinetic model of a diffusion-driven dissolution

process is adopted as described in x3. Although by no means

are our models limited to a particular resist-developer set, in

this work we apply the models to development of ZEP in

MIBK : IPA 1 : 3 mixture. As it follows from our experi-

mental findings, the MIBK : IPA 1 : 3 mixture offers the

advantage of improving both surface roughness and LER, as

well as leads to successful clearance in a broad range of

development temperatures. For these reasons, we consider

development of ZEP in the MIBK : IPA mixture as an

example.

Table I lists the effective activation energies �U obtained

by fitting eq. (8) to four pairs of contrast curves for ZEP

developed in MIBK : IPA 1 : 3 at two different temperatures

and times of development [see Fig. 1(b)]. The results for

two assumed values of � ¼ 2 and 10 are presented. Since

the estimates obtained from different heights h produce

somewhat different �U values, the average activation

energies are also given for each pair of the curves. It can

be seen that for � ¼ 2, the average �U values for different

pairs of contrast curves vary from �0:04 to 0.39 eV, which

is incompatible. More consistent estimates for activation

energy are obtained when � increases. The best consistency

for ZEP-520 developed with MIBK : IPA 1 : 3 was

achieved with � ¼ 10 resulting in activation energy �U ¼
0:8 eV. In addition, we have also estimated � by applying

eq. (9) to a pair of contrast curves obtained at ambient

temperature. These estimates also predict large � values of

about 10 or higher.

Independently, we have also performed the fitting of our

detailed model of ZEP resist dissolution to experimental

contrast curves from Fig. 1(b). Table II presents the best fit

ratios �U=� obtained with various � values. Interestingly, it

turned out that the ratio �U=� is insensitive to �, indicating

that the activation energy depends on � almost linearly.

In Fig. 3(a), the computed contrast curves obtained with

various � are compared with experiment for the example of

ZEP development in MIBK : IPA at room temperature for

5 s. Although the above ratio �U=� is almost constant, the

slope of computed contrast curves strongly depends on �,

and the best compatibility is achieved for � ¼ 10. This

corresponds to the activation energy �U ¼ 0:8 eV, which

is in good agreement with the complementary fitting for

individual dissolution depths through eq. (8). As can be seen

from Fig. 3(b), the computed contrast curves obtained with a

single best-fit value of � ¼ 10 fit quite well to the entire

set of experimental data obtained for ZEP development in

MIBK : IPA 1 : 3 mixture. The slope of ZEP contrast curves

appears to be largely independent on duration and tem-

perature of development in this example.

These examples demonstrate that the rather complex

process of ZEP resist dissolution can be described by a

simple diffusion-driven model containing only three kinetic

parameters. Both the suggested novel analytical approach

and more detailed kinetic modeling of dissolution provide

compatible results, indicating the effective activation energy

of approximately 0.8 eV and the contrast parameter � ¼� 10.

Such a large value of � is quite unexpected (see, for

example, the discussion in ref. 28) and may indicate that the

previously adopted15,28) values of contrast parameter � � 2

need to be revisited. Further research will allow elucidation

of the underlying molecular mechanisms.

4.3 Surface roughness study

In order to compare the various developers, we obtain high

resolution (slow-scan) AFM micrographs of selected 1 �m

exposed squares used in the contrast curve study at similar

trench depths. A 300� 300 nm2 measurement box in the

centre of the 1 �m exposed square is used to calculate the

RMS surface roughness tabulated in Table III. We observe

that the surface roughness at room temperature conditions is

highest for ZED-N50 at 8.1 nm and 2–3 times lower in

MIBK : IPA 1 : 3 and IPA : H2O 7 : 3 at 2.3 and 3.1 nm

respectively. This result is intuitively expected as the

strongest developer is also supposed to yield the largest

surface roughness. Yamaguchi et al.18) have demonstrated a

correlation between surface roughness and van der Waals

(vdW) volume of various alkyl-acetate developers of in-

creasing molecular weight. They have hypothesized that a

developer with a larger vdW volume yields a larger surface

roughness. Whereas we also observe a similar correlation of

surface roughness for our set of developers using the tables

made available by Zhao et al.,32) the interpretation based on

vdW volumes alone may not be sufficient considering the

tremendous complexity of the ZEP dissolution process.12,15)

