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Department of Electrical Engineering and Computer Science
and Electronics Research Laboratory
University of California
Berkeley, California 94720

ABSTRACT

The behavior of Hitachi RD-2000N and Shipley ECX-1033 negative resists
under electron-beam exposure at high-beam current density on the AEBLE-150 has
been characterized and modeled through dissolution measurement on the Perkin-Elmer
Development Rate Monitor (DRM) and SAMPLE simulation. A quantitative model
with three parameters relating dissolution-rate to deposited-energy has been esta-
blished. Utilizing this model, SAMPLE can predict accurately resist thickness-
remaining in relation to dose and simulate resist profile development. With the high-
beam current density exposure available on the AEBLE-150, RD-2000N shows notice-
able increase of resist thickness top loss at high dose region and rough resist surface
topography at 25A/cm?. This change in development behavior is consistent with ther-
mal heating of the top of the resist during exposure. Initial data on the AEBLE-150
showed lower contrast () and higher sensitivity than has been reported previously. A
factorial experiment of developer type, developer temperature, and prebake tempera-
ture showed that these are not the main causes of the discrepancy; rather, time
between exposure and development appears to account for this difference. Com-
parison of simulation and SEM micrographs of developed resist profiles gives gen-
erally good agreement. An initial study for a much more sensitive resist, ECX-1033,
was made and the resist shows promise of solving the thermal effect problem, since it
can be exposed at a much lower dose. SAMPLE simulation indicates that the dose
required for a similar resist development profile, is only one fifth of that for RD-
2000N.
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Chapter 1

Introduction

Direct-write eleclron-beamblimography systems have made it desirable to take advantage of the
plasma etching resistance of optical resists and to use electron-beam exposure interchangeably in esta-
blished optical fabrication lines. However, the usual technique of characterizing photoresist by a
thickness-remaining versus log-dose curve for each combination of resist thickness, substrate, etc., is
time-consuming, and the result does not contain sufficient information for computer simulation of disso-
lution. The basic objectives of this research are to develop a more fundamental model which can be
used in computer simulation and to be able to extract the parameters automatically from experimental

measurements.

Perkin-Elmer’s development rate monitor (DRM) allows easy measurement of the dissolution rate
as a function of depth into the resist layer. These data can then be coupled with Monte Carlo simula-
tions of electron energy deposition in resist. This coupling of dissolution rate with simulated energy
states of resist is calculated by SAMPLE! using software analogous to that esiablished for optical resist
modeling.2 The result is a model for the dissolution rate of the resist as a function of the energy density
deposited by the electron-beam exposure. This rate function can readily be incorporated into the process

simulator SAMPLE for development profile simulation.

Two resists of interest in such applications were investigated. The first was the negative type
resist, RD-2000N, from the Hitachi Chemical Co., Ltd.3 Its development characteristics are very similar
to the non-swelling dissolution of positive resist, and the dissolution rate appears to be related to the
change in molecular weight produced by exposure.? Its use with electron-beam exposure has been stu-
died by Okazaki et al.> and Liu et al.6 The second was also a negative type resist, ECX-1033, from the
Shipley Co. The chemistry of this resist is based on an acid-hardening resin (AHR) system.” The resist
is composed of a novolak resin, coupled with an acid-activatable crosslinker and a photoacid generator
(PAG). Exposure converts some of the PAG 1o acid, and this acid catalyzes the formation of many

covalent bonds between the novolak and the crosslinker during the post-exposure bake. The ‘‘chemical



amplification’’-type reaction in the resist provides high sensitivity. Both RD-2000N and ECX-1033 have
good dry-etch resistance because of the aromatic novolak polymer® which has been used traditionally as

the base resin for most optical diazoquinone positive resists.

