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Electron beam lithography tools have evolved in the direction of higher beam energy in order to
achieve high-resolution, fine feature definition. As the beam energy is increased, the ‘‘forward’’
scattering is reduced and the ‘‘backscatter’’ range is increased. Over the years, tools became
available data 20 then 50 kV, and now 100 kV operation is common. Operation at higher voltages
has several advantages, such as better resolution and process latitude due to reduced forward
scattering, and a few disadvantages such as higher dose requirements, substrate heating, and lower
contrast for backscatter electron alignment and calibration signals~due to reduced primary electron
backscattering generation in thin film!. The backscatter range for 100 kV on silicon is about 27mm
compared to 8mm at 50 kV resulting in different strategies for efficient proximity correction.
However, even at 100 kV, scattering in an intermediate range is observed and must be taken into
account in order to achieve good linewidth control at the highest resolution. Measurements of the
scattering range for both 50 and 100 kV have been made using the point exposure distribution
measurement technique@S. A. Rishton and D. P. Kern, J. Vac. Sci. Technol. B5, 135 ~1987!#. For
comparison, measurements taken on the same wafer at different voltages show that 50 and 100 kV
scattering range functions overlap, after normalizing for the different resist sensitivity, at length
scales below 0.5mm, suggesting a common mechanism, which is independent of the initial electron
energy. For thin resists, this suggests that the significant resolution difference between 50 and 100
kV lithography is limited to the ‘‘forward’’ scattering effect as the incident electrons traverse the
resist. Extrapolating the scattering function to the approximate beam diameter of 10 nm allows an
impulse response function to be numerically determined. The convolution of this function gives
reasonably good agreement with dose versus linewidth measurements. ©2001 American Vacuum
Society. @DOI: 10.1116/1.1415506#
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I. INTRODUCTION

In electron beam lithography, the incident beam is sc
tered by the resist and the substrate resulting in unwa
dose being deposited in areas outside of the desired expo
region. Normally this scattering is discussed in terms
‘‘backscatter’’ which is the result of a large number of ele
tron scattering events and where resist can be exposed
some distance from the electron beam position, and ‘‘f
ward’’ scattering which is the result of a small number
scattering events as the electron beam passes throug
resist. In thicker resist, forward scattering will have a larg
range than thin resist. For high accelerating voltage syste
forward scattering has a significantly smaller range th
backscatter. In reality, scattering is not so neatly divided i
two distinct regimes. A practical technique for investigati
scattering is the point exposure distribution measurem
technique as described by Rishton and Kern.1 In this tech-
nique a series of dot point exposures with exponentially
creasing dose over many orders of magnitude is carried
using a high-contrast resist as the scattering detector.

Figure 1 shows a set of dots with three different expos
doses and an ideal infinite-contrast resist which results
dots whose diameters map out the intersection of the ‘‘c

*No proof corrections received from author prior to publication.
a!Electronic mail: ehanderson@lbl.gov
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off’’ dose and the applied dose profile. With real resist m
terials, the contrast is not infinite and the resulting dots w
have a less than ideal development with some ambiguity
to the exact diameter. Nevertheless, scanning electron
croscopy~SEM! inspection of dots in real resist yields valu
able diameter versus dose data. Analysis of this data g
insight into the scattering function profile which can be co
pared with other lithographic data such as linewidth ver
dose measurements.

