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In this work, we outline our extensive study of nanostructures with 15-35 nm lateral dimensions fabri-
cated in PMMA employing 3-30 keV electrons. We have analysed the impact of the exposure voltage and
dose, as well as development time and temperature, on the 3D morphology and quality of the nanoscale
gratings in PMMA. We demonstrate that, in addition to the exposure conditions that are routinely opti-
mized in standard EBL techniques, post-exposure resist processing is also a crucial factor and should be
co-optimized when fabricating dense nanopatterns in the moderate to low voltage regimes. We analyze
the potential of employing low-voltage exposures combined with cold development, and discuss factors
affecting resolution and sensitivity of EBL at the nanoscale.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

As requirements for electron beam lithography (EBL) have pro-
gressed toward the sub-25nm regimes, major challenges have
emerged of introducing controllable radiation-induced changes at
molecular-size scales, within a reasonable tradeoff with the appli-
cability of the standard materials, as well as cost and simplicity of
the processes. Due to the proximity effect, this becomes particu-
larly demanding when dense patterns with closely positioned fea-
tures must be fabricated. Achieving deep nanoscale resolutions in
high density patterns at industrially-relevant throughputs requires
new approaches to resist design, exposure strategies, and develop-
ment techniques. Within the last decade, numerous research
groups have invested a significant effort to explore the resolution
limits of deep nanoscale EBL. In particular, optimizing the develop-
ment conditions such as the developer formula [1-3] and develop-
ment temperature [2,4,5] have been found effective to achieve
improvements in resolution at the ~20 nm dimensions. However,
the interplay of molecular mechanisms involved in both the elec-
tron-resist interaction and in the polymer dissolution (develop-
ment) stages of nanolithography is still inadequately understood.
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Furthermore, most of the research employed relatively high expo-
sure voltages of at least 30 keV or higher. Low-voltage exposures
were significantly less frequent, mostly because of the limitations
in resolution of stronger forward scattering. At the same time, volt-
ages at or below the 10 keV regimes have the advantage of requir-
ing lower doses [6]. Moreover, ultra low voltage electrons in the
1-3 keV regimes deposit most of their energy within the resist
decreasing dramatically the proximity effect [6,7]. Strong forward
scattering of low-energy electrons, which is routinely believed to
be the major resolution-limiting factor, may alternatively be em-
ployed to create nanoscale three-dimensional profiles in the resist
[8]. Realizing this potential, however, requires a thorough under-
standing of the intricate interplay of the numerous EBL process
control parameters including exposure, development, and other
post-exposure steps.

In this article, we outline our study, both experimentally and
theoretically, of the impact of the major EBL process factors on
the quality and process sensitivity when fabricating dense nano-
scale gratings in PMMA using low to medium (3-30 keV) exposure
energies. We consider dense arrays of periodic lines (gratings) as a
convenient benchmark nanostructure. Employing these grating
patterns, we analyze typical morphological regimes, which we
visualize by SEM. We interpret the conventional characteristics
of the EBL process, such as resolution and sensitivity, in terms of
the quality of the morphologies. By this we achieve morphology-
bound interpretations of the sensitivity and resolution, which is
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directly representative of the quality of the fabricated nano-
patterns.

2. Experiment

The experimental methodology that we have employed has
been described in detail elsewhere [9,10]. In brief, cleaned silicon
substrates were spin coated with 950 k PMMA layers of thickness
47-55 nm. Sets of periodic grating patterns were generated (Raith
150). The exposed samples were developed in a 1:3 MIBK:IPA mix-
ture followed by an IPA stopper rinse. We varied the developer
temperature between —15 °C and 22 °C using a cold plate, and em-
ployed development times from 5 s to 20 s. The stopper tempera-
ture was the same as that of the developer. We imaged the samples
using a Hitachi S-4800 FE-SEM instrument. In addition to plan-
view imaging of the grating morphologies, we also examined
cross-sectional profiles. For this we fabricated long (up to 2 mm)
grating patterns, which were manually cleaved while dipped in li-
quid nitrogen. Before SEM imaging, we coated our samples by
sputtering (Kurt J. Lesker Co.) an approximately 6 nm thick chro-
mium anti-charging layer.