Comparing the cold �15 �C development and room 22 �C

temperature surface roughness behavior of all three devel-

opers, we observe that the surface roughness exhibits a

small decrease except in the case of ZED-N50. The

reduction in surface roughness with decreasing temperature

for the weaker developers is expected and can be explained

Table III. Surface roughness information for various developer and

development conditions employed in this study for positive tone behavior

(in nm).

Developer
Surface roughness

at 22 �C at �15 �C

ZED-N50 8.1 12.7

MIBK : IPA 1 : 3 2.3 1.9

IPA : H2O 7 : 3 3.1 2.6
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in terms of the dissolution kinetics; however, in the case of

ZED-N50, this appears to be an anomaly. Since we are

trying to measure the surface roughness at equivalent trench

depths, perhaps the corresponding different exposure doses

result in different dissolution dynamics. For example, the

higher exposure dose might produce a higher percentage of

voids in the scissioned resist.

In addition, we also compare the surface roughness of the

positive tone versus negative tone behavior as shown in

Fig. 4. For �15 �C development using the IPA : H2O 7 : 3

developer at 20 s, we observe that the surface roughness of

the scissioned resist (a: 2.6 nm) is nearly 3 times larger than

the surface roughness of the cross-linked resist (b: 0.9 nm).

Figure 4(b) is also interesting as the AFM micrograph

clearly shows the square outline of the exposed and cross-

linked area with rounded edges due to the proximity effect.

4.4 Dense gratings study

In order to evaluate the viability of the various developers in

this study for patterning dense high resolution gratings, we

conduct a number of experiments varying the pattern pitch,

dose, development time and temperature. Figure 5 shows

a representative set of 70 nm pitch gratings in 60 nm thick

ZEP resist developed in ZED-N50, MIBK : IPA 1 : 3, and

IPA : H2O 7 : 3 developers at 22 and �15 �C developer

temperatures for 5 s development time. Table IV lists the

applicable doses for the above experimental conditions in

both absolute and relative terms.

For 22 �C developer temperature, ZED-N50 is 4–8.5

times more sensitive compared to MIBK : IPA 1 : 3, and

IPA : H2O 7 : 3 developers. The critical dimension (CD)

variation is less than 1.0 nm amongst these developers with

IPA : H2O 7 : 3 developer yielding the highest resolution of

18.8 nm. The line edge roughness (LER) for development in

IPA : H2O 7 : 3 and MIBK : IPA 1 : 3 is also visibly better

compared to ZED-N50. The dose window for the latter

(weaker) developers is also 8–15 times larger, showing

greater process fidelity. Comparing �15 �C development

to 22 �C development, we observe that ZED-N50 yields the

greatest difference in CD of nearly 3 nm yielding 16.4 nm

features at the cost of a twofold sensitivity decrease.

Whereas, for MIBK : IPA 1 : 3, the CD improvement is

less than 1 nm for a 1.3 times sensitivity decrease. The

relative dose window increase with colder developer in both

cases is 3–3.4 times, respectively. MIBK : IPA 1 : 3

developer provides successful clearance for a broad range

of development temperatures along with the advantage of

improved surface and line edge roughness.