This report demonstrates the feasibility of using a dissolution rate formula similar to a molecular-
weight-based dissolution model for these resists for process optimization. Chapter 2 will give a brief
description of the energy deposition versus depth for PMMA and RD-2000N. Chapter 3 describes the
experimental conditions, including a factorial experiment to investigate possible sources of differences
in the development characteristics of RD-2000N observed in our experiments on the AEBLE-150.
Chapter 4 will present the dissolution model and an explanation. of process parameter effects. Chapter

5 gives a comparison of SEM and simulation resist profiles.



Chapter 2
Monte Carlo Simulation of Energy Deposition

1. Input to Monte Carlo Simulation

The inputs to the Monte Carlo simulation program are the beam accelerating voltage, the density
and the relative atomic composition of the resist. The resist simulated were RD-2000N and PMMA
only.t The relative atomic compositions are (73C:9.60:69H:6N:1S) for RD-2000N and (5C:20:8H) for
PMMA. A density of 1.3, determined experimentally, was used for RD-2000N, and a density of 1.22 9

was used for PMMA.

2. Simulation Results

The deposited energy density in RD-2000N versus depth for a large uniform area exposure at a
dose of 1 uC/cm? is shown in Figure 1. For comparison, the results for PMMA and a theoretical calcu-
lation based on Everhart and Hoff’s modell® are also plotted. These data were obtained by Monte
Carlo calculation and in fact are the row averages of the exposure matrix used by SAMPLE for simulat-
ing electron-beam lithography. The calculation is for 1-um thick RD-2000N and PMMA at 20 keV for
silicon. For a dose of 1 uC/cm?, the energy deposited in RD-2000N is 22 J/cm? at the surface, increas-
ing monotonically to about 33 J/cm? at the depth of 1 um. These values are slightly higher than those
for PMMA. Although the compositions of RD-2000N and PMMA differ substantially, their energy
depositions for large area exposures are very similar. Based on these results, the energy deposition for
ECX-1033 is assumed to be the same as for RD-2000N, and it is used in subsequent simulation of the

resist development profile for ECX-1033.

1 Since ECX-1033 is an experimental product, its composition is proprietary.



Chapter 3
Experimental Procedure

1. Objectives

The experiments can be grouped into three classes. The first group was a factorial experiment to
explore the sensitivity of RD-2000N to process parameters. The second consisted of experiments to
establish a model and observe beam current density effects for RD-2000N. Finally, as the ECX-1033
became available, an experiment was performed to obtain the parameters for the dissolution model.
The wafers for the factorial experiment were supplied by Hughes (W1), and those for the model study

were prepared at Berkeley (W2).

2. Wafer Preparation and Electron Beam Exposure

The following process conditions were used as the nominal parameters for all the experiments.
Four-inch wafers were first primed with HMDS vapor at room temperature for one minute to improve
the adhesion of the resist. The wafers were then spin-coated with 1.0-um resist and baked at 90°C for
30 minutes. Exposure was done on a Perkin-Elmer AEBLE-150 system at 20 keV at Perkin-Elmer in
Hayward, CA. The exposure doses ranged from 2.5 to 100 pC/cm2. For ECX-1033, after exposure and
prior to development, a hot plate bake at 105°C for two minutes was employed. After exposure and a
delay of several hours in transit to Berkeley, the wafers were developed in the DRM with the
corresponding developers. A beam current density of 25A/cm? was used in all cases, except where

specifically noted.

3. Process Sensitivity

For RD-2000N, the process parameters of bake condition, developer type, and developer tempera-
ture were explored in a 2-level factorial experiment. The bake conditions tested were one hour at
110°C and 30 minutes at 90°C. The two developers used were RD-2000N and Microposit MF312. The
developer temperatures were set at 18 and 22°C. The second group of experiments involved changes in

the state of the developer as well as in beam current density and delay in processing. For ECX-1033,



only an initial dissolution-rate versus deposited-energy curve was generated. The sensitivity of ECX-

1033 to a number of process parameters has been thoroughly investigated by Liu, et al.7



