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Abstract. Nowadays, features with sizes smaller than 10 nm can be
obtained with electron beam lithography. For such small structures, high
exposure doses are required to stay away from the shot noise limit. We
investigated the effect of high-dose electron exposure of silicon sub-
strates and subsequent dry development by reactive ion etching. We
found that silicon can be directly patterned at electron doses ranging
from 0.05 to 3.06 C/cm2. The effect of backscattered electrons is seen
as a halo around the patterns. In the given dose range, a gradual tran-
sition from positive tone �low-dose� to negative tone �high-dose� behav-
ior is observed. It is demonstrated that the patterning is likely to be
caused by structural changes of the silicon substrate, resulting in differ-
ent etch rates in exposed and unexposed areas. X-ray photoelectron
spectroscopy analysis has been applied to determine if the thickness of
the native oxide in the irradiated areas is different from the thickness at a
reference position �not irradiated�. Small but significant differences have
been observed, the largest increase being 0.3 nm. © 2008 Society of Photo-
Optical Instrumentation Engineers. �DOI: 10.1117/1.2841716�

Subject terms: electron beam lithography; dry etching; proximity effect; high ex-
posure dose.
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Introduction

mong all lithographic techniques, electron beam lithogra-
hy �EBL� is generally accepted to have the highest prac-
ical resolution. EBL studies on polymethylmethacrylate
PMMA�1,2 and hydrogen silsesquioxane3 show resolution
own into the sub-10-nm range. Ultimate resolution EBL in
he nanometer regime poses severe conditions on both the
esist and the electron probe. Specific extra requirements to
he ultrahigh resolution resist are a molecular size as small
s possible and an ultrathin layer thickness, the latter to get
id of electron forward scattering. The electron probe also
eeds to be as small as possible, but then the shot noise in
he electron beam is a point of concern. The shot noise is
iven by the square root of the number of electrons in the
eam. Thus the signal-to-noise ratio �S /N� is also propor-
ional to the square root of the number of electrons in the
eam. This can be expressed as S /N= �D�A /e�1/2, where

is the exposure dose �coulombs per square centimeter�; A
s the area of the beam spot; and e is the elementary charge.
o, the S /N ratio decreases with decreasing spot size A. To
eep the S /N ratio sufficiently large, e.g., �100, the dose
as to be increased correspondingly to compensate for the
maller spot size. Given a specific spot diameter d, this
eads to a required minimum dose of D�4�104e / ��d2�.
or example, to expose a pixel of 1-nm diameter, equal to

he beam diameter d, the minimum dose required to stay
way from the shot noise limit is 0.204 C /cm2. This dose is
wo orders of magnitude larger than doses typically used in
MMA-based microfabrication processes.
537-1646/2008/$25.00 © 2008 SPIE
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It is the objective of this paper to investigate the effect
of high-dose electron beam �e-beam� exposure of silicon
substrates beyond the shot noise limit. This is important to
know, especially when nanopatterns in ultrathin resist lay-
ers are to be transferred into the underlying substrate by dry
etching. If etching properties would be altered by the
e-beam exposure, then the pattern transfer would become
dependent on the exposure as well, which is highly un-
wanted.

2 Experiment
For the e-beam exposure experiment, we used �100�-
oriented, 20-to-30 � cm, p-type silicon wafers. The wafers
were cleaned in an ultrasonic bath consecutively for 2 min
using acetone and 2 min using isopropanol. The e-beam
exposure was done in a Vistec Electron Beam Pattern Gen-
erator 5000+ �Best, The Netherlands� at 100-keV beam en-
ergy, with an aperture of 400 �m, a beam current of
225 nA, and an estimated spot size of 163 nm. The test
pattern consists of a series of 20�50-�m2 rectangles. Each
rectangle was exposed with a different dose. The exposure
dose ranges from 0.05 C /cm2 to 3.06 C /cm2.

After exposure, the wafers were subjected to a fluorine-
based reactive ion etching �RIE� process, resembling a typi-
cal pattern transfer after resist exposure. A parallel plate
Leybold Z-401S RIE etcher �Alzenau, Germany� was used.
The reactive gas was SF6 at a flow of 12.5 sccm �standard
cubic centimeters per minute�. The process pressure was set
to 50 �bar and a rf power of 40 W was used. Anticipating
pattern transfer using ultrathin resist layers, a low bias volt-
age was chosen. As the bias voltage in the parallel plate

configuration cannot be controlled independently of the rf
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ower, the wafer was placed at an elevated level, inside the
lasma, and thus subject to the floating potential of only a
ew volts. To determine absolute values of the etch rate in
he exposed and unexposed area in silicon, an inkmark was
laced on the unexposed surface of the sample, prior to the
tching process. After etching, the mark was removed with
cetone and the etch depth was measured with respect to
he original wafer surface, using a Tencor Alpha-step sur-
ace profilometer �San Jose, Calif.�.