Fig. 1 provides examples of the cross-sectional and plan-view
images, and also summarizes the typical resist morphologies for
gratings. In the low dose regime, the limiting factor is underexpo-
sure resulting in an insufficient resist clearance, whereas at in-
creased doses, the patterns degrade through collapse, when the
interline walls are bent or displaced [9].

Fig. 2a and b presents favorable dose windows as functions of
the development time, at various developer temperatures, for grat-
ings with 70 nm and 50 nm pitches, respectively. In the figures, the
solid lines show the dose boundaries for underexposure and the
dashed lines show the boundaries for collapse. The minimum
applicable doses (denoted as dp,i,) represent the sensitivity of the
EBL process. It can be seen that decreased development tempera-
tures require higher exposure doses, i.e. decrease the sensitivity.
Thus, development of a 70 nm pitch grating at —15 °C requires
an approximately 4 times higher line dose to obtain clearance than
development at room temperature (RT). The regions between the
solid and dashed lines in Fig. 2 represent the favorable dose win-
dows where quality gratings may be fabricated. It can be seen that
for a 70 nm pitch grating, decreasing the development temperature
from RT to —15 °C results in an increase in the width of applicable
line dose window, dax—dmin, by an order of magnitude. In gratings
with 50 nm pitch, the window dp.x—dmin approximately doubles
when the development temperature changes from -5°C to
—15°C. The broader applicable process window at decreased
development temperature allows for more control over properties
of the fabricated pattern, such as the aspect ratio. Moreover, using
the cold development allows lower feature dimensions to be
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Fig. 1. Cross-sectional (top) and plan-view (bottom) SEM images for under-exposed
(left), well-done (middle), and collapsed (right) gratings in PMMA on a Si substrate.

25 v r @
£ A A
5 o H—.— - —_— = A A
S A
£15
@
8 1 i.— Ac A A
2 05 s e *o— -
5 * ¥ il ¥
0 i i A A
5 10 15 20
Development Time (sec)
g oo _ (b)]
S e T
L |
@
S 08 X o X — o
® X— "
E 0.6 b4 X
5 10 15 20

Development Time (sec)

Fig. 2. The applicable dose windows for 70 nm pitch (a) and 50 nm pitch (b)
gratings showing minimum (solid lines) and maximum (dashed lines) doses for
quality patterning with 10 keV exposures. The symbols indicate: room temperature
(stars), —5 °C (crosses), and —15 °C (triangles and diamonds) (adapted from Ref.
[10]).
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Fig. 3. Examples of optimized nanoscale patterns fabricated in PMMA with 10 keV
exposure voltage for decreased development temperatures. The initial PMMA
thickness was 55 nm for the 70 and 50 nm pitch, and 47 nm for 40 nm pitch.

achieved. As demonstrated in Fig. 3, using development tempera-
tures of —10 °C and —15 °C allow fabrication of 50 nm and 40 nm
pitch gratings with trenches of 20 nm and 15 nm in width, which
could not be achieved by room temperature development with
the given resist thicknesses.

To conclude, cold development results in a strong increase in
the applicable dose window and improves the resolution. How-
ever, this is accompanied by a drop in the process sensitivity.

Next we explore the role of exposure energy on cross-sectional
profiles for 70 nm pitch gratings fabricated at 3 keV, 10 keV, and
30 keV. The grating exposed with 3 keV shows pronounced under-
cuts because of strong forward scattering of electrons [7], whereas
30 keV exposures produce almost straight interline walls as shown
in Fig. 4. Fig. 5 presents the applicable dose windows when the
exposure voltages of 3 keV, 10 keV, and 30 keV are employed to
fabricate a 70 nm pitch grating. It can be seen that increasing the
electron energy from 3 keV to 30 keV results in a dramatic increase
of the dose windows. However, the minimum applicable line doses
also increase roughly in proportion to the electron energy, result-
ing in a significantly lower sensitivity for 30 keV voltages. In con-
trast, 3 keV exposures provide a better sensitivity. We have
thoroughly studied the tradeoffs of resolution and sensitivity by
varying the exposure energy (3-30 keV), development tempera-
ture (—15°C-RT) and time (5-20 s) for 50 nm and 70 nm pitch
gratings. We found that 3 keV voltage exposures combined with
cold development at —15 °C still led to a strong improvement in
the sensitivity. For both 70 nm and 50 nm pitches, the minimum
applicable line dose d,,,;, was approximately half for the 3 keV, cold
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Fig. 4. PMMA gratings exposed using 3 keV, 10 keV, and 30 keV voltages.
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Fig. 5. Applicable dose windows for 70 nm pitch gratings using the exposure
voltages of 3 keV, 10 keV, and 30 keV. The samples were developed at RT, and the
initial PMMA thickness was 55 nm.

