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ABSTRACT

Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy is a powerful technique for
characterizing the composition and bonding state of nanoscale materials and the top few
nanometers of bulk and thin film specimens. When coupled with imaging methods like
photoemission electron microscopy, it enables chemical imaging of materials with nanometer-
scale lateral spatial resolution. However, analysis of NEXAFS spectra is often performed under
the assumption of structural and compositional homogeneity within the nanometer-scale depth
probed by this technique. This assumption can introduce large errors when analyzing the vast
majority of solid surfaces due to the presence of complex surface and near-surface structures
such as oxides and contamination layers. An analytical methodology is presented for removing
the contribution of these nanoscale overlayers from NEXAFS spectra of two-layered systems to
provide a corrected photo-absorption spectrum of the substrate. This method relies on the
subtraction of the NEXAFS spectrum of the overlayer adsorbed on a reference surface from the
spectrum of the two-layer system under investigation, where the thickness of the overlayer is
independently determined by X-ray photoelectron spectroscopy (XPS). This approach is applied
to NEXAFS data acquired for one of the most challenging cases: air-exposed hard carbon-based
materials with adventitious carbon contamination from ambient exposure. The contribution of
the adventitious carbon was removed from the as-acquired spectra of ultrananocrystalline
diamond (UNCD) and hydrogenated amorphous carbon (a-C:H) to determine the intrinsic photo-
absorption NEXAFS spectra of these materials. The method alters the calculated fraction of sp*-
hybridized carbon from 5 to 20%, and reveals that the adventitious contamination can be
described as a layer containing carbon and oxygen ([O]/[C]=0.11+£0.02) with a thickness of

0.6+0.2 nm and a fraction of sp>-bonded carbon of 0.19+0.03. This method can be generally



applied to the characterization of surfaces and interfaces in several research fields and

technological applications.



INTRODUCTION

Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy is a powerful weapon in
the surface analysis arsenal thanks to its elemental specificity and its ability to obtain important
information about local bonding environment, such as hybridization, chemical state, and bond
orientation'. In addition, NEXAFS spectra can be obtained at high spatial resolution using
imaging techniques such as photoemission electron microscopy”” and magnetically-guided
imaging®. The wealth of detailed information NEXAFS spectroscopy yields has made it an

increasingly attractive analytical tool for several research fields, such as catalysis’™",

6,12,13 14-17 18-26 27-32

tribology , self-assembly at surfaces "', nanomaterials ™, and polymer science

One of the most important applications of NEXAFS spectroscopy is the study of low atomic
number (low-Z, i.e., carbon, oxygen, nitrogen, and fluorine) molecules and materials'. The
power of NEXAFS spectroscopy for investigating low-Z elements derives from the strong
directionality and short length of the covalent bonds between low-Z atoms, the strong
dependence of the bond length on its hybridization, and the large backscattering amplitude of
low energy electrons from low-Z atoms'. This results in the presence of resolvable, structure-
dependent resonances in NEXAFS K-edge spectra, whose intensity is strongly affected by the
orientation of the final state orbital with respect to the electric field vector of the incident photon
beam'.

For carbon K-edge NEXAFS spectroscopy, in particular, the resolvable energy difference
between the resonant X-ray excitations of a core-level (1s) electron to unoccupied molecular

orbitals (either * or 6*) allows the identification of the bonding configuration and hybridization

state of carbon atoms in the near-surface region for many materials, including
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diamon 338 diamond-like carbon®*, graphene , and polymers**, as well as the

18,19.49,50 14-16

determination of the surface molecular orientation of nanomaterials and adsorbates

Unfortunately, in addition to the typical challenges associated with the analysis of NEXAFS
spectra, namely energy calibration, intensity normalization, removal of features present in as-
acquired spectra due to beam instabilities, signal offsets, and the beamline transmission

function'”'*?

