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Low-energy electron-beam lithography using calixarene as a negative electron resist has been
investigated in the energy range between 0.5 and 20 keV. The suitability of electron energies down
to 2 keV with a writing resolution of about 10 nm is clearly demonstrated. At low electron energies
the required electron dose is drastically reduced. Moreover, irradiation damage during the exposure
of a high-mobility two-dimensional electron gas using calixarene plays no significant role in the
low-energy regime. ©1999 American Vacuum Society.@S0734-211X~99!00804-5#
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I. INTRODUCTION

Low-energy electron-beam lithography in the range
1–10 keV offers significant advantages over the use of h
electron energies for the exposure of sensitive positive e
tron resists such as PMMA. Since the penetration depth
electrons is smaller for lower energies the proximity effec
strongly suppressed due to a reduction in the numbe
backscattered electrons from the substrate.1 The majority of
the electrons are inelastically scattered in the resist film
it is their spatial range which limits the lateral resolutio
Furthermore, the irradiation damage of the underlying s
strate is substantially lower, making low-energy electro
beam lithography an attractive prospect for lateral structur
of high-mobility semiconductor devices.

Recently Fujitaet al. investigated a new high-resolutio
negative resist called calixarene.2–4 Because this resist has
low sensitivity, it is especially important to use low electro
energies. Reducing the electron energy will significantly
duce the electron dose required for exposure as is imm
ately seen using a simplified Bethe equation wherex denotes
the distance from the sample surface andW(x) the electron
energy:5

dW~x!/dx;21/W~x!. ~1!

Moreover, in the case of negative resists the elect
beam usually exposes the active area of the defined de
structure so reducing the electron energy is important for
elimination of radiation damage. Low-energy electron-be
lithography on high-resolution negative electron resists
therefore especially well suited for defining nanostructu
such as single-electron tunneling transistors.6

a!Electronic mail: robert.blick@physik.uni-muenchen.de
b!Permanent address: Institut fu¨r Angewandte Physik, Universita¨t Tübingen,
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Here, we investigate the exposure parameters of a ca
arene resist at electron energies down to 0.5 keV. We de
mine both the resolution of the resist as well as the radia
damage of a high electron mobility transistor~HEMT! struc-
ture in the energy range between 1 and 20 keV. In addit
we investigate the differences in the exposure parameter
nanometer scale and large scale structures caused by
imity effects.

II. EXPERIMENTS

A. Exposure parameters

In order to study the influence of the electron energy
the exposure dose, writing resolution and proximity effe
of the calixarene resist hexaacetatep-methylcalixarene
~MC6AOAc!, various silicon samples were coated with
thin calixarene film~;40–50 nm!. These films were preb
aked at 170 °C for 30 min and then exposed at differ
electron energies and electron doses. After exposure,
samples were developed for 30 s in xylene and the deve
ment was then stopped by immersion for 30 s
isopropanol.2 The exposure was performed by a scann
electron microscope~SEM! with a thermally assisted field
emission electron source using a commercial beam and s
control system.

The relationship between the electron energy and the
quired electron dose was determined by exposing patt
consisting of large and small scale structures. The requ
dose for small patterns~of the order of 10 nm! can be much
larger than for large structures. In order to investigate t
difference, the test patterns consisted of large areas
nected to small lines with widths varying between 3 and
nm ~as will be shown in detail later!. These lines were writ-
ten with a meander scan and a pixel separation of 3 nm. T
structure also enables us to investigate proximity effects
curring at higher electron energies. The electron dose for
159417 „4…/1594/4/$15.00 ©1999 American Vacuum Society
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small lines was determined by measuring the exposed l
widths in the developed resist with the SEM. The 100% d
was determined by requiring that the exposed linewidth
identical to the intended linewidth.

In the case of large patterns we determined the satura
dose required for a given resist thickness after exposure.
lower electron doses only a fraction of the resist film
mained on the substrate after development.7 This was con-
firmed by studies performed with an atomic force micr
scope~AFM! operating in the so-called tapping mode. T
step height at the edges of the pattern as well as the slop
the film edge were also determined.

