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Abstract

This application note describes a new setup that adds
3D metrology to an eLiNE Plus electron beam lithogra-
phy and nanofabrication system. Based on an atomic
force microscope (AFM) integration and subsequent
in situ characterization of PMMA resist exposed by
standard electron beam lithography, the paper demon-
strates sub-nm surface topography resolution in this
setup. The interesting observation of sub-nm resist
shrinking without any ex situ process yields high po-
tential for better understanding of focused electron
beam induced energy deposition process character-
istics. Moreover, an in situ AFM ideally complements
the range of applications within an EBL and nanoen-
gineering tool regarding the determination and con-
trol of material growth/etching rates or surface topog-
raphy analysis - not only for the sake of inspection and
metrology but also for nanolithography on non-planar
surfaces.

Introduction

Conventional 2D nanofabrication is still typically us-
ing electron beam lithography (EBL) as an initial step.
Identified as a clear trend however, 2D nanofabrica-
tion is advancing into 3D rapid prototyping process-
es along a complex technology chain. That is why
Raith has pioneered the development and commer-
cial offering of nanoengineering tools inside an EBL
system for in situ 3D material deposition/etching or na-
nomanipulation, thereby exceeding the capabilities of
traditional EBL tools.

In addition to the resist exposure characterization de-
scribed above, an in-situ AFM is an ideal comple-
ment to the eLiNE Plus’s 2D SEM functionality as it
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introduces the third dimension to any measurement.
This enables, for example, 3D surface topography
analysis for nanolithography on non-planar surfaces.
The AFM can go beyond the inspection capabilities
of the eLiNE Plus operated in SEM-mode if ultimate
performance for high resolution imaging or for precise
metrology is required. Moreover, immediate determi-
nation of growth or etching rates when using a gas
injection system for focused electron beam induced
processing such as material deposition or etching be-
comes possible.
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Figure 1a: Schematic drawing of the tuning fork-based atto AFM llI
as used inside a Raith eLiNE Plus EBL system. The system allows
the in situ characterization of the quality of exposed electron beam
sensitive resist without the need of a development process.



For driving EBL to its ultimate limits, a better under-
standing and control of EBL processes along with re-
sist systems is necessary in order to further improve
on minimum EBL feature size or line edge roughness.
In this context, the atomic force microscope (AFM)
could potentially help to better control the processes
taking place during EBL on resist systems such as
PMMA at the nanometer scale - preferably in situ.

Indeed, it has been observed that, upon electron
beam irradiation, these resists exhibit several chang-
es in their physical properties, one of which is a slight
decrease in thickness of the irradiated resist regions
relative to the unexposed ones. This shrinkage can
be visualized and characterized as a topographic im-
age by an AFM "', So far, this has only been done
ex-situ after exposing PMMA to ambient conditions,
but adsorption of water and subsequent swelling
of the resist and other changes in environmental
conditions, such as pressure and temperature, can
change the chemical properties of the irradiated re-
sists B0, Here, we introduce an in situ AFM charac-
terization method of these ‘latent’ images in elec-
tron-beam resists®l. We demonstrate that for PMMA
the beam dose can be detected with a sensitivity of
6.5 +/- 0.2 uC/cmz in the positive tone regime.

Experimental Setup

In line with the philosophy
of the eLiNE Plus as an
expandable platform
for nanoengineering,
we describe how
an AFM has been
adapted onto a con-
ventional eLiNE Plus
sample holder.

The eLINE Plus’s
unique laser inter-
ferometer controlled
stage setup allows a
large vertical travel,
making it possible to
integrate an AFM di-
rectly below the elec-
tron optical column.
This enables study-
ing the impact of
electron beam expo-
sure on PMMA (poly-
methyl methacrylate)
by in situ characteri-
zation with the tuning
fork-based attoAFM Il
from attocube sys-

Small samples are placed such that advanced EBL can
be performed in the presence of the AFM, allowing a
direct feedback of any sample or surface modification
in the 3™ dimension. Without the need for ex situ resist
development, an analysis of the AFM data could po-
tentially supersede iterative exposure, development,
and dose distribution optimization loops.

As depicted in Fig. 1a) and b), a compact AFM is
mounted directly below the electron optics onto a
conventional sample holder of the eLiNE Plus system.
The relative position of the sample with respect to the
electron beam as well as the coarse distance of the AFM
tip to the sample are both independently controlled by
piezopositioners. A small tilt angle of the AFM tip with
respect to the electron beam allows simultaneous
imaging of every location on the surface with both the
AFM and the eLiNE Plus‘s SEM mode.

tems. Figure 1b: AFM adaption onto a conventional eLINE Plus sample holder



Measurements

In the experiment described, two PMMA resists (A2
and A6) are spin coated onto SiO,/Si wafers; the
thickness of the SiO,-layer is 160 nm, and after spin