development processes than for the 30 keV, RT ones. Although the
applicable dose window d.x—dmin Was 2-5 times narrower for
3 keV than for 30 keV, this was sufficient to fabricate 20 nm wide
trenches. Thus, by combining 3 keV exposures with cold develop-
ment, it is possible to profit through an improvement in sensitivity
and yet obtain reasonably broad dose windows for nanoscale res-
olution. However, the conditions for exposure (energy, dose) and
development (temperature, time) are intimately interrelated and
should be selected carefully. In practice this may mean that 4 or
even more process parameters must be co-optimized for a given
resist-substrate-developer combination in order to reach ultimate
resolution. To best understand the relevant trends and forecast the
outcomes, appropriate numeric models should be employed and/or
developed. In the next section, we outline some of numerical ap-
proaches that we found efficient for interpreting, systematising,
and optimising nanoscale EBL.
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3. Theory and finite-element modelling

To analyze kinetics of development of exposed PMMA, we
firstly compute 3D distributions of the probability of polymer
main-chain scission in the resist [11]. This differs from standard
approaches that map energy deposition. Next, we convert the local
probability of scission into the local volume fractions of PMMA
fragments of various size ¢,(x,y,z), where n is the number of
monomers in a fragment, for which we employ the geometric dis-
tribution. The kinetic process of clearance is described by the
movement of the resist-developer interface, which depends on
the local distribution of fragments. We define the rate of dissolu-
tion by v=dL/dt, where L is the depth of shrinking of the resist.
The kinetics of shrinking is described by [12]:

dL
T )

Here D(x, y, z) is the local diffusivity of PMMA fragments and #
is a constant coefficient that depends on the interaction of devel-
oper with PMMA. In the case of constant diffusivity D, Eq. (1) pre-
dicts the dependence v ~ (DJt)!/?, where t is time of development.
Elsewhere [12] we have demonstrated that Eq. (1) can be derived
from the general mean-field theory of diffusion in polymeric sys-
tems [13]. The approximate model of resist shrinking described
by Eq. (1) implies that at the nanoscale, the rate of resist dissolu-
tion is a function of the entire history of the process of develop-
ment, and thus depends on time explicitly. This is different from
most available models of EBL resist development, which assume
the existence of a stationary regime with a constant rate of disso-
lution [14-16].

For the diffusivity of PMMA fragments of size n, we employ the
proportionality D,, ~ n~*exp(—U/kT), where U is the activation en-
ergy and the factor n~* describes the mobility of fragments of size
n in a medium whose properties are represented by power «. In
most polymers, o varies from 1 in dilute solutions of small mole-
cules to 2 for denser melts of longer polymer chains [17,18]. In ex-
posed PMMA, an effective location-dependent diffusivity can be
introduced, D'(x,y, z) = (nDy,) = (fn~%), where o =1 + (n)/y for aver-
age fragment size (n) less than ), and o = 2 otherwise.