B. Irradiation damage

In order to investigate the influence of the electron be
at different energies on the quality of the underlying sem
conductor layers, various Hall bar geometries were defi
on a high-mobility GaAs/AlxGa12xAs heterostructure grown
by molecular beam epitaxy, where the two-dimensional e
tron gas is located 85 nm from the top surface. The Hall
structures were defined using standard optical lithogra
and a wet chemical etching process. On the defined Hall
structures a 42 nm thick calixarene film was subseque
exposed with different electron energies varying betwee
and 20 keV. The resulting electron density and electron m
bility at 4.2 K were extracted from the period of th
Shubnikov–de Haas oscillations in high magnetic fields a
the resistance at zero magnetic field, respectively.8

III. RESULTS AND DISCUSSION

A. Exposure parameters

Figure 1 shows the resist contrast curve for an elect
energy of 2 keV. The minimum gel dose isEG

5200 mC/cm2, the saturation or maximum dose isE1

5800 mC/cm2. The contrastg is defined as the slope of th
line fromEG to E1 and turns out to beg51.65, in agreemen

FIG. 1. Resist contrast curve for exposure at an electron energy of 2
The minimum gel dose isEG5200 mC/cm2, and the saturation or maxi
mum dose isE15800 mC/cm2. The contrast is measured to beg51.65.
JVST B - Microelectronics and Nanometer Structures
e-
e
e

on
or
-

-

of

-
d

c-
r
y
ar
ly
1
-

d

n

with the value obtained previously for the exposure of cal
arene films with 25 keV electrons.7 Determining the maxi-
mum doseE1 , where the resist film achieves its maximu
thickness, leads to the dependence of this saturation dos
the electron energy as shown in Fig. 2. Also shown in Fig
is the required electron dose for the narrow lines. The inse
Fig. 2 shows an overview of the test structure used. Clea
the electron dose for small structures exceeds the one fo
large patterns by a factor of about 1.7 over the whole ene
range considered.

Both plots in Fig. 2 indicate an almost linear relationsh
between the electron energy and the electron dose as
dicted by Eq.~1! when the penetration depth of the incide
electrons is much larger than the resist thickness.

The slope of the resist edge for different electron dose
an electron energy of 2 keV is shown in Fig. 3. For a dose
500 mC/cm2, just below the saturation dose, the maximu

V.

FIG. 2. Electron dose for 9–20 nm lines and for large scale patterns.
saturation dose for the large patterns was determined by measuring the
thickness with an AFM, whereas the electron dose for the small features
controlled with a SEM. The inset shows the test structure used, where
with different widths are connected to a large area with a lateral extensio
5 3 20 mm. The nominal linewidth of the thinnest line is 3 nm~1 pixel line!
and increases to 21 nm~7 pixels! for the thickest one.

FIG. 3. Resist slope for electron doses of 500, 750, and 1500mC/cm2.
Although the maximum resist thickness is almost achieved atE
5750 mC/cm2, the slope still gets steeper for higher electron doses.
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resist thickness is not yet achieved. Increasing the elec
dose above the saturation dose of 800mC/cm2 to the dose
required for the small lines of 1500mC/cm2 leads to a
steeper resist slope. The width of the resist slope at the s
ration dose allows one to estimate the range in which e
tron scattering is important to be about 40 nm. As has b
found previously the scattering range is expected to follo
power law as a function of the incident beam energy:

b@nm#5c•W@keV#1.7, ~2!

wherec is of the order of 10.9 For an incident beam energ
of 2 keV the measured scattering range in our experimen
comparable to the value expected.

One advantage of low-energy electron-beam lithogra
is the reduction of proximity effects due to the reduced sc
tering range of the incident electrons. In addition, the ran
for direct electrodynamic interaction of the incident electr
beam with the resist is smaller for lower electron energie10

In order to investigate the influence of proximity effects
calixarene, we determined the width of the thin lines in t
vicinity of the large patterns in our test structure and fou
only small broadening due to proximity effects even at
highest electron energy of 20 keV~Fig. 4!. The broadening
turns out to be about 40 nm for all electron energies con
ered. We therefore conclude that proximity effects only p
a role within a range of about 40 nm in the low-energy
gime of electron-beam lithography with calixarene and
mainly caused by electrons scattered in the resist film, wh
has a thickness comparable to the observed scattering ra
Backscattered electrons from the substrate could, in p
ciple, lead to additional background exposure in the vicin
of the large patterns, especially for high beam energ
However, we do not observe any significant variation in
broadening for the beam energies considered and presum