Results
n Fig. 1, a top view optical microscope image is shown, in
blique illumination mode, of an exposure dose series of
0�50-�m2 rectangles after a 70-s dry etch. The exposure
ose �in coulombs per square centimeter� corresponding to
ach of the rectangles is indicated. Most interestingly, the
ectangles are visible over the entire chosen dose range of
.05 to 3.06 C /cm2. For the higher electron dose, the con-
rast is enhanced and a second interesting feature is ob-
erved: a halo around the rectangles. The halo is slightly
llipsoid along the long axis of the rectangle and its size
ncreases for increasing electron doses. To quantify these
bservations, Alpha-step measurements were performed
cross the etched structures. The following parameters are
efined �see Fig. 2�: du is the etch depth in the unexposed
rea far from the exposed area �under the inkmark�, de is
he etch depth in the exposed area, and �d=du−de is the
eight of the resulting structures as seen in Fig. 1. In these
easurements, only du and �d are determined; de is de-

ived from these. After etching, the sample was cleaned in
n ultrasonic bath for 2 min to remove the inkmark. For
0-s etching time, the Alpha-step measurement, taken from
he inkmark results in an etch depth, du=90 nm.

Figure 3 shows three Alpha-step height profiles of
tched rectangles exposed at three different doses: 3.06,
.38, and 0.05 C /cm2. The indicated etch depth of 90 nm at
he outer ends of each scan is the reference etch depth �du�
f unexposed silicon. The overall experiment shows areas
ith etch delay and areas with etch enhancement �all com-
ared to the reference depth of 90 nm�. In describing the
tch depth behavior as a function of dose, we first consider
he primary exposure area and then the surrounding area.

In Fig. 4, the ratio of the etch depths in the primary
xposed and nonexposed areas, i.e., de /du, is plotted versus

ig. 1 A series of 20�50-�m2 rectangles, written directly on silicon.
or each rectangle, the electron dose �coulombs per square centi-
eter� is indicated. The sample was etched in a SF6 plasma for
0 s.
xposure dose. The ratio is a highly nonlinear function of
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the dose. For low doses �e.g., 0.05 C /cm2�, the etch depths
in the exposed and unexposed areas are almost equal. For
higher doses, the exposed area is etched increasingly
slower than the unexposed area. The etch depth ratio ap-
proaches asymptotically a value of about 0.68.

The etch depth in the unexposed area in the vicinity of
the rectangles �the halo regions� is also strongly dependent

Fig. 2 Schematic overview of the silicon substrate, before �a� and
after �b� etching. The etch depths du, in the unexposed area; de, in
the exposed area; and their difference, �d=du−de, are indicated.

Fig. 3 The etch depth with respect to the original silicon-wafer sur-
face �the zero at the vertical axis� as a function of the profilometer

scan position, for three different doses as indicated in the figure.
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n the electron dose. For a high dose �e.g., 3.06 C /cm2�, a
road area of etch delay �compared to unexposed area� near
he exposed rectangle is observed, evolving to a narrow
and of etch enhancement at the outer distance �see Fig. 3�.
n this dose range, the shape of the halo is clearly visible
see Fig. 1�. Its magnitude corresponds more or less with
he proximity range of backscattered electrons. For a lower
lectron dose, the broad area of etch delay becomes less
ronounced, and the outer band of etch enhancement shifts
nward. Finally at the lowest dose �0.05 C /cm2�, it all
volves to an area of overall etch depth enhancement. In
he low dose range, the halo almost disappears.

To check for possible interference with e-beam–induced
arbon deposition from residual carbonaceous contamina-
ion in the vacuum, gold-coated �20-nm� silicon substrates
ere e-beam exposed. When e-beam–induced carbon depo-

ition would play a role, the thickest layer would be in the
xposed region and a thinner layer in the backscatter elec-
ron regions. In subsequent dry etching, this would result in
ifferent etch depths. After exposure, the gold layer was
emoved �and so any possible carbon deposit� by wet
hemical etching, and next the pattern was developed using
IE. However, etch results were similar as without the gold
lm �see Fig. 5� and possible interference with carbon de-
osit can be ruled out.

Discussion

irst, the possible correspondence of the pronounced halo
ffect around the exposed areas with the proximity range of
he backscattered electrons is considered more quantita-
ively. The interaction volume in which the primary elec-
rons generate the backscattered electrons intersects the
ubstrate surface with a circle of radius rb. In a modified
iffusion model, Kanaya and Okayama4 obtained the radius
b, as

b =
CR�

1 + �
,

here C is a constant equal to 1.1, �=0.187Z2/3, and R is

ig. 4 The ratio of etch depths in the exposed �de� and unexposed
du� area as a function of the exposure dose. The triangles are the
easured data, the solid line is a guide to the eye.
he range of the primary electron given by
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R = 5.025 � 10−12 AEp
5/3

�	sZ
8/9 �R in cm� .

