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Department of Chemical Engineering, Stanford University

Y.H. Yen Lee, T. Eimoni2, D.R. Allee, R.F.W. Pease
Department of Electrical Engineering, Stanford University

R. Browning
Center for Intergrated Systems, Stanford University

ABSTRACT

To improve pattern fidelity of elecaon beam lithography in the nanometer regime a new
class of ultrzthin resist (less than 20 nm) has been investigated. Such films can be exposed
with very low energy (< 1 keV) electrons to virtually eliminate proximity effects or, at
conventional electron energies, to allow easier proximity effect correction. In a previous
study we investigated ultrathin (14 nm) PMMA films, prepared both by spin castirig and
Langmuir-Blodgett (L-B) techniques, as high resolution electron beam resists and reported
that the pinhole density in 14 nm L-B PMMA films was considerably lower than the
density in spin-cast PMMA films of comparable thickness. 45-nm-wide lines were
fabricated in 50-nm-thick chromium films using L-B PMMA films as resists. In this paper,
we have investigated the lithographic performance of L-B PMMA films with thicknesses
ranging from 0.85 nm (one monolayer) to 7.7 nm (9 monolayer) exposed with different
clectron beam energies. Two types of defects, with sizes less than 20 nm, have been
observed in the films after exposure and pattern transfer into chromium. The first type,
observed only in the samples with PMMA resist films thinner than 7 layers, was uniformly
distributed over the sample and the number of the defects increased dramatically as the
films thickness decreased. The second type was only observed around the exposed regions
in the films thinnef than 9 layers. For the second type, the number of the defects was
found to depend on the beam energy and substrate type. Sources of the two types of
defects will be discussed and the experimental results will be compared with a Monte-
Carlo simulation. It was also demonstrated that 20-nm-wide lines and 160-nm-wide spaces
could be achieved in 50-nm-thick chromium films using 7 layer L-B PMMA films as

recicts,
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INTRODUCTION

One limitation of electron beam lithography is the proximity effect! caused by the
exposure of resist by electrons backscattered from the substrate. This effect constitutes a
background on which the pattern is superimposed, which means that the energy dissipated
by the electrons at any given point in the resist depends upon the "proximity"” of adjacent
exposures, thereby reducing the pettern fidelity.

There have been many published correction methods for the proximity effect. Such
methods include dose correction,2 shape correction,3 and the equalization of the
background method (GHOST).4 A lengthy and costly computation is required for the first
two methods and the GHOST method requires additional field exposures, which results in
lower image contrast. The idea of using high energy electrons (> 50 keV) to minimize the
proximity effect was also proposed by several researchers.5.6 However, this method does
not totzally eliminate the proximity effect. In addition, the substrate could be damaged by
the high energy electrons.

Using low energy electrons (< 1 keV) for lithography seems to offer a good solution
for the elimination of the proximity effect. By using low energy electrons, electron
backscatter from the substrate can be minimized or eliminated, thereby reducing the
proximity effect. The major limitation in the application of low energy electrons for
lithography is that thin resist films (< 100 nm) must be used in order to allow the electrons
penetrate the resist. Conventional spin-cast resist films with thickness less than 100 nm
usually suffer from the following problems; high pinhole density, inadequate etch
resistance and inability to cover the surface topographies. Since there has been only a few
studies of the performance of ulwathin resists7-9, and a thorough study on the resist
preparations, resist materials and the electron-resist interaétions for ultrathin resists is
necessary.

In a previous study,® we investigated the possibility of using 14 nm L-B PMMA and

spin-cast PMMA films as high resolution electron beam resists. We found that the defect

‘e
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densities of the 14 nm spin-cast PMMA films are much higher (104/cm2) than that of the
14 nm L-B PMMA films (< 10/cm2). The etch resistance of these two films is sufficient to
protect a 50-nm-thick chromium layer and 45 nm-wide lines were fabricated in 50-nm-thick
chromium films using the 14-nm-thick L.-B PMMA films as resists. In this investigation
we have studied the lithographic performance of L-B PMMA films as a function of film
thickness (0.85 nm to 7.7 nm) and exposure beam energy (2.5 keV to 40 keV) on two
different substrates. Monte-Carlo simulations also have been performed and compared

with the experimental results.