, carbon K-edge NEXAFS spectroscopy suffers from additional difficulties. One key
set of challenges derive from the presence of artifacts in the as-collected experimental data
caused by the adventitious carbon contamination (subsequently modified by X-ray exposure) of
X-ray optics in synchrotron beamlines™. Recently, Watts et al. reviewed and implemented the
numerous methods of calibration, normalization, and artifact removal for NEXAFS spectra (with
a particular focus upon carbon K-edge spectra) reported in the literature™.

While the approaches outlined by Watts et al. are effective for addressing the issues commonly
encountered in the evaluation of NEXAFS data™, the corrected spectra they yield represent the
photo-absorption spectra of the specimens under the assumption of structural and compositional
homogeneity within the nanometer-scale depth probed by NEXAFS spectroscopy. For electron
yield NEXAFS spectroscopy of low-Z elements, the information depth (the specimen thickness
measured normal to the surface from which a specified percentage of typically 95% of the
detected signal originates) is usually less than 5 nm'. Unfortunately, the assumption of chemical
and structural homogeneity does not hold in the vast majority of solid surfaces due to the
presence of complex surface-bound species and layers, e.g., natural oxide and contamination
layers™*. This can lead to significant errors when analyzing elements that are simultaneously

present in multiple layers. In particular, for carbon-based materials previously exposed to air,

their carbon K-edge NEXAFS spectra, even when corrected using any of the approaches outlined



by Watts et al.”?, are a convolution of the spectrum of the sample of interest and the spectrum of
the adventitious carbon contamination on its surface since the thickness of the latter (typically <2
nm™) is smaller than the information depth at the carbon K-edge (Figure 1). While the thickness
of the adventitious carbon contamination has been shown to depend on the sample preparation

procedure and history>>*°

, no comprehensive characterization of its composition and structure has
yet been published. A previous study by Storm et al.’’ of the surface contamination on silicon
wafers stored in wafers boxes indicated that the intensity of the ion species NH,", C;H,N",
C H;O;", and CH;" increased almost linearly with time up to 6 days. The level of these
contaminants significantly increased if the samples were stored in open boxes with laminar

airflow over them. Similarly, Roche et al’®

, using a variety of different methods (i.e.,
ellipsometry, water contact angle, infrared spectroscopy, thermal desorption coupled with ion
mobility spectroscopy, thermal desorption coupled with gas chromatography-mass spectrometry,
time-of-flight secondary ion mass spectroscopy (ToF-SIMS)), demonstrated that storage in
closed containers reduces the contamination compared with the use of open ones. The ToF-SIMS
results presented by Roche et al. also allowed the identification of the fragments of the molecular
species adsorbed on silicon surfaces, i.e., SiC;H,", C4H,O,", CI', F, SO,”. A detailed
investigation of the chemical nature of the adventitious contamination adsorbed on solid surfaces

is particularly important for several research fields, since such contamination can have a

substantial effect on surface properties including wettability and reactivity®.
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Figure 1. Schematic diagram of the near-surface structure of a substrate with an organic
contamination layer (topmost layer). Since the information depth in X-ray photoelectron
spectroscopy (XPS) and NEXAFS spectroscopy is larger than the thickness of the carbonaceous
contamination layer (typically <2 nm™) and smaller than the photon penetration depth, the
photoelectrons leaving the sample’s near-surface region and measured by the detector originate

from both the substrate and the contamination layer.

With X-ray photoelectron spectroscopy (XPS), the composition and thickness of each layer
constituting a multilayer system can be determined without applying any destructive
technique™”***. However, no methodology for extracting the photo-absorption spectrum of a
single layer within a multilayer structure has ever been reported for NEXAFS spectroscopy in
the literature.

