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Abstract

We present a compact setup for near-edge x-ray absorption spectroscopy at the carbon K-edge
based on a laser-driven plasma source. To generate the required broad-band emission in the
spectral range of the ‘water window’ (A = 2.2—4.4 nm) a krypton gas puff target was used.
The table-top setup consisting basically of the laser-plasma source and a flat-field spectrometer
can be used for near-edge x-ray absorption fine structure experiments in transmission as well
as reflection under grazing incidence conditions (RefIEXAFS). The latter method offers the
advantage that thin film preparation is not necessary and that the surface sensitivity is strongly
enhanced. The results obtained for thin polymer films show good agreement with synchrotron
data. Furthermore, we use the RefIEXAFS method to investigate changes in the chemical
composition of PMMA induced by extreme ultraviolet (EUV) radiation. The spectra indicate a
loss of the carbonyl functional group upon irradiation as well as crosslinking effects at high

EUYV radiation doses.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The progress in the development of laboratory-scale soft
X-ray sources in recent years has enabled experimental
techniques that could earlier be performed almost exclusively
at synchrotron sources. Table-top soft x-ray sources of
high brilliance, such as laser-produced plasmas [1-3], high
harmonic radiation [4, 5] or x-ray lasers [6], are now used
for various applications, e.g. x-ray microscopy [7, 8], lensless
diffractive imaging [9], photoelectron spectroscopy [10] or
absorption spectroscopy [11].  The latter, among other
techniques, accomplishes the investigation of the near-edge
x-ray absorption fine structure (NEXAFS). NEXAFS is a well-
established method for elemental and compositional analysis
of a sample yielding also surface sensitive information [12].
In particular, NEXAFS is used to study the structure of
intermolecular bonds of polymers by probing the electronic
transition from the core level to the unoccupied states. Since
each element has a characteristic core binding energy NEXAFS
spectra contain element specific information. Furthermore,
the energy levels of both initial and final states are strongly
dependent on the involved molecular bonds, resulting in
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strong spectral features of the near-edge fine structure. The
analysis of these unique spectroscopic fingerprints allows the
identification and distinction of different polymers [13].

In this paper we present NEXAFS measurements that were
obtained by using a laboratory-scale setup based on a laser-
driven plasma source. It has already been shown that the
generation of broad-band emission in the spectral range of the
‘water window’ (2.2-4.4 nm) can be achieved by using solid
state targets such as gold or copper [11, 14]. Here we present a
flexible setup to generate broad-band soft x-ray radiation based
on a gas puff target, where new target material is supplied
continuously with the advantage of low debris.

The table-top setup consisting basically only of the
laser-plasma source and a flat-field spectrometer can be
used for NEXAFS experiments in transmission as well
as reflection under grazing incidence conditions.  For
transmission measurements thin films have to be used due
to the low penetration depth of soft x-rays into matter. In
contrast, NEXAFS experiments performed in reflection mode
(RefIEXAFS) offer the advantage that thin film preparation is
not necessary. Moreover, the surface sensitivity is strongly
increased. We use the RefIEXAFS method to investigate

© 2008 IOP Publishing Ltd  Printed in the UK
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Figure 1. Experimental setup of the laser-plasma XUV source used for NEXAFS experiments. The setup can be used in a transmission and
reflection geometry. The inset on the left shows a picture of the krypton plasma taken by the pinhole camera.

changes in the chemical composition of PMMA induced by
extreme ultraviolet (EUV) radiation. The results indicate a
loss of the carbonyl functional group upon irradiation, as well
as crosslinking effects at high EUV radiation doses.

The use of laser-driven plasmas sources also offers
the potential for time-resolved experiments in pump—probe
schemes, where the same laser pulse can be used to generate a
visible pump and an x-ray probe pulse.

2. Experimental setup

2.1. Laser-plasma source

The experimental setup for the generation and characterization
of soft x-ray radiation emitted from laser plasmas in the
‘water window’ is shown schematically in figure 1. A
Nd: YAG laser beam (Innolas, 1064 nm, 1 Hz, 800 mJ, 7 ns)
is focused into a pulsed gas puff target centred in a vacuum
chamber, as described in detail elsewhere [15]. The laser
focus has a diameter of about 60 um, yielding power densities
of up to 4 x 10'2Wcm~=2 that are sufficient to ignite a
hot and dense plasma. Krypton is employed as target gas
(backing pressure 25 bar), accomplishing broad-band radiation
(Kr xxv—Kr xxxvi1) in the spectral range of the ‘water window’
(cf figure 3). Due to the small mean free path of the soft x-ray
radiation at atmospheric pressure the target vacuum chamber
is evacuated to approximately 10~* mbar.