EXPERIMENTAL
A. Materials

Atactic-PMMA obtained from Pressure Chemical, with weight average molecular
weight (Mw) of 188,100 and Mw/Mn < 1,08, where Mn is number average molecular
weight, was used to prepare the ultrathin electron beam resist films. Spectroscopic grade
chloroform, purchased from J. T. Backer, was used to prepare the PMMA solutions.
B. Substrates

Two different substrates have been used in this study. One consists of 50 nm
evaporated chromium (Cr) over 100 nm thermally grown silicon oxide on silicon wafers
and the other consists of 10 nm evaporated Cr over 6 pm polyimide on silicon wafers. The
polyimide (Du-Pont PI-2590D) was spun cast at 3,000 rpm and was baked at 170°C for 2
hours before Cr evaporation.
C. Langmuir-Blodgett films

The L-B film depositions were performed using a Joyce-Loebl Langmuir Trough IV
equipped with a microbalance for measurement of the surface pressure by thé Wilhelmy
plate method. Filtered deionized water with a pH of 7 was used for the subphase. PMMA
was spread on the water surface from a dilute chloroform solution (~ 10 mg PMMA in 20

ml chloroform). Prior to compression a 20-minute interval was allowed for solvent
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evaporation. The Langmuir film was compressed to the transfer pressure (~ 15 dyn/cm) at
a rate of 50 cm2/min, followed by a 20-minute equilibration period. The Cr-coated wafers
were immcrsed into the subphase before the PMMA was spread on the water surface. The
first monolayer of PMMA was transferred at the speed of 2 mm/min during the first
upstroke of the substrate. After the first monolayer was transferred, baking at 170°C for
20-minutes was performed before subsequent layer transfer. The multilayer films received
another baking at 170°C for 20-minutes before electron beam exposure.
D. Electron beam lithography

[ -B PMMA films transferred at 15 dyn/cm, with thicknesses between 0.85 nm (one
monolayer) and 7.7 nm: (9 layer), have been prepared and investigated as high resolution
electron beam resists by exposure with a Hitachi S800 scanning electron microscope
(SEM), a modified Perkin Elmer MEBES I pattern generation system and a High
Resolution Electron Beam Lithogrﬁphy System (HREBLS). The Hitachi S800 exposures
used a 0.15 pm beam diameter, 2.5 kV accelerating voltage and 80 pA beam current. Lines
were written with a single pass of the electron beam, with doses ranging from 10 - 150
puC/cm2. The MEBES exposures were performed at a 20 MHz address rate, 10 kV
accelerating voltage, 0.125 um beam diameter and address size, and 6 nA beam current.
The HREBLS was designed and built at Stanford for the fabrication and study of
microstructures.!0 The exposures in this work used a 8 nm beam diameter, 40 kV
accelerating voltage and 3 pA beam current. Lines were written with a single pass of the
electron beam, with doses ranging from 0.5 nC/cm to 4.0 nC/cm.

After exposure, the PMMA was developed in a solution of 3:7 cellosolve:methanol for
10 sec. Postbaking at 90°C was performed for 30 min after developing. Following the
postbaking process the samples were immersed in a 5:2 deionzed water : Cr etching
solution (Cyantek CR-14) for 100 sec to transfer the resist pattern to Cr. After Cr etching

the resist was stripped using acetone rinsing. The sample was then examined by SEM.
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MONTE-CARLO SIMULATION

The programs used in the Monte-Carlo simulation were derived from a core program by
D. C. Joy.!! The plural scattering approximation described by Bishop!2, Myklebust et
al13 and D.C.Joy11.14 was adopted as the model for our calculation of the proximity effect
on a multilayer substrate. The polynomial extrapolation modification of LovelS was also
adopted for the low energy regime where the Bethe energy loss equation gives unrealistic
results. We optimized the empirical parameter introduced by Myklebust in 1976, by
matching the computed backscattering yield and experimental datal6.17 and set the modified
boundary condition for the plural model of 2 multilayer substrate according to the method
of Hawryluk!8. Even though models of this type make significant approximations, their
accuracy in predicting the backscattering yield and angular energy distribution is reasonably
good. Our Monte-Carlo calculations for bulk substrates are in good agreement with the
experimental data of Niedrigl® and Reimerl7 over the range of 5 keV-40 keV beam
energies. Our calculation on the backscattering yield and énergy absorption distribution for
a multi-layer substrate also shows good agreement with other Monte-Carlo calculations and
experimental results.(Kyser!9, Hawryluk20),

For the calculations reported here, a 100 nm diameter gaussian beam and 2000
trajectories were used. The distribution of energy absorption density in the top layer of the

resist film for the backscattered electrons as well as backscattering yield were calculated.