II. EXPERIMENTAL DETAILS

The tool used is a modified Leica Microsystems VB6-H2

system coupled with a unique digital pattern genera
~DPG! and control software developed internally at Berkel
Laboratory.3 The column consists of a thermal field emissi
source for high brightness giving small probe size and h
current. The accelerating voltage is variable between 20
100 kV with measurements taken at 50 and 100 kV. T
stage has travel over an approximately 1503150 mm2 area
and incorporates a three axis~x, y, u!, l/1024~0.6 nm! reso-
lution interferometer for positional measurement, feedba
and control. The beam diameter is estimated to be abou
nm at the operating conditions used. The resist used is
drogen silisesquioxane~HSQ! described by Falcoet al.4 This
resist has high resolution, modest dose requirements, an
commercially available at high purity. The HSQ solutio
25041Õ19„6…Õ2504Õ4Õ$18.00 ©2001 American Vacuum Society
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used is FOx-15 from Dow-Corning diluted with methy
isobutylketone~MIBK ! so that the final resist thickness
about 40 nm after spin coating. The resist is soft baked
170°C for 30 min. After electron beam exposure it is dev
oped in 0.26 N tetramethyl ammonium hydroxide~TMAH !
~Shipley corporation LDD26-w! for 1 min. A computer pro-
gram prepares the data sets with a series of dot shape
creasing in dose in a geometric progression. The data
cover a large range of nine orders of magnitude so that s
range, intermediate range, and long range scattering is
served on the same wafer. Figure 2 shows low voltage S
micrographs of actual exposed dots. Figure 3 shows a plo

FIG. 1. Point exposure distribution measurement technique uses a high
trast resist as a spatial critical dose detector. The dot size as a function o
dose can be used to trace out the scattering function. Each dot is sepa
by 200mm so that there is no interaction between the dots.

FIG. 2. HSQ dots are observed by low voltage scanning electron mic
copy. Each dot is measured using the built in linewidth annotation feat
of the SEM.
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dot radius data taken on the same wafer at 50 and 100 kV
silicon. The 100 kV exposure was done first and then
voltage was reduced. The wafer remained in the sys
while the high voltage was changed and the system
aligned. The wafer was then exposed with the dot patt
again at 50 kV and developed. Therefore any differences
to development conditions of temperature or time we
eliminated. In-vacuum delay sensitivity of HSQ over sho
times has not been observed. Because the sensitivity a
kV differs from 100 kV by a factor of 2, the 50 kV data i
plotted versus twice the actual dose, normalizing the data
the resist sensitivity. Figure 4 shows dot data on
Cr~5 nm!/Au~12 nm! plating base on silicon, a hard bake
180 nm thick polymer layer on silicon, and a bare silic

n-
dot
ted

s-
s

FIG. 3. Dot data for HSQ resist on a silicon wafer at 50 and 100 kV op
ating conditions. The same wafer was used for this experiment to elimi
any differences due to development conditions. The 50 kV dose dat
multipled by 2 in order to normalize it with respect to the 100 kV sensitivi
The overlap of the data at length scales below 0.5mm suggests that the
scattering and exposure mechanism is independent of the initial elec
beam energy within some large range. The base dose,D0 , was 3.2310217

C.

FIG. 4. Plot of a 100 kV dot data set taken on a silicon wafer with a Cr/
plating base. The solid line shows the fitting function. The base dose,D0,
was 3.2310217 C.
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substrate. Figure 4 suggests that the plating base and p
mer materials do not significantly change the form of t
scattering function. The amount of scatter is different b
tween the different substrates and lithography on the poly
is generally higher resolution. The area around the dots
the plating base wafer is electroplated with nickel to impro
SEM contrast and mirror the conditions in which diffractio
x-ray optics are fabricated. This data on the plating b
wafer extends well into the 100 kV backscatter range and
traditional Gaussian functional form is observed when
plotting this data in the form of log~dose! versus radius2.
Figure 5 shows the 100 kV dot data replotted to highlight
Gaussian functional form which will be a straight line sin
log~dose!2(r /b)25C. The slope of the straight line give
the backscatter range ofb526 mm. The data for 50 kV is
plotted in Fig. 6 to highlight the backscatter range with
derived range,b58 mm.

FIG. 5. Replotting the 100 kV dot data of Fig. 4 as a function of rad
squared shows the longer-range or backscattering functional form. A Ga
ian function when plotted in this fashion will show a straight line depe
dence. From the slope of the straight section the backscatter range of 2mm
is determined. The base dose,D0, was 3.2310217 C.