The plasma can be monitored with a pinhole camera,
consisting of a CCD chip with an XUV-to-VIS quantum
converter and a pinhole (diameter 30 um) coated with
a titanium foil (thickness approximately 200nm, average

transmission in the wavelength range from 2.71 to 6 nm ~45%,
6—20nm <10%) for blocking of out-of-band radiation. The
size of the krypton plasma is about 250 um (FWHM) in
the horizontal and 150 um (FWHM) in the vertical direction
(cf inset of figure 1).

An XUV spectrometer (I-5nm) was used for both
the spectral investigation of the plasma source and the
NEXAFS experiments. The spectrometer consists of a 100 um
entrance slit, an aberration corrected flat-field grating (Hitachi,
2400linesmm™!) and a back-side illuminated CCD camera
(Roper Scientific, pixel size 13 um). The resolution of this
spectrometer was experimentally determined to be A/AA ~
200 at 2.87nm. It was mounted 90° to the laser beam and
opposite to the pinhole camera (cf figures 1 and 2). To block
visible radiation from the plasma and scattered laser light a
titanium foil (200 nm thickness) was positioned between the
plasma source and the sample.

To calibrate the spectrometer nitrogen was used as target
gas. The spectrum of the nitrogen plasma, ignited under the
same experimental conditions as krypton, consists of several
lines (e.g. 152—132p transition of N vr1 at 2.8787 nm [16]) that
were used for spectral calibration.

For adjustment in the XUV beam the samples were
mounted on arotary/linear motion stage. The distance between
the plasma source and the sample is about 220 mm and the
distance between the sample and the entrance slit of the
spectrometer is about 425 mm. The setup can be used for
NEXAFS experiments both in transmission and in reflection
mode. For the latter grazing incidence conditions are chosen
@ =2°).
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Figure 2. Photograph of the experimental setup of the laser-plasma
XUV source and the spectrometer used for NEXAFS experiments.
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Figure 3. Emission spectrum of the krypton plasma with and
without sample (average over 60 pulses). For comparison the
calculated transmission of carbon from CXRO [17] data is
shown (- - - -).

3. Results and discussion

3.1. NEXAFS in transmission

For thin samples it is possible to determine the x-ray absorption
fine structure by measuring the transmitted flux through the
sample. As an example, thin polyimide films (PI 2545,
HD Microsystems, d = 200 nm) were used. Figure 3 shows
the emission spectra of the krypton plasma both with and
without the polyimide sample, each obtained by an integration
over 60 pulses (acquisition time 1min). The transmitted
spectrum clearly indicates an overall decrease in intensity
above the carbon K-absorption edge.

From the data in figure 3 the optical density can be
evaluated according to the Lambert—Beer law

W(E)-d=—1n (;) , (1)

0

where p(E) is the linear energy dependent absorption
coefficient, d the sample thickness, I the transmitted and I,
the reference intensity.

Obviously, the optical density shown in figure 4 evaluated
according to equation (1) features several sharp peaks below
the carbon K-absorption edge which can be attributed to
Cls—r* transitions of the benzene rings that are clearly

2.0 - T

15

1.0 1

Optical density [a.u.]

0.5

0-03d

T T T T T T T T
275 280 285 290 295 300 305 310 315 320
Photon energy [eV]

0.0

Figure 4. NEXAFS spectrum of polyimide film (d = 200 nm),
chemical structure of polyimide.

Table 1. Energies and assignments of features in the K-shell
NEXAFS spectrum of polyimide. The reference data are taken
from [18].

Feature  Energy = Assignment Reference
V) data (eV)
A 2852  1s — 7* (C=C) 285.2
B 287.3 1s - * (C=0) 287.4
C 289.3 1s > m* 289.2
D 291.6 1s - o* (C-O,C-N) 291.9
E 2050 1s — o* (C=C) 295.4
F 303.0 1s = o* (C=0) 303.1
resolved. The broad features above the edge belong to

C 1s—o* transitions. To evaluate the data a multi-Gaussian
fit was performed. In table 1 the identified features are
summarized and compared with reference data obtained from
synchrotron experiments.

As can be seen, the obtained energy values of the peaks
deviate by less than 0.4 eV from the corresponding synchrotron
data.