RESULTS
A. Experimental

Figure 1 shows the results of exposure using a MEBES I operating at 10 keV with a
0.125 um spot and address size. Figures la-le show the patterns produced in 50-nm thick
Cr lavers using 1, 3, 5, 7 and 9 layer L-B PMMA films as resists, respectively. The

substrates of these samples were 50-nm-thick Cr films over 100 nm SiO3 films on Si

wafers. Lines-and-spaces patterns of 0.125 um have been achieved for all these samples.
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Two distributions of porous defects are observed in the Cr films after exposure and
etching. The first type is uniform over the sample area and the number of defects increases
dramatically with decreasing resist thickness. The second type of defect distribution is
close to the exposed regions (within 0.1 pm) and is most easily seen in films thicker than
those exhibiting uniform porosity. Figures 2a and 2b are patterns in 50-nm thick Cr films
using 7 and 9 monolayer L-B PMMA resists. The patterns were exposed using an Hitachi
S800 SEM operating at 2.5 kV accelerating voltage. It can be seen from Figure 2a that the
Cr film is porous in the vicinity of the exposure using a 7 layer LB film. This is similar to
the deterious effects in the MEBES exposure of the 7 monolayer sample (Figure 1d).
However, the density of these defects at the lower accelerating voltage is much higher than
that in the sample exposed with MEBES at 10 keV. It can also be seen by comparing
Figures 2a and 2b that much poorer line edge definition is seen in the 7 layer sample as
compared with that in the 9 layer sample. However, this deterious effect disappeared in the
7 layer sample exposed with the HREBLS at 40 kV accélerating voltage using the same
substrate (Cr/Si0O4/Si). Figures 3a and 3b are the pattems in 50-nm-thick Cr layers using 7
layer L-B PMMA films as resists exposed with the 40 keV beam. 25-nm-wide lines have
been achieved in 50-nm thick Cr for these samples.

Figure 4 shows a pattern of 2 um deep trenchs in 6-pum-thick polyimide films with a 10
nm thick Cr overcoat. These patterns were fabricated by using a 7 layer L-B PMMA resist
exposed with MEBES at 10 keV beam energy. The patterns were transferred into 10-nm
Cr and 2 um polyimide by Cr wet etching and O3 reactive ion etching (RIE), respectively.
The second type of defects did not appear in this sample. Cracks, which caused by the

internal stress of the thick polyimide layer, are observed.

B. Monte Carlo Simulations
The Monte-Carlo simulation results are shown in Figures 5a-d. The upper plot shows

the trajectories of 250 electrons. Llie bottom plot shows the distribution of the energy
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absorption density (erg/cm2/Coulomb) of the backscattered electrons on a log-scale with
distance from the center of a 100 nm gaussian primary beam. For this calculation the
PMMA film was divided into 5 layers, and the absorbed energy density was calculated for
each layer. The results presented here are from the bottom layer at the Cr interface. The
presence of the Cr layer was suspected to influence the exposure of the thin resist films.
The backscattering yields from the PMMA and the Cr were therefore calculated seperately.
The backscattering yield I is defined as the yield of the backscattered electrons emited from
the PMMA surface per primary electron. The backscattering yield II is defined as the yield
of backscattered electrons emitted from the Cr surface within a 0.4 m radius from the
center of the beam per primary electron.

In Figure 5 shows the simulated effects of different beam energies and substrate on the
backscattering yields. Figure 5a, in which the substrate consists of 50-nm-thick Cr over
SiO7 and the primary beam energy is 10 keV, the backscattering yield I is 12.5%. In
Figure 5b, in which the same substrate as that of Figure S5a has been used, but with a
primory keam energy of 7 5 keV, the hackscattering yield II increased to 28.4%, but with a
much denser distribution close to the center of the beam. We notice in this case that almost
all the backscattered electrons originate from the 50-nm-thick Cr layer. This high
backscattering yieid can be reduced by either using a higher energy beam or using a
substrate consisting of a lower atomic number material. In Figure Sc, in which the
substrate is the same as that used in Figure 5a and 5b but with a higher primary beam
energy (40 keV), the backscattering yield IT was reduced to only 1.2%. In the last case
Figure 5d, in which the substrate consists of a 10-nm-thick Cr layer over polyimide and
with a 10 keV primary beam, the backscattering yield II is only 0.8%.

