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I. Abstract

Thin films of OH terminated poly-2-vinylpyridine (P2VP-OH), a polymer with potential for
infiltration mediated thin film deposition, area selective deposition (ASD) and small feature size
development via block copolymer (BCP) self-assembly, has been studied with hard X-Ray
photoelectron spectroscopy (HAXPES). From the N 1s and C 1s core level spectra, accurate values
for the binding energy positions of the species present in the films were obtained, providing clear
evidence for signals associated to pyridine bonds. The aromatic ring on the P2VP side chain is
clearly identified in the studied core levels. These observations allow for a complete understanding
of the chemical environment of the polymer and provide evidence of the potential reactions that
can occur with metal diffusion into P2VP. Transmission Electron Microscopy (TEM), Attenuated
Total Reflection Infrared Spectroscopy (ATR IR) and Atomic Force Microscopy (AFM)
measurements reveal high quality films and this work provides a reference base for this functional
material in terms of its utility for ASD, BCP and subsequent atomic layer deposition (ALD) based

polymer infiltration processes.

I1. Introduction

The limitations of traditional optical lithographic patterning is a well documented concern in the
semiconductor industry?. The study of polymers as potential materials for use in ASD has become

a major field of research for developing alternative methods of nanoelectronic fabrication via the



acceptance and blocking of infiltrating metals in a variety of different polymer types?2. This range
includes polymers such as polystyrene (PS), poly(methyl methacrylate) (PMMA),
poly(ethyleneoxide) (PEO) and poly(vinylpyridine) (PVP) 48,

P2VP is a leading material in ASD and BCP research, being a pH-responsive component®?, while
also demonstrating effective segregation when used in a block co-polymer architecture with
materials such as PS and polyisoprene!!, a crucial aspect of BCP morphology*2. P2VP has had
promising experimental results, being reported to facilitate the fabrication of small and uniform
features such as gold nanoparticles!. PS-b-P2VP has been used to create small device-like
structures as reported by Morris and others'*'®. The presence of an unshared electron pair on the
nitrogen atom of the pyridine ring can facilitate coordination bonding with various species such as
metal-ligand complexes'®'8. These factors make P2VP an ideal starting material for infiltration
processes, such as ALD, that yield key device elements such as metallic contacts and high-k

dielectrics.

Although reported in ASD studies, in-depth photoemission analysis of P2VP films and other
common BCP-relevant polymers is limited. The use of polymers for the fabrication of thin films
highlights the need for more intricate studies of their surface properties to allow for a better
understanding of the material chemistry of complex, chemistry rich, processes, such as ALD.
Sequential infiltration synthesis (SIS) ALD has been reported in the literature as a particularly

successful method of infiltration for a range of polymers?°-22,

The present work focuses on a hard energy X-ray photoelectron spectroscopy (HAXPES) and
subsequent angle resolved HAXPES (ARHAXPES) study of the polymer P2VP. The synchrotron
radiation provides high resolution photoemission spectra, allowing for accurate determination of
the chemistry of the polymer, while the ARHAXPES method characterizes the thickness and
depth-resolved composition of the polymer?324,

The nitrogen atom in the pyridine ring of P2VP (see schematic in figure 1) has a localized lone
pair of electrons that can interact with other atoms via sigma and pi-pi” interactions. In the case
of N pyridine-metal complexes, the electron lone pair on the nitrogen is involved in the bonding
interaction. Our previous work presented evidence for Cu metal ion infiltration and coordination
with pyridine via liquid phase salt solution processing?. The role of the electron lone pair is of

critical importance in facilitating the coordination bond formation with the infiltrating metal and



this is not thoroughly explored in photoemission reports to date?’. In this letter, we report HAXPES
measurements including the ARHAXPES dependence of the C 1s and N 1s signals originating
from the P2VP film.