Figure 2: a) Phase and b) topography image of an undeveloped
resist measured in situ by AFM. The topographic profiles of two
neighboring line cuts are shows in c). The two line cuts are shifted
vertically for better visualization. The bottom graph shows the sub-
traction of the (non-shifted) line cuts, demonstrating a vertical noise
on the order of 40 pm rms on electron beam resist without the need
of a development process.
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coating the resists have thicknesses of 60 nm (A2)
and 360 nm (A6). Lines-and-spaces pattern are
subsequently exposed at different electron doses
while keeping the electron beam energy constant
at 20 keV. Fig. 2a) and 2b) show AFM phase and
topography images of the resist after it is exposed
toa1 pym / 2 uym lines-and-spaces pattern at a
dose of 190 pC/cm?, indicating the shrinkage in
resist thickness at exposed locations. In this spe-
cific example, exposed areas show a shrinkage of
0.45 nm compared to unexposed locations on the
same resist.

In order to demonstrate the AFM’s achievable me-
chanical stability within the EBL tool environment,
the vertical resolution/noise limit of the AFM appa-
ratus is determined by subtracting two neighbor-
ing topographic line cuts yielding a vertical noise
figure of only 40 pm, see Fig. 2c).

In a separate set of experiments, the dependance
of resist shrinkage on exposure dose was inves-
tigated. Figs. 3 (a)-(d) depict in situ AFM images
immediately after the exposure of resist A2 with
increasing electron doses. Higher electron-beam
doses give rise to a larger shrinkage of the exposed
areas with respect to the unexposed areas: The
probability p(z) of having a pixel at a topographi-
cal height z is plotted in histograms for each cor-
responding image in Figs. 3 (e)-(h). The two peaks
appearing in each histogram p(z) are perfectly well
fitted by two Gaussians (see ® for details).
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Figure 3: Topographic images of undeveloped resist, exposed to doses ranging from 90 uC/cm? up to 290 uC/cm?. The dark areas are cor-
responding to exposed regions, where shrinkage of the PMMA has taken place.



This also allows to extract the relative shrinkage
Az between unexposed and exposed regions for
all gratings with a total standard deviation on the
order of 2 pm. Fig. 4 (a) shows the shrinkage Az of
the resists A6 (black dots) and A2 (grey dots) as a
function of the electron beam dose D. We can ap-
proximate both dependencies with a linear function
Az=a0D, with slopes o of 6.11 £ 0.18 pm / uCcm2 (A6)
and 2.43 = 0.05 pm/uCcm=2 (A2). The knowledge of
the slope o for a specific resist allows us to judge the
quality and the real value of the absorbed electron-
beam dose in situ. This can be done by the follow-
ing estimate:

D = zymg/ o =6.5 0.2 pC/cm? for A6 and
D = 16.5 + 0.3 pC/cm? for A2.

The gradient a, however, needs to be calibrated with re-
spect to other parameters, such as the beam energy,
the resist thickness, the type of substrate, and the ge-
ometry of the irradiated pattern ™. The latter is demon-
strated for resist A6 in Fig. 4 (b).

Generally, Az depends on the spacing of the gratings.
For the data in Fig. 4 (b), the gratings in the resist A6
have a width ratio of exposed and unexposed areas of
1:1. In Fig. 4 (b), the Az data can be fitted with a lin-
ear function extrapolating to the origin. In other words,
for smaller feature sizes, the unexposed area absorbs
almost the same energy per unit area as the exposed
area, although this area was not exposed on purpose.

Conclusion

In this application note, we have demonstrated a novel
technique ©, which allows the in situ characterization
of EBL processes. Instead of the traditional approach
of imaging the post-processed resist in a scanning
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Figure 4: (a) Resist thickness shrinkage after exposure plotted as
function of exposure dose D. Resists A2 (open circle) and A6 (closed
circle). (b) Thickness shrinkage for grating with a line:space ratio of
1:1 as a function of the line width for resist A6 at a constant dose of
190 pC/cm2. The linear fits are empirical.

electron microscope (SEM), we successfully integrat-
ed an easy-to-handle AFM into the Raith eLiNE Plus, a
flexible platform which did not need any modification
to accommodate the AFM. In-situ measurements of
the EBL resist immediately after the exposure deliver
more physically valuable information, such as polymer
grain size and distribution. We observe a resist shrink-
age effect for 2 different resist types, which increases
linearly with the exposure dose. This enables a step-
wise proximity correction or a re-exposure of under-
exposed spots.

We demonstrated that for PMMA the beam dose can
be detected with a sensitivity of 6.5 +/- 0.2 yC/cm? in
the positive tone regime. This sensitivity corresponds
to approximately 0.5 e”/nm?, making this a tantaliz-
ing setup for investigating the possibility of directly
measuring shot-noise effects in electron dose. In prin-
ciple, once measured, the shot-noise effects may be
corrected in situ by an additional overlay exposure
with the aim of further pushing the minimum feature
size and line edge roughness achievable in electron
beam lithography.
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