A summary of the experimental results, including the simulation calculation, are listed

in Table 1.
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DISCUSSION

We have investigated the lithographic performance of ultrathin PMMA films prepared
by L-B technique as high resolution electron beam resists. Even a one monolayer PMMA
film (0.85 nm) can act as a positive resist for ithographic processing. However, two types
of defects have also been observed as shown in Figures la-d. The first type of defect
which increased in density uniformly across the sample as the film thickness decreased, is
possibly due to an intrinsic weak spot in the resist films. As the film thickness increases,
this type of defect can be covered up by the next layer above it. This defects have an
estimated size of less than 20 nm in diameter. This area is approximately the total area of
2,500 PMMA repeat units (each repeat unit is ~0.16 nm2), which by coincidence this is
about the same of the size of PMMA we used in this study (1,881 repeat units).

The second kind of defect, which only appears in proximity to the exposed region,is
probably related to the electron-resist interactions. From Table I we know these defects
occur in films thinner than 9 layers for exposure with both the 2.5 keV and 10 keV beam
energies. For a proximity effect related to backscattering this is surprising. The
backscattered electrons will return to the surface with an average energy about one half of
the primary beam energy,?! and these backscattered electrons should travel through both
the 7 and 9 layer PMMA films. The thickness difference between 7 layer and 9 layer
PMMA films is only about 1.7 nm. It would seem unlikely that the deterious effect we
have seen is directly related to the backscattered electrons. From Table I we also notice that
this type of defect does not appear in the 10 keV MEBES exposed 7 layer PMMA films
when the 50 nm Cr/ 100 nm SiO7 substrate was replaced by the 10 nm Cr/ 6-pum-thick
polyimide layer or in the 40 keV HREBLS exposed 7 layer PMMA films using 50 nm Cr/
100 nm SiO2/ Si substrate. From the Monte-Carlo simulation, we know that either
replacing the substrate with thin Cr and thick polyimide layers for 10 keV exposure or
using 30 rnm Cr/ 100 nm Si07/ St cubstarte for 40 keV exposure reduce the backscattering

yield from 16.8 % to 0.8% or 1.2%, respectively. Therefore, reducing the backscticred
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electrons can minimize those defects around the exposed region, even though the
backscattered electrons are not directly related to this deterious effect. Furthermore, these
defects are distributed more closely to the patterns in the 2.5 keV exposed sample than in
the 10 keV exposed sample. Based on these results, a possible explanation is proposed for
the formation of these defects.

These defects are possibly caused by the exposure of secondary electrons, which are
generated by the backscattered electrons at the Cr surface as shown in figure 6a.
Generation of secondary electrons have also been reported by Allen et al.22 for a different
system. They reported a Monte Carlo calculation of low-energy electron emission from
sufaces and predicted that the secondary electrons (< 50 eV), generated by the
backscattered electrons have almost the same yields per unit area as a function of distance
from the point of impac: for primary electrons of energy ~ 3 keV. Furthermore, Broers23
has suggested the scattering range of the secondary electrons is approximately 6 nm in
PMMA, which is similar to the thickness of a 7 layer LB PMMA film (6 nm). It is possible
therefore that the exposure effect of these secondary electrons will only be observed for
films with less than or equal to 7 layers of PMMA.

[n figures 6b we have shown the energy dissipated by the secondary electrons per unit
volume, generated by the backscattering electrons, as a function of resist layers. In figure
6¢ and 6d we have plotted the distribution of the total energy dissipated in the top laver of a
7 and 9 layer resist, respectively. In the case of the 7 layer exposure, the shape of the total
energy dissipated due to the effect of secondary electrons is broadened relative to that of the
9 layer case. We should expect a much lower image contrast in the case of 7 layver
exposure, and that's what is observed by comparing Figures 1d and le, and Figures 2a and
2b. By reducing the backscattered electrons, either by using a high energy beam or a
substraie with low atomic number, one can reduce the effect of these secondary clectrons
and therefore reduce the deterious effect.  Our Monte-Carlo calculations on the

backscattering vield are consistent with the experimental observations.
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These results show that the resists of thickness less than 6 nm (7 layer) will be exposed
by the secondary electrons. This strongly supports the resolution lirait (12 nm) in electron
beam lithography proposed by Broers?3 for thin substrates. Broers has suggested that the
resolution is set by the range over which the primary electrons interact with the resist. This
range is the distance over which the low energy secondary electrons are created and by the

range of the secondaries in the resist.