Chapter 4
Dissolution Model and Experimental Result

1. Dissolution Model

Figure 2 shows a typical dissolution rate of RD-2000N as a function of remaining resist thickness
at a dose of 15 uC/cm? at 5A/cm As expected for a negative resist, the dissolution rate de;:reases at
lower depths because more energy is absorbed. These rate measurements are then combined with the
data on deposited energy versus depth from Figure 1. The resulting data on dissolution rate as a func-
tion of absorbed energy of RD-2000N is shown in Figure 3. A model similar to that used for the
effects of molecular weight on dissolution rate!!:12 was used to fit these data, and the dissolution rate

as a function of absorbed energy is given by

R
R = 0

=—7 1
E a
(1+5)

Here R denotes the development rate of unexposed resist, E is the energy per unit volume at the knee

where the asymptote for high dose meets the unexposed rate, and o is the resist-contrast parameter.

The parameters for the curve shown are 180 A/sec for R, 1360 J/cm? for Eg, and 6.72 for o as deter-

mined by the computer program PARMEX.!3

To test its validity, the model was compared with the rate-versus-dose characteristics of RD-
2000N for 5 A/cm?. Figure 4 shows the measurements of thickness remaining as a function of log-dose
at various development times. The data calculated by equation (1) with SAMPLE for 120-second
development are plotted as diamonds in Figure 4. The calculated thicknesses agrees excellently with the
experimental data. Thus our fundamental quantitative resist model correctly describes the experimental
data for large uniform exposures and is easily implemented into profile simulation for other resist

thicknesses, substrate atomic numbers, and other parameters.

2. Beam Current Density Effects

The effect of dose rate was investigated using 5, 10, and 25 A/cm? beam current densities. Fig-



ure 5 shows thickness remaining as a function of log-dose for 90-second development at these beam
current densities. The 5-A/cm? data shows a slight lateral shift, but this is probably due to dose inaccu-
rate calibration at a very short dwell time. More important is the change in the shape of the curve for
25A/cm? above 0.8-um thickness at high dose. A noticeable flattening of the curve that occurs at
25A/cm? corresponds to additional resist top loss. The SEM micrograph in Figure 7c of the resist
remaining on the wafer at high beam current density also shows a rough tt;pography. A significant
decrease was observed in reflected signal intensity in the DRM measurement as further evidence of the

nonplanar topography. These effects were not observed in the 5-A/cm? and 10-A/cm? cases.

Heating caused by the large beam current on the AEBLE-150 is the likely explanation for the
difference in resist performance near the top surface of the resist. With a high beam current density,
large exposure area, and fast energy deposition, the temperature of resist exposed by the AEBLE-150
will rise by as much as 100°C. For example, without heat conduction to the substrate, the peak tran-
sient temperature rise during exposure would be about 15°C per puC/cm2. Unless the resist is
moderately thermal-conductive, the temperature in the resist will rise with distance from the substrate,

and will become substantial even in the presence of a substrate heat sink.

3. Exposure System Effects

We were concerned that the basic behavior of RD-2000N for AEBLE-150 exposure appeared to
be different from that reported for other exposure systems. A comparison of the critical dose and con-
trast is listed in Table I for various exposure and process conditions. Our initial result of a contrast of
0.99 for 25A/cm? was quite low compared to those measured for the example on System 2 at Hughes,

which showed twice the contrast but required higher doses.

4. Process Parameter Effects

Effects of developer type, developer temperature, and bake temperature on the development of
RD-2000N were investigated systematically using the factorial experiment described earlier. The results
in Table II reveal that MF312 developer gives higher ¥ (30-40%) and faster development (40-50%) of

unexposed resist (Rg) than the RD-2000N developer. Higher developer temperatures have similar
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effects on vy and development rate with MF312 developer (15% increase in ¥ and 20% increase in R ).
The effect of developer temperature on the RD-2000N development is inconclusive. On the other hand,
higher bake temperatures reduce ¥ (5-8%) and development rate (8-21%). Nonetheless, the Y obtained
under the most favorable conditions is still 40% lower than the value measured with exposure from Sys-

tem 2 at Hughes.