FIG. 6. Replotting the 50 kV dot data of Fig. 3 as a function of rad
squared shows the backscattering functional form. A Gaussian func
when plotted in this fashion will show a straight line dependence. From
slope of the straight section the 50 kV backscatter range of 8mm is deter-
mined. The base dose,D0, was 3.2310217 C.
J. Vac. Sci. Technol. B, Vol. 19, No. 6, Nov ÕDec 2001
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A. Fitting the measured data

The dot size versus dose data is well described wit
Gaussian function for the long range scattering as seen by
straight line segments of Figs. 5 and 6. For analytical con
nience, a sum of Gaussian terms is a desirable fit of
scattering data. From the mathematics of the central li
theorem we would expect Gaussian distributions from la
numbers of independent scattering events even if each i
vidual scattering even has a non-Gaussian distribution. H
ever, the data is not well approximated by a sum of Gauss
functions. By visual inspection, the log~dose! is linear in
log~r! over a range of values and so an expression
the form log~dose!5a01a1log(r)1a2@log(r)#21a3@log(r )#3

1a4r 2 was used. Note that the last term,a4r 2 dominates the
expression for large values ofr and so this approximation
will yield a Gaussian functional form as expected fro
physical considerations. Figure 7 shows the data and fit
function for 50 kV data while Fig. 4 shows the 100 kV dat
The coefficients are determined using the linear alge
method of singular value decomposition. The first coefficie
a0, represents the scale and is determined by the units in
The fifth coefficient,a4, represents the backscatter effect a
is related to the backscatter range bya451/b2. The coeffi-
cient a1 represents a power law relationship between
scattering range and the dose. Concentrating on the lin
sections of the short-range scattering we find the slope
give a power law value of approximately 2.16 for 50 kV an
a value of 2.12 for 100 kV. These values are remarka
close suggesting a common physical scattering mechani

B. Impulse response and comparison with linewidth
versus dose data

We have investigated if the point exposure distributi
measurement technique can be used to predict linewidth
process latitude. First the dot data is fitted to an analyt
expression using the above formula and then extrapola
Here the 100 kV dots on a Cr/Au plating base were us
Unfortunately, the scattering function for small ranges is
vergent so the extrapolation cannot continue to zero. A cu
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FIG. 7. Dot data and the fitted function for 50 kV dots on a silicon substra
The base dose,D0, was 3.2310217 C.
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is chosen based on the finite beam width of about 10 nm
5 nm in radius. The extrapolated two-dimensional function
then summed up to give an equivalent one-dimensional
pulse function. Using this impulse response we calculate
dose versus linewidth for a period set of lines on a Cr/
plating base at 100, 80, and 60 nm as shown in Figs. 8–
These lines were measured after a small amount of ni
material was plated to help with the SEM imaging. In the
figures the only nonexperimentally determined model para
eter is the cutoff limit of the scattering function. Agreeme
between experiment and model is generally good conside
that the model of the development process is highly sim
fied to approximate an infinite contrast resist.

FIG. 8. Measured~dots! and calculated~solid! linewidth vs dose for 100 nm
period lines.

FIG. 9. Measured~dots! and calculated~solid! linewidth vs dose for 80 nm
period lines.
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III. CONCLUSION

The point exposure distribution measurement techni
has been used to measure scattering in the short, interm
ate, and long~backscattering! range regimen for electron en
ergies of 50 and 100 kV on silicon and silicon with platin
base substrates. In the long-range or backscatter regimen
dot data gives good agreement with a Gaussian functio
form with b526 and 8mm for 100 and 50 kV, respectively
In the short and intermediate range, below 0.5mm, the data
for 50 and 100 kV overlap when plotted with normalize
sensitivity. This suggests that the mechanism of scatte
and resist exposure is independent of the initial electron
ergy. It also suggests that a reduction in the forward sca
ing of the primary beam is the most significant differen
between 100 and 50 kV operation. The scattering data ca
well fitted using a linear combination of log~r!, log(r )2, and
r 2 functions. Extrapolating this function to a cutoff leng
gives an impulse function, which provides reasonable ag
ment with linewidth versus dose data for 100, 80, and 60
period lines.
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FIG. 10. Measured~dots! and calculated~solid! linewidth vs dose for 60 nm
period lines.