3.2. NEXAFS in reflection

In order to measure the near-edge fine structure in a
transmission experiment the thickness of the sample has to
be well adjusted to the absorption length 1/u of the material.
For thick samples the transmitted signal is low and thickness
effects can lead to a distortion of the NEXAFS signal [19].
On the other hand, for thin samples the concentration of the
element of interest may be too low to get a sufficient contrast
at the absorption edge.

In order to overcome these limitations, advantage can be
taken of the fact that the refractive index n(w) = 1 — 6 +1if
(8: phase shift, 8: absorption) is slightly smaller than unity
in the XUV range, resulting in total external reflection [21].
Therefore, NEXAFS spectra were recorded at a fixed glancing
angle & = 2° below the critical angle 6, = /25 (6. ~ 3° for
carbon at A = 4.4nm). The reference spectrum was recorded
by tilting the spectrometer around the axis of the entrance slit
in order to detect direct light from the source.
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Figure 5. Measured reflectivity of polyimide under grazing
incidence conditions (angle of incidence to the surface 2°) as a
function of photon energy. The dashed line shows the calculated
carbon reflectivity and the dotted line indicates the position of the
carbon K-edge (data taken from CXRO [17]).

According to the Fresnel equation the reflectivity for soft
x-rays in the case of glancing incidence is given by

R_\e_mf
osv@—amzp]

Since the Fresnel reflectivity is a function of the dispersion
8(E) and absorption B(E) that are also energy dependent, the
reflected intensity recorded as a function of energy contains
the near-edge absorption structure. For incidence angles below
the critical angle 6. the reflectivity is mainly influenced by the
absorption 8 but with no pronounced NEXAFS structure. Near
the critical angle 6. the reflectivity is influenced by § and g,
resulting in strong NEXAFS structures [20].

The field penetration depth z. at the critical angle 6, is
given by [21]

()]

A
Zo= —7, 3)
2w B2
being in the range 15-30nm for carbon at A = 4.4nm.

Thus, the NEXAFS spectra recorded under grazing incidence
conditions yield surface sensitive information.

For the measurement of the NEXAFS spectrum in
reflection mode the same polyimide film as in the case of
transmission was chosen and illuminated under a glancing
angle of 2°. The resulting energy dependent reflectivity (/g /o)
is shown in figure 5.

The reflectivity curve shows strong oscillations above
282 eV that can be attributed to C 1s— * transitions. Compared
with the transmission measurements the peak positions are
slightly shifted to lower photon energies due to the influence
of the real part of the refractive index [20]. It has also been
shown for hard x-rays that the extraction of §(E) and S(E) is
possible from these reflectivity measurements [22]. However,
this approach is only valid in the case of §(E) > 0. In the case
of the carbon K-edge this approach is not applicable, since
8(E) also becomes negative.
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Figure 6. Measured XUV reflectivity as a function of photon
energy for PMMA, irradiated with different numbers of EUV
pulses (angle of incidence to the surface 2°).

4. Irradiation of PMMA with EUYV radiation

In recent papers we have demonstrated the direct modification
of surfaces with focused EUV radiation using an EUV
Schwarzschild objective, e.g. the generation of colour centres
in lithium fluoride [23] and the direct photo etching of PMMA
[24]. In particular, the interaction mechanisms between soft
x-rays and polymers are of great interest, since for example
PMMA is used as a photo resist for EUV lithography [25], as
well as for beam profile characterization of free-electron lasers
by direct ablation [26].

In order to investigate the interaction of EUV radiation
with PMMA, test samples were irradiated at EUV energy
densities of 0.5mJcm™2 with different pulse numbers.
The radiation induced changes were analysed afterwards
using NEXAFS in reflection mode as well as by Fourier
transformation infrared (FTIR) spectroscopy. For the FTIR
measurements a Bruker IFS 88 IR-spectrometer was used in
ATR-mode (attenuated total reflectance). In this case the
penetration depth of the evanescent wave is in the range
0.5-2.5 um for PMMA [27].

For the experiments, a PMMA plate (Goodfellow,
thickness 1 mm) was cut into 10 x 10 mm? pieces and cleaned
in ethanol. The samples were positioned 90 mm next to an
EUYV plasma (4 mJ, 2% BW, 4x sr [24]) and were irradiated
with different numbers of EUV pulses. In order to block
non-EUYV radiation, a zirconium foil (thickness 220 nm) could
be positioned in front of the sample, transmitting radiation
between 6 and 20 nm ([28], transmission approximately 50%
at 13.5nm).