In the case of IPA : H2O 7 : 3 developer, no clearance

was observed for the cold �15 �C development condition,

which is expected in accordance with the contrast curve

results in Fig. 1(a). For 22 �C development in IPA : H2O

7 : 3 developer, the contrast curve also did not exhibit

clearance (nearly 20% remaining), however, the gratings do

exhibit clearance, which can be attributed to a number of

factors such as different exposure step size (2 nm line step vs

20 nm area step), pattern geometry (dense exposure in one

Fig. 4. Atomic force micrographs of 1 �m squares exposed at 10 keV and

developed at �15 �C in IPA : H2O 7 : 3 for 20 s. The measured surface

roughness is (a) 2.6 nm, positive tone, and (b) 0.9 nm, negative tone. Both

samples have a trench depth of 20–25 nm.
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Fig. 5. Scanning electron micrographs of 70 nm pitch and 60 nm thick

ZEP-520 gratings, exposed at 10 keV and developed for 5 s in ZED-N50,

MIBK : IPA 1 : 3, and IPA : H2O 7 : 3 developer at 22 and �15 �C

development temperature. The applicable doses and CD for each

combination are noted.

Table IV. Dose window information for various developer and

development conditions employed in this study.

Developer
Dose window at 22 �C Dose window at �15 �C

Values (pC/cm) Dmax=Dmin Values (pC/cm) Dmax=Dmin

ZED-N50 100–205 2.05 213–525 2.46

MIBK : IPA 1 : 3 435–627 1.44 566–1212 2.14

IPA : H2O 7 : 3 863–2356 2.73 No clearance
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line vs sparse area exposure), proximity threshold (greater

charge accumulation removes scum), etc. In addition, for

the 22 �C development in IPA : H2O 7 : 3 developer, we

also conducted successful lift-off experiments using 12 nm

chromium metallization, to ensure complete clearance at the

aforementioned process conditions.

4.5 Negative tone ZEP study

Recently, Oyama et al. have studied positive-to-negative

tone inversion behavior of ZEP resist at high exposure doses

using large area patterns and suggested mechanisms for this

behavior.33) In our present work, we studied the patterning of

dense gratings using our alternative developer set. In Fig. 6,

we show a representative set of 60 nm pitch positive and

negative tone gratings in 60 nm thick resist developed in

IPA : H2O 7 : 3 for 20 s at 22 �C. The variation in CD is

shown as we move from the start to the end of the applicable

dose window. In the positive tone behavior, the CD increases

from 21.1–26.3 nm in the dose window of 900–1500 pC/cm

(Dmax=Dmin � 1:67); whereas in the negative tone behavior,

the CD increases from 29.3–36.8 nm in the dose window of

5775–17325 pC/cm (Dmax=Dmin � 3:0). We also observe

that various grating metrics such as line edge roughness

(LER) and CD uniformity (CDU) visibly improve in the

middle of the dose window regardless of tone.

A detailed CD versus line dose trend for 50, 60, and 70 nm

pitch positive and negative tone gratings for 20 s IPA : H2O

development at 22 �C, is provided in Fig. 7, which yields

some interesting observations. It can be seen that the CD

is lower for denser gratings at the same exposure dose.

Moreover this CD dependence on geometry (grating pitch) is

stronger for negative tone patterns. The 60 nm pitch grating

CD is, on average, 1 nm smaller for positive tone behavior

and 2–3 nm smaller for negative tone behavior, as compared

to 70 nm pitch gratings. Perhaps the larger accessible area

in wider grating pitches allows for rapid diffusion, which

may help explain the variation in CD. For the 50 nm pitch

gratings, the positive tone trend is not available at all,

whereas a detailed negative tone trend is available. As

we noticed in the contrast curves, the negative tone gratings

are expected to be 20% thinner, and hence with a less

challenging aspect ratio (AR), the availability of dense

50 nm pitch gratings is explained at room temperature

conditions.

Finally, Fig. 8 shows the highest resolution, densest

features obtained in this study for both positive tone (a)

and negative tone (b) behavior. The highest resolution

positive tone features are 13 nm gaps in 40 nm pitch,

yielding an aspect ratio of nearly 1 : 4:5 in 60 nm thick

resist. This has been achieved using 5 s development in
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CD = 29.7 nm
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Fig. 6. Scanning electron micrographs of 60 nm pitch and 60 nm thick

ZEP-520 gratings, exposed at 10 keV, and developed for 20 s in IPA : H2O

7 : 3 developer at 22 �C. The micrographs are taken at the ‘‘start’’, ‘‘middle’’,

and ‘‘end’’ of the dose window. The applicable doses and CD for each

combination are noted.