FIG. 4. ~a!–~d! SEM picture of the test structure used for electron energ
of 1, 2, 7, and 20 keV, respectively. Only a small influence of proxim
effects can be seen at an electron energy of 20 keV, where the spatial
of the proximity induced line broadening is about 40 nm. At 1 keV~a! weak
adhesion leads to curved lines.
J. Vac. Sci. Technol. B, Vol. 17, No. 4, Jul/Aug 1999
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this background exposure is smaller than the minimum
doseEG , making calixarene relatively insensitive to suc
proximity effects.

In our investigations we found a resolution limit of 10 n
for the lines used in our test structure even at accelera
voltages as low as 2 kV. Moreover, by connecting short lin
at both ends, even at an electron energy of 2 keV, minim
structure sizes down to 6 nm were realized, suggesting
adhesion problems are responsible for the resolution lim
This is in good agreement with recent data of Fujitaet al.,
who found no change in resolution of a calixarene res
down to an electron energy of 5 keV, where the small
possible structure size is about 10 nm. From Monte Ca
simulations they also concluded that the resolution limit
calixarene does not depend on the electron scattering bu
weak adhesion to the substrate for structures smaller tha
nm.11

Lowering the electron energy below 1 keV leads to
duced adhesion of the developed resist@Fig. 4~a!#. Calcula-
tions and measurements for a PMMA electron resist of
nm thickness indicate that below an electron energy of 1 k
the resist cannot be penetrated completely by the incid
electrons.5 In the case of positive resists this leads to a th
resist layer remaining after development, the thickness
which can easily be measured. For calixarene the wh
thickness of about 42 nm was maintained even for an e
tron energy below 1 keV. Nevertheless, an unexposed
film between the substrate and the exposed upper part o
resist layer leads to the observed reduced adhesion. A fur
reduction of the electron energy down to 500 eV results
the removal of the exposed film surface during the devel
ment process by dissolving the unexposed resist.

The dose reduction in low-energy electron-beam lithog
phy can cause serious problems for electron resists with h
sensitivity like PMMA due to shot noise in the electro
beam. Since the shot noise limit is around a minimum nu
ber of about 200 electrons the limiting dose is abo
150 mC/cm2 for a resolution of 10 nm.12 For calixarene,
where the electron dose is 800mC/cm2 at an energy of 2
keV, the influence of shot noise is presumably already v

FIG. 5. Electron mobility in a high-mobility two-dimensional electron sy
tem after exposure of a 42-nm-thick calixarene film at different energ
The electron dose was chosen according to the saturation dose depic
Fig. 2.
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ible @Fig. 4~b!#. Thus, in addition to adhesion problems, sh
noise turns out to be another limiting factor for hig
resolution lithography at very low energies with calixaren

B. Irradiation damage

We have measured the variation of the electron mobi
in a high-mobility two-dimensional electron gas (m
5166 m2 /V s! upon the electron energy in the lithograph
process~Fig. 5!.

A slight decrease of the electron mobility with increasi
acceleration voltage is observed. Nevertheless, this e
plays only a small role in the energy regime consider
Since the total process of irradiation damage in electr
beam lithography is not yet fully understood, this result w
be a topic of further research.

IV. SUMMARY

We have investigated the use of low-energy electr
beam lithography for the negative electron resist calixare
The resolution limit at energies as low as 2 keV is found
be about 10 nm. The range of electron scattering in the re
film that leads to proximity effects was determined to
about 40 nm. Irradiation damage to a high-mobility tw
dimensional electron gas in the low-energy regime evide
plays no significant role. Lowering the exposure energy
the electrons below 1 keV leads to incomplete vertical ex
sure of the resist film. We conclude that the most suita
energy regime for high-resolution low-energy electron-be
lithography with calixarene is in the range between 2 and
keV.
JVST B - Microelectronics and Nanometer Structures
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