I11. Experimental

P2VP films of 0.2 wt% were prepared by dissolving P2VVP-OH polymer in tetrahydrofuran (THF)
and subsequently spin coating at 3000 rpm for 30 seconds onto Si substrates following the process
used in ref 26, P2VP-OH is a hydroxyl chain terminated polymer brush-like system which can be

coordinated to a silicon oxide surface through a condensation process?®3°,

HAXPES measurements were undertaken at SOLEIL Synchrotron at the GALAXIES beamline.
Spectra were acquired at pressures of 1x10~° mbar with photon beam energies of 3 keV. A Si(111)
monochromator was used for the 3 keV beam. The angles chosen for ARHAXPES was in the range
of 85— 25 degrees, in intervals of 10 (with normal emission being 90 degrees). The sample position
at every angle was calibrated to ensure that the photoelectron counts were at their maximum value.
The fitting of the photoemission data was performed by AAnalyzer®, a program that allows for the
simultaneous peak fitting of data acquired at all take-off angles®. For all of our studies, the use
of simultaneous methods is of high importance®. Calculations of the thickness and chemical

composition of each layer were obtained using the MLM (Multi Layer Method)33-*°.

High resolution TEM experiments to obtain the thickness of the P2VP-OH layer were performed
on a FEI OSIRIS TEM, with sample preparation performed in a FEI Helios Nanolab 450 S. The

sample was capped with Pt via a gas injection system.

Grazing-angle ATR IR spectroscopy was performed using a Harrick VariGATR accessory on a
Nicolet iS50 spectrometer (unpolarised, angle of incidence is 65°, 32 scans, resolution 8 cm™).
AFM was used to analyze the P2VVP-OH surface roughness on a Bruker Dimension 3100 AFM.

IV. Results

The measured ARHAXPES spectra of the P2VP-OH film are shown in figure 1, with all spectra
being shifted so that the Si° peak on the Si 2p signal (figure 1a)) occurs at 99.4 eV binding energy®.
Si** was observed at 103.4 eV. Figure 1b) shows the N 1s fit, where C-N=C bonds (N-Pyridine)

are the main component of the peak, occurring at 399.8 eV, while N-C at 400.9 eV was also



included in the fit®®3’. Another signal at 399.2 eV was associated with pyridine — hydrogen
interaction (C=NH"-C bonds). Similar binding energy components in the N 1s signal have been

reported in literature but have so far remained uncategorized®®%,

The O 1s signal was fitted with four signals (figure 1 c)). The most prominent signal at 532.8 eV
is associated to silicon oxide, which is located at the interface between P2VP-OH and the silicon
wafer. The other three signals were associated with oxygen in polymer chain bonds, residual

oxygen, and adsorbed surface oxygen at 530.6 eV, 532 eV and 533.3 eV respectively.

The C 1s signal in figure 1 d) was fitted with five signals, one of them at 285 eV being associated
to C-C bonds within the polymer chain as reported by Briggs et al*’. The signal with the highest
intensity, observed at 285.7 eV is characteristic of pyridinic carbon*#2, The C-O signal at 286.5
eV was associated to oxygen bonding to the polymer chain and sub oxides at the interfaces. The
signals for C=0 and O-C=0 at 287.6 eV and 288.7 eV were attributed to surface and residual
oxygen*3#. The peak fitting parameters for the signals associated with P2VP-OH are displayed in
table 1.

Core Level hv (ev) Gaussian Lorentzian Chemical Binding Energy
Peak (eV) (eV) Environment (eV)
C1ls 3000 1.11 0.27 c-C 285.0
C-Pyridine 285.7
N 1s 3000 1.13 0.51 C=NH*-C 399.2
N-Pyridine 399.8

Table 1. Binding energy and peak fit parameters for the P2VP film.
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Figure 1. a) Si 2p, b) N 1s, ¢) O 1s and d) C 1s core level AR HAXPES of C/P2VP/SiO,/Si scenario. )

TEM cross-sectional image of P2VP film. f) EDX mapping by TEM of P2VP film for N and O
signals.

By using AR HAXPES, the thickness of the different layers present in the sample were obtained.
For each core level signal (N 1s, Si 2p, C 1s, O 1s) the attenuation length of electrons, cross section,
areal density, and lattice constant were considered. The assumed composition of the material for
theoretical modeling was a layered C/P2VP/SiO,/Si structure. The thickness calculations were

performed using the MLM with the XPS intensity of each species that depends on the take-off



angle®. The band gap and density of P2VP-OH used for the calculations was 2.25 eV and 1.257

g/cmd respectively in accordance with literature®®’.