SUMMARY

We have observed that a one monolayer PMMA (0.85 nm) film can act as a positive
electron beam resist for lithographic processing. A proximity effect has been reported for
the exposure of PMMA resist films thinner than 7.7 nm (9 layers). This is contributed by
the secondary electrons generated by the backscattered electrons at the resist-substrate
interface. This local effect can be minimized by using a substrate with lower atomic
number or using higher energy beams. We also report a different type of defect generated
by the weak spot in the L-B PMMA films. This defect decreases dramatically as the film

thickness increases. Further studies on this intrinsic defect is suggested.
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TABLE I  Summary of the experimental and simulation resuits

Samples Second type of defects Backscattering Yield
I I

3 layers PMMA/50 nm Cr/ 100 nm SiO9/Si

10 keV beam exposure Yes 19.8% 12.5%
5 layers PMMA/50 nm Cr/100 nm SiO2/Si

10 keV beam exposure Yes 19.8% 12.5%
7 layers PMMA/50 nm Cr/100 nm SiO5/Si

2.5 keV beam exposure Yes 27.0% 28.4%

10 keV beam exposure Yes 19.8% 12.5%

40 keV beam exposure No 10.5% 1.2%
9 layers PMMA/50 nm Cr/100 nm SiO2/Si

2.5 keV beam exposure No 27.0% 28.4%

10 keV beam exposure No 19.8% 12.5%
7 layers PMMA/10 nm Cr/ 6 pm polyimide/Si

10 keV beam exposure No 3.0% 0.8%
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Figures la-e. Patterns etched in 50-nm-thick Cr using 1, 3, 5, 7, and 9 layer L-B PMMA
films as resists, respectively, exposed with a MEBES I system operating at 10 kV
accelerating voltage, 1/8 um beam diameter and address size, 6-nA beam current, and with

a dose of 100 uC/cm2. The substrates consisted of 50-nm-thick Cr over 100 nm SiO> on
Si wafers.
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Fioures la-e. Patterns etched in 50-nm-thick Cr using 1, 3, 5, 7, and 9 layer L-B PMMA
films as resists, respectively, exposed with a MEBES [ system operating at 10 kV
accelerating voltage, 1/8 um beam diameter and address size, 6-nA beam current, aqd with
a dose nf 100 uC,’cm:. The substrates consisted of 50-nm-thick Cr over 100 nm SiO2 on
Si waters.




Figures 2a-b. Patterns etched in 50-nm-thick Cr using 7 and 9 layer L-B PMMA films as
resists, respectively, exposed with a Hitachi SEM operating at 2.5 kV accelerating voltage,
0.15 um beam diameter, 80 pA beam current , and with a dose of 50 pnC/cm2. The same
substrates as the ones described in Fig. 1 were used.
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1 were used.




Figure 4. Patterns etched into 6 pm polyimide by oxygen RIE using 10-nm-thick Cr as
the mask. The patterns in Cr were patterned with a 7 layer L-B PMMA film as resist,
exposed with a MEBES [ system operating at 10 kV accelerating voltage, 1/8 um beam
diameter and address size, 6-nA beam current, and with a dose of 100 pC/cm2. The
substrates consisted of 10-nm-thick Cr over 6 um polyimide on Si wafer.
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Figure SA-B. Trajectory plot of 250 electrons(1) and the distribution of energy
absorption density of backscattering electrons(2). 2000 electrons are used in (2).
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Figure 5C-D. Trajectory plot of 250 electrons(1) and the distribution of energy
absorption density of backscattering electrons(2). 2000 electrons are used in (2).
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Figure 6a. Schematic of the interactions between electrons and resist on the solid |
substrate. . |
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Figure 6b. Energy dissipated by secondary electrons which generated by the backscattered
electrons per unit volume as a function of film thickness.
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Figure 6c-d. Schematic distribution of the total electron energy dissipated in the top layer
of the 7 layer and 9 layer L-B PMMA resists films, respectively.