S. Sources of Discrepancies

In order to explain the difference in y and the extrapolated dose for 1.0 normalized thickness-
remaining, D(1.0), other possible sources of discrepancies were investigated. The contrast and sensi-
tivity for RD-2000N measured under experimental conditions at Berkeley (row three of Table I) were
confirmed by independent experiments at Hughes (AEBLE-150 Hand Dip data, row 4, Table I). Repeti-
tion of the experiment four months later with wafers prepared at Berkeley (W2), the same pattern tape
(P2), and the same developer (B1) gave slightly higher ¥ (row 5, Table I). The contrast of the wafer
with the same process, but with a fresh bottle of RD-2000N developer (B2) shows an even higher vy
(row 6, Table I). Results for resist exposed at SA/cm? with identical conditions gave nearly identical
D(1.0) and y as determined by the DRM, despite the significant difference in top loss at high dose.
Since all the above experiments had some delay between exposure and development ranging from 2
days to as much as a week, experiments were performed to investigate this effect. Results for a wafer
from the same exposure batch developed after a delay of 20 days (D20) (row 7, Table I) showed
significant loss of contrast. Finally, a recent experiment performed at Perkin-Elmer with a delay of less
than 1 day (DO) (row 9, Table I) and an aged developer (B3) showed contrast comparable to that of the
5 A/cm? experiment. Thus the gradual changes in the resist after exposure may account for the low

contrast observed in most of our experiments.



Chapter 5
1. Profile Simulations and SEM Micrograph Comparison

2. Simulation of RD-2000N

Equation (1) has been implemented in the process simulator SAMPLE to study resist development
profile effects. A comparison between simulated and experimental resist profiles of RD-2000N is given
in Figures 6 and 7. Figure 6 shows the cross-sectional SEM micrograph and simulated resist profiles of
a 0.3 um line for doses of 50, 125, and 250 uC/cm? after 120-second development in RD-2000N
developer. Figure 7 shows a similar comparison for a constant dose of 63 uC/cm? for linewidths of 0.3,

0.5, and 1.0 um.

3. Simulation of ECX-1033

Using the PARMEX program, the parameters of ECX-1033 were obtained from the DRM dissolu-
tion ratc measurement. Figure 8 shows the dissolution rate versus absorbed energy and the values
predicted by the model. The parameters for the curve shown are 216 Afsec for Rg, 300 J/cm? for E,,
and 8.27 for a. This curve shows that ECX-1033 is supérior in both sensitivity and contrast to RD-
2000N. A comparison between RD-2000N and ECX-1033 was made by adjusting the dose to obtain
the same development profile. Figure 9 shows the resulting development profile of a 0.5-um line for
ECX-1033; the dose used is 12 pC/cm? for a two-minute development. Comparing Figure 9 to Figure
7o shows that the dose used for ECX-1033 is only one fifth of that for RD-2000N. Figure 10 shows the
SEM photographs of the same pauterns developed in RD-2000N and ECX-1033. Unlike RD-2000N,
ECX-1033 displays no loss in thickness at the flash center of the exposure, evidently, because of the

absence of electron-beam induced heating in the ECX-1033.

4. Summary

Generally good agreement is obtained between simulation and experiment, especially considering
the large dose range used. The SEM photographs also reveal the nonplanar topography of the resist

profiles at large linewidths as shown for example in Figure 7c, which is believed to result from thermal

10



11

éffects. The discerning eye can, however, spot some fundamental differences between the simulated
and experimental profiles that indicate a need to generalize the dissolution model further. The rectangu-
lar tops in the simulations result from fitting the dissolution model to SA/cm? data, which did not show
a significant top loss at high dose. The larger pedestal at high dose in the simulation may indicate that
the algebraic relationship used to model dissolution does not give enough downward curvature with

dose to extrapolate well to deposited energy densities over 2 ki/cm?.