We have implemented an efficient finite-element numeric algo-
rithm to model the process of development [12]. We execute a se-
quence of discrete dissolution steps, where time ét required to
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Fig. 6. (a, b) computed cross-sectional profiles (white - PMMA, grey — no PMMA) in a 70 nm pitch grating exposed by 10 keV electrons with the doses of 700 pC/cm and
1300 pC/cm, respectively, and developed at —10 °C during 20 s; (c) computed (lines) and experimental (symbols) percentages of remaining PMMA as functions of the dose, in
a 70 nm pitch grating developed at —15 °C during 5 s (solid line and filled symbols) and 20 s (dotted line and open symbols).
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Fig. 7. Comparison of Eq. (2) for the boundary doses dp;, (solid lines) and dpax
(dashed lines) as functions of development temperature for a 70 nm pitch grating
exposed with 10 keV electrons and developed during 5 s (upper curves) and 20 s
(lower curves). The symbols indicate experiment for development times of 5s
(stars) and 20 s (diamonds) (adapted from Ref. [10]).

dissolve a resist layer of thickness JL is determined by Jt = 2L5L/
D'(x,y, z). The simulation provides the location of the 3D resist-
developer interface as a function of time, with a 1 nm spatial reso-
lution. The model parameters  and y may depend on temperature
but not on other process conditions, and are evaluated by fitting
the computed percentages of PMMA left on the substrate to the
corresponding experimental results. We obtain these from our
SEM cross-sectional profiles for gratings.

Fig. 6 presents examples of our computed cross-sectional clear-
ance profiles for a 70 nm pitch grating (a, b) and the amount of
remaining PMMA (c). The latter is also compared with correspond-
ing experiments. The kinetic model describes the broadening of the
clearance trenches in gratings, the thinning of the walls, and the
shrinkage of the thickness of the resist during development. Figs.
6a and b also demonstrate that at a given development time, the
locations at which the resist clearance occurs depend on the expo-
sure dose. At lower doses PMMA is removed preferentially from
the intensely exposed trenches where fragments are the most mo-
bile (Fig. 6a), whereas more intense exposures allow for partial dis-
solution of interline walls containing heavier, less mobile
fragments (Fig. 6b).

One can conclude that dissolution of the exposed PMMA can be
represented as a kinetic diffusion-like process, with the average
effective diffusivity D(x,y, z) determined by the local fragmenta-
tion of the resist. Thus, for moderate exposure doses, the mean size
of fragments (n) is inversely proportional to the local probability of
scissions [11], which in turn is related with exposure dose d, so
that (n) ~ 1/d. Assuming for simplicity that D ~ (n)~* exp(—U/kT)
[17], one obtain the proportionality D ~ d* exp(—U/kT). Adopting
further that for a given development time and pattern geometry,
the boundary applicable doses for quality nanofabrication, dmin
and dn.x correspond to the same value of D in the exposed
trenches and in the walls, respectively, we obtained the following
equation for the temperature dependence of these doses dp,i, and
dmax [101:

i = A 59 (G 1T = 1/7)). @)

Here ‘ref indicates reference values for the doses d,i, and d,,x and
for temperature. In Fig. 7, we compare Eq. (2) with the experimental

dependencies for dyin(T) and dmax(T) in a 70 nm pitch grating ex-
posed with 10 keV electrons, using the experiments for —15 °C as
reference and employing the estimated value Ujo = 0.22 eV. It can
be seen that Eq. (2) describes very well the broadening of the appli-
cable dose window with the decrease of the development temper-
ature. After the model, the minimum applicable dose window
dmin can be interpreted as the dose at which PMMA fragments in
the intensely exposed trenches are mobile enough to be removed
over the time of development. The maximum applicable dose dp,x
is, in turn, determined by molecular diffusion processes occurring
in the walls. Accordingly, the kinetics of molecular mobility in the
various locations of the resist emerges as a major factor determin-
ing both the resolution and sensitivity of EBL at the nanoscale.

4. Summary

To satisfy the requirements for quality nanofabrication, at least
four EBL process parameters (exposure voltage, dose, development
temperature, and time) must be co-optimized for a given resist-
substrate-developer combination. Our approach comprises a thor-
ough experimental study complemented by numerical analysis
that allows interpreting and systematising the observed trends.
Based on this framework, we developed optimized processes com-
bining low-voltage exposures with cold development, and eluci-
dated the role of the kinetic factors in determining the sensitivity
and resolution of nanoscale EBL.
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