NEXAFS measurements in reflection mode were carried
out on the EUV irradiated samples in the same way as
described above. It was checked before that the chemical
structure of the sample is not changed during the NEXAFS
experiments by recording several NEXAFS spectra of the same
sample subsequently. A comparison of the energy dependent
reflectivity for PMMA samples irradiated with different EUV
pulse numbers is shown in figure 6. The characteristic peaks
of the reflectivity can be assigned to C=C and C=0O double
bonds.
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Figure 7. FTIR measurements of PMMA samples, irradiated with
different numbers of EUV pulses. The spectrum of non-irradiated
PMMA is shown on the top; changes due to irradiation with
different numbers of EUV pulses are displayed below. The
identified absorption edges are compiled in table 2.

It can be seen that with an increasing pulse number the
peak height of the C=0 bond decreases. This clearly indicates
a loss of the carbonyl functional group that is easily radiation
damaged [29]. Furthermore, the appearance of a new feature
can be observed with increasing radiation dose at 285 eV that
corresponds to the C1s — m{_. transition. The formation
of a C=C double bond, which is not part of the chemical
structure of PMMA, after 20.000 EUV pulses is a result of
crosslinking upon irradiation [29]. It can be explained by the
removal of the ester side chain, which was shown to have a
linear stoichiometric relationship (1 : 1) with the formation of
aC=Cdouble bond [30]. The shift of the reflectivity minimum
with increasing pulse number to lower photon energies can be
attributed to a loss of oxygen and hydrogen atoms from the
PMMA molecule that is consistent with the process leading to
crosslinking [29].

The corresponding FTIR measurements of the same
samples are shown in figure 7, with the spectrum of non-
irradiated PMMA at the top. The spectral changes due to EUV
irradiation of PMMA are displayed below. Negative values
indicate a decrease in the corresponding molecular vibration.

In table 2 the identified absorption bands are listed. The
FTIR spectrum shows radiation induced changes in every
absorption band. The absorption of the C=0 bond (peak
No 5 in figure 7) is strongly decreased, which is in good
agreement with the NEXAFS experiments. The decrease in
the skeletal valence vibrations indicates a large fragmentation
of the PMMA surface.

In contrast to the NEXAFS measurements the increase in
the C=C bond (peak No 6) vibration is only visible for the
highest EUV dose. This could be explained by the difference
in penetration depths that is about two orders of magnitude
larger in the case of the FTIR measurements compared with
the NEXAFS method.

The generation of C=C bonds might therefore be a
surface-near process, where the EUV dose is very high,
whereas the breaking of C=0 bonds might be a process in
the entire bulk.

Table 2. Absorption bands observed in the FTIR spectrum of EUV
irradiated PMMA (cf figure 7). The bands were identified by
comparison with literature data [31,32]. Denotation of vibrations by
Giinzler [33]: v, , symmetrical/asymmetrical stretch vibration,

8: deformation vibrations around the valence bond angle.

Wavenumber

ID (cm™) Classification

1 2993 v,(CH3-0), v,(CH»)

2 2950-2975 Ve (@-CH3)

3 2950 v;(CH3-0), v, (a-CHj3),

vy (a-CH3), v5(CHy)

4 2920 Combination band, C(=0)O-CHj3;

5 1730 v(C=0)

6 1643 V(C=0)

7 1483 8,(CH3-R)

8 1438 8,(CH3-0)

9 1370 8 (¢-CHj3) (amorphous)
10 1268, 1238 v,(C—C-0) coupled with v(C-0)
11 1191, 1145 Skeletal valence vibrations, coupled

with inner CH deformation vibrations

5. Conclusion

The results presented in this paper demonstrate that it is
possible to investigate the near-edge absorption fine structure
by utilizing broad-band radiation from a laboratory-scale laser-
driven plasma source. NEXAFS spectra obtained from thin
polymer films are in good agreement with the respective
synchrotron data.  The possibility to record NEXAFS
spectra in reflection mode under grazing incidence conditions
circumvents the need for thin film sample preparation.
Moreover, due to the low penetration depth of the soft
x-rays, ReflEXAFS data offer a much stronger surface
sensitivity (<30nm) than comparative FTIR data. By
using the RefIEXAFS method it was possible to investigate
compositional changes of PMMA upon EUYV irradiation. The
spectra clearly show the loss of the carbonyl functional group
as well as crosslinking effects at high EUV radiation doses.

In future, the spectral resolution of the setup shall be
improved by using a higher resolution grating. In forthcoming
experiments the advantage of the short pulse length of the soft
x-ray pulse will be taken in order to perform time-resolved
experiments in pump—probe schemes.
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