A is the atomic weight �in grams�, Ep is the primary elec-
tron energy �in electron volts�, � is the density of the sub-
strate material �in grams per cubic centimeter�, Z is the
atomic number, and 	s is a constant equal to 0.182. For
100-keV electrons incident on a silicon substrate, this re-
sults in a range R of 69 �m and a value for rb of 40 �m.
For the highest dose �3.06 C /cm2�, the halo extends about
45 �m from the rectangle. This compares rather well to the
estimated backscatter electron range.

The question that remains after observing the positive
and negative tone resist behavior of the silicon is what
causes the enhancement and the reduction in etching speed
in these areas. The slight etch enhancement at low doses
may be due to defects generated under e-beam exposure.
Dangling bonds involved in defects are generally more re-
active toward fluorine species than undamaged �unexposed�
monocrystalline silicon. Etch delay in silicon etching has
often to do with the presence of oxidic species �SiOx� at the
surface, which are removed more difficultly, the more so
when ion bombardment is at a low level as in the present
experiments. Excessive defect concentration �amorphiza-
tion� due to e-beam exposure could possibly give enhanced
native oxide formation and so induce some etch delay.
X-ray photoelectron spectroscopic �XPS� analysis has been
applied to determine if the thickness of the native oxide in
the irradiated areas is different from the thickness at a ref-
erence position �not irradiated�. During the measurements,
the angle between the axis of the analyzer and the sample
surface was 45 deg; the information depth is then about
7 nm. The measurements have been performed using
monochromatic AlK
 radiation with measuring spots of
10 �m. By means of wide-scan measurements, the ele-
ments present at the surface have been identified. The
chemical state and the atomic concentrations of the ele-
ments present are determined from accurate narrow-scan
measurements. Calibrated phosphohexose isomerase–
sensitivity factors were used to convert peak areas to

Fig. 5 Pattern of rectangles and surrounding halo after e-beam ex-
posure and dry development. Experimental conditions as in Fig. 1,
except that a 20-nm-thick gold layer is applied before exposure and
removed before RIE. Each 10�20-�m2 small rectangle was ex-
posed at the same dose as the large rectangle directly above it.
Experiment demonstrates that electron-induced carbon buildup
does not contribute to the observed patterning.
atomic concentrations. Local XPS measurements were per-
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ormed in three regions: in the exposed area �for rectangles
ith an electron dose of 3.06, 2.49, and 2.02 C /cm2�, in the
icinity of the exposed area and in the area far away from
he exposed area �also called the reference position�. The
esults of the XPS analysis reveal that the largest value of
iO2 layer thickness is found in the rectangles that corre-
pond to an electron dose of 3.06 C /cm2 �1.52 nm� and
.49 C /cm2 �1.51 nm�. A slightly thinner layer of SiO2

1.47 nm� is found at the rectangle that was exposed with
n electron dose of 2.02 C /cm2. Between the rectangles,
he amount of SiO2 �approximately 1.40 nm� is larger than
t the reference positions �approximately 1.33 nm�. To ob-
ain insight into the reproducibility, the measurements have
een repeated after a few days. Again a spot of 10 �m was
pplied. The results are very similar with the ones de-
cribed in the previous experiment. Next to the rectangle
hat was exposed with 3.06 C /cm2, the amount of SiO2 is
arger than at the reference positions, but the amount de-
reases as a function of distance from the rectangle. The
ccuracy of the XPS measurements was also tested on a
igger structure, a rectangle of 350�500 �m2 that was ex-
osed with a dose of 0.3 C /cm2. The results clearly show
hat the thickness of SiO2 is larger at the irradiated area
han at the reference positions �0.5 and 10 mm from the
xposed area� by approximately 0.3 nm.

To determine the crystallinity of the exposed area, we
ried the X-ray diffraction technique. Unfortunately, we
ere not able to make any local measurements �in the ex-
osed area, next to the exposed area, and far away from the
xposed area� because the beam was too large with respect
o the exposed patterns.

The most important message from this study is that sili-
on substrates are sensitive to high-dose exposure with
lectrons, and exposed patterns can be developed in a dry
tching process. This could be a disadvantage when trans-
erring nanopatterns into the underlying substrate using ul-
rathin resist layers. However, direct patterning of silicon,
ithout the use of a resist layer, would be an interesting

uture application.

Conclusion
irect patterning of silicon is possible, when using high

lectron exposure doses and subsequent dry development in
uorine plasma under low energy ion bombardment. Such
igh doses are required when writing small structures and
imultaneously stay above the shot noise limit. Besides the
rimary exposure pattern, an additional halo-shaped struc-
ure is observed due to exposure from backscattered elec-
rons. The size of the halo around the pattern is in agree-
ent with the estimated backscatter electron range. Patterns

re a superposition of positive and negative tone effects.
e demonstrated experimentally that e-beam–induced car-

on deposition from contamination is not an explanation
or the observed patterning. It is suggested that the e-beam
nduces defects, which either enhance the etch rate by im-
roved fluorine attack or reduce etchability by stronger na-
ive oxide formation, depending on the defect concentration
evel. XPS measurements indeed revealed an increase of
he SiO layer in the exposed areas.
2
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