Fig. 7. Critical dimension versus line dose trend for 50 nm pitch

(diamonds), 60 nm pitch (circles), and 70 nm pitch (crosses) gratings for

both positive and negative tone behavior. The conditions used are 10 keV,

60 nm thick resist, 20 s IPA : H2O 7 : 3 developer at 22 �C.

Fig. 8. Highest resolution/density patterns fabricated in this study using

(a) 180 pC/cm, 5 s ZED-N50 at �15 �C and (b) 5250 pC/cm, 20 s

IPA : H2O 7 : 3 developer at 22 �C. The CD and pitch are noted.
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�15 �C ZED-N50. The highest resolution negative tone

features are 23.1 nm lines in 50 nm pitch. This has been

achieved using 20 s development in 22 �C IPA : H2O 7 : 3.

The smallest positive tone CD of 13 nm at 10 keV using

ZEP/Silicon is state-of-the-art; it matches previously

reported value of 13 nm outermost zone plate fabrication

using ZEP 7000 on nitride membrane structure using 25 keV

and �50 �C development (see ref. 24).

5. Summary

It is well known that the various performance metrics of an

electron beam resist (e.g., sensitivity, contrast, resolution,

etc.) depend strongly on the developer and development

process. In this work, we compare the room (22 �C) and cold

(�15 �C) development behavior of ZEP resist using ZED-

N50, MIBK : IPA 1 : 3, and IPA : H2O 7 : 3 developers

through various experimental studies of contrast curves,

dense gratings, and surface roughness measurements. In

addition, we observe and characterize the negative tone

behavior of ZEP in detail. The critical dimension and dose

window for dense gratings is compared for both positive and

negative tone behavior.

We also present an efficient approach to model the

development process in electron beam lithography. For this

purpose, a diffusion-driven kinetic model of development is

adopted. For the case of uniform resist exposure, simple

formulas are derived that allow parameterization of the

development model from experimental contrast curves. The

formulas do not depend on scission distribution within

exposed resist, and as a consequence are applicable to a

broad variety of process conditions. It is shown that the

suggested modeling approach is effective enough so that a

rather complex process of ZEP resist dissolution can be

represented by a kinetic model containing only three

microscopic parameters, which can be determined from

experimental data. The dissolution model developed here

can be applied to other resists and developers, as well as has

the potential to be extended to negative tone resists. Our

numerical analysis of the example of ZEP development in

the MIBK : IPA 1 : 3 mixture indicates that the slope of

ZEP contrast curves is largely independent on duration and

temperature of development in this example.

Drawing specific conclusions from the entire set of

experimental results obtained, we observe that at room

temperature development, IPA : H2O 7 : 3 provides the best

resolution and LER followed by MIBK : IPA 1 : 3 and

ZED-N50, at the expense of sensitivity. Cold (�15 �C)

development improves the resolution and LER for ZED-N50

and MIBK : IPA 1 : 3 developers at near equivalent expense

of sensitivity; however, it is not possible to achieve pattern

clearance with IPA : H2O 7 : 3 at �15 �C. Better surface

roughness was achieved using MIBK : IPA 1 : 3 and

IPA : H2O 7 : 3 developers compared to ZED-N50 for both

room temperature and cold development conditions. Finally,

exposing ZEP by nearly an order higher magnitude of dose

enables negative tone behaviour using IPA : H2O 7 : 3

developer. For equivalent development conditions, negative

tone ZEP gratings have a denser pitch, wider process

window, and a lower surface roughness; however, the

average critical dimension is greater than what can be

achieved for positive tone ZEP gratings.
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