The ARHAXPES results are shown in Figure 2. The P2VP and SiO> dependences were obtained
with the C-Pyridine and Si*" signals respectively. The uncertainty of the experimental data
represents the variation in signal intensity across individual scans. The proposed structure of the
analyzed material is presented in the inset of figure 2 a), featuring a C layer above the P2VVP-OH
film, which itself is above a SiO layer on top of the Si bulk. The intensity of the signals associated
with the films were divided by the silicon bulk intensity. This was then plotted against take off
angle. Comparing the raw data with the theoretical model (MLM), stoichiometry and thickness of

the thin layers were obtained.

The thicknesses determined were 1.00 = 0.03, 3.54 + 0.06 and 0.92 = 0.01 nm for silicon oxide,
P2VP and adventitious carbon layers respectively. The error was determined by considering two
scenarios; when the intensity ratio of the films over the bulk was at maximum, and when it was at
minimum. TEM images were correlated to photoemission results as shown in Figure 1 e), showing
a thin film of around 4 nm on top of a silicon dioxide layer. Energy-dispersive X-ray spectroscopy
(EDX) mapping by TEM provides evidence that nitrogen is present in this P2VP region (see
Figure 1f)). The stoichiometry of the layers was consistent for each layer according to the chemical

composition.
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Figure 2. Angle Resolved HAXPES dependence a) Carbon in P2VP layer, and b) Si** in silicon oxide
layers. The thickness and chemical composition calculation of each chemical species was
considered in the sample.

Grazing-angle ATR IR spectroscopy allowed the acquisition of IR spectra even from the ultrathin
P2VP-OH film used in this work, after subtracting the silicon background signal. The resulting
spectrum is shown in Figure 3 a). The bands at 2927 cm™ and 2854 cm™ correspond to the
vibrational mode of the aliphatic polymer backbone. Deformations in the free backbone lead to the
signals at 1473 cm™ and 1436 cm™. The stretching modes of the pyridine ring are located at 1592
cm ™ and 1570 cm™* with an additional ring deformation band at 987 cm™*“¢, The feature at 787 cm’
! corresponds to out-of-plane deformations of the hydrogen atoms of the pyridine ring. It is shifted
to slightly higher frequencies compared to 1,2-substituted aromatic rings due to the higher
electronegativity of the nitrogen atom. The signals at 1233 cm™ and 1153 cm correspond to C-

O-C and C-OH vibrations respectively, resulting from the terminating hydroxy groups of the



polymer. These data indicate that partial condensation of the hydroxy group with the hydroxy
functionalized silicon substrate may occur during film deposition. This hypothesis agrees with the

observation of a visible band at 891 cm™ corresponding to a Si-C bond vibration*.
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Figure 3. a) Grazing-angle ATR IR spectrum of a thin P2VP film. b) AFM 3D height image of P2VP
surface.

AFM measurements were also performed on the analyzed P2VVP-OH samples to assess the physical
surface profile of the spun-on polymer film (figure 3 b)). The average root-mean-square (RMS)
surface roughness of the P2VVP-OH according to AFM analysis was approximately 0.21 nm, which

indicates the presence a very smooth film and similar to values obtained for the Si substrate.

V. Conclusion

In summary, we have investigated P2VP-OH with a 3 keV HAXPES photon beam, resulting in a
non-destructive and high resolution chemical analysis of the film. The P2VP-OH signals were
deconvoluted in a robust and highly detailed process. The ARHAXPES analysis of the polymer

indicates that the pyridine N will facilitate metal incorporation into the film, with the N 1s showing



a signal corresponding to H reaction with the N-pyridine lone pair, which has not yet been reported
to our knowledge. Our results suggest a change in binding energy corresponds with the lone pair
interactions. ARHAXPES and TEM confirm the presence of a uniform thin film of the polymer.
The IR spectroscopy indicates the condensation incorporation of the P2VP-OH into the substrate.
The work in this letter should act as a reference for future work on this polymer in ASD and BCP

infiltration studies.
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