Chapter 6

Conclusion

Resist dissolution measurement on a Perkin-Elmer Development Rate Monitor and SAMPLE
simulation have been used to characterize and model negative resists as exposed on the AEBLE-150 to
explore such issues as the effect of different current densities. A quantitative model with three parame-
ters relating dissolution-rate to deposited-energy has been established which fits the thickness versus log
dose curve and is suitable for use in process simulation with SAMPLE. For RD-2000N, a high beam
current density of 25A/cm? increases the resist thickness top loss at high doses and causes the surface of
the resist to become rough, probably through heating. Initially, the resist contrast of RD-2000N (Y) was
low‘er than reported elsewhere. A factorial experiment on process conditions showed that MF312
developer, lower bake temperatures, and higher developer temperatures increase Y and sensitivity, but
not strongly enough to account for the observed differences. In hindsight, it appears that the reduced
contrast probably results from the delay between exposure and development. Detailed comparison of
SEM and simulation profiles gave generally good results over a large range of doses and feature sizes.
It also showed that the downwérd curvature of the model may not be adequate and that it will be neces-
sary to extend the model to include high current density top loss effects. ECX-1033 has higher sensi-
tivity and contrast than RD-2000N because of its ‘‘chemical amplification’’-type mechanism. Since
these characteristics allow a lower beam current density to be used for exposures while maintaining

high throughput, it may offer a solution to the problem of thermal effects.

12
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Table I. Sensitivity and Contrast of RD-2000N under various process and
exposure conditions.

System Method Thickness Dev. D(1.0) Y
(Um) | Time (s) | UC/cm?

Hughes (System 2) | Hand Dip 1.0 %90 66 24
H.P. JEOL) Hand Dip 0.7 100 43 2.0
AEBLE-150 DRM 1.0 120
25A/cm? W1, P2, Bl 25 1.0
25A/cm? W1, P1, Hand Dip 30 0.99
25A/cm? W2, P2, Bl 21 125
25A/cm? W2, P2, B2 29 1.5
25A/cm? W2, P2, B2, D20 27 1.25
5A/cm? W2, P2, B2 1.0 120 30 1.43
25A/cm? W2, P2, B3, DO 1.3 120 29 1.41

W1 - Wafers from Hughes

W2 - Wafers from Berkeley

P1 - Exposure Pattern of Hughes
P2 - Exposure Pattern of Berkeley
B1 - RD-2000N developer batch used in the factorial experiment
B2 - Fresh batch of RD-2000N developer
B3 - RD-2000N developer batch used for more than 15 wafers in 4 months
DO - Delay of less than 1 day between exposure and development
D20 - Delay of twenty days between exposure and development
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Table II. Unexposed resist dissolution rate and contrast of RD-
2000N as a funciton of developer type, bake condition, and
developer temperature.

Developer Bake Dev. R, Y

Conditions Temg. (A/sec)
18°C 136 0.99

90°C, 30 min -
22°C | 144 | 0.9

RD2000N
18°C 107 0.85
110°C, 60 min
22°C 126 1.09
18°C | 187 1.29
90°C, 30 min
22°C 217 1.44
MF312

18°C 153 1.18

110°C, 60 min
22°C 189 1.36
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Figure 6. SEM and simulated resist profiles for a 0.3 pm line exposed in 1.0 pm of RD-2000N at doses
of (a) 50 pC/em?, (b) 125 puC/em?, and (c) 250 pC/em? with 2 min development.
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Figure 7. SEM and simulated resist profiles for a single line exposed in 1.0 pm of RD-2000N at dose of
63uC/em? with linewidth of (a) 0.3 um, 0.5 pm, and 1.0um with 2 min development.
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Figure 10. SEM photographs of developed resist patterns for (a) RD-2000N and (b) ECX-1033.

ECX-1033 does not display loss in thickness at flash center as is the case with RD-2000N.
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