Here, we present a novel analytical methodology for removing the contribution of thin
overlayers (with thickness smaller than the information depth) from partial electron yield (PEY)
NEXAFS spectra of two-layered systems (constituted by a substrate covered by an overlayer) to
give the photo-absorption NEXAFS spectrum of the substrate. This method relies on the
subtraction of the characteristic NEXAFS spectrum of the overlayer adsorbed on a reference
surface from the spectrum of the two-layer system of interest once the thickness of both
overlayers is determined by XPS. Compared to the “double normalization” method occasionally

used in the literature to correct for the signal from carbon contamination’’, which assumed the



contamination layers on the specimen sample surface and on the reference sample surface to
have the same thickness, composition, and density, the method here outlined accurately accounts
for the different thickness of the overlayers on the reference sample and specimen of interest,
while checking that their composition is not significantly different. The newly-developed
approach is applied to NEXAFS experimental data acquired on air-exposed carbon-based
materials (ultrananocrystalline diamond (UNCD) and hydrogenated amorphous carbon (a-C:H)
films) and allowed for the removal of the contribution of adventitious carbon contamination from
the as-acquired spectra to give the intrinsic photo-absorption NEXAFS spectra of these

materials.

EXPERIMENTAL

To check the applicability of the formalism described in the manuscript, four carbon-based
materials were investigated: hydrogen-terminated ultrananocrystalline diamond (UNCD Aqua
25, Advanced Diamond Technologies, Romeoville, IL US), and hydrogenated amorphous carbon
(a-C:H) films (HGST, San Jose, CA, USA). The UNCD films (thickness: 1 um) were deposited
on a silicon wafer using hot filament chemical vapor deposition (HFCVD). The a-C:H films
(thickness: 30 nm) were grown on glass disks coated with 20 nm of NiTa by plasma enhanced
chemical vapor deposition (PECVD) from acetylene as gas precursor (NTI source, Intevac Inc.,
Santa Clara, CA, USA) using three different acceleration bias voltages (60, 120, and 180 V). The
sample sizes were approximately 10x10 mm’. All samples were cleaned with acetone and
ethanol in laboratory air, dried with nitrogen, and stored for several weeks in a nitrogen-purged
box before being exposed to laboratory air for 2 days, and then examined by X-ray photoelectron

spectroscopy (XPS) and near-edge X-ray absorption fine structure (NEXAFS) spectroscopy.



To calculate the thickness and composition of the carbonaceous contamination layer adsorbed
on these films, XPS measurements were performed. A detailed description of the experimental
procedures for acquiring and processing the XPS data is reported in the Supporting Information.

Near-edge X-ray absorption fine structure (NEXAFS) spectroscopic measurements were
performed at the NIST/Dow endstation of beamline U7A and at the Oak Ridge National
Laboratory endstation of beamline U12A at the National Synchrotron Light Source (NSLS),
Brookhaven National Laboratory (Upton, NY, USA). The photon source of these beamlines is a
bending magnet, and covers an energy range from 180 to 1100 eV for U7A and from 100 to 800
eV for U12A. The photon flux is 2x10"" photons/second/0.1% bandwidth, and the resolution
(AE/E) is ~1x107. All measurements were carried in partial electron yield (PEY) mode and at a
photon incidence angle of 55° with respect to the sample surface (the so-called “magic angle”) to
suppress the effects related to the X-ray polarization'. For the experiments described here, the
entrance grid bias (EGB) of the channeltron detector was set to -225 V at U7A and to -230 V at
U12A to enhance surface sensitivity and minimize the detection of Auger electrons that suffered
from energy loss while travelling through the sample before being emitted into the continuum.
The monochromator energy was calibrated using the carbon K-edge-rt transition of freshly-
cleaved highly ordered pyrolytic graphite (HOPG, grade 2, SPI Supplies, West Chester, PA,
USA), located at 285.5 eV. The spectra acquired at U7A were first normalized to the absorption
current measured simultaneously from a gold mesh placed in the beamline upstream from the
analysis chamber. As for the spectra acquired at U12A, they were first normalized to the
absorption current measured under the same experimental conditions on a sputter-cleaned
platinum sample. Since the analyses carried out at U7A and at UI2A provided comparable

results, only the spectra acquired at the former beamline are displayed in the present work.



The quantitative evaluation of the fraction of sp’-bonded carbon in the specimens on the basis
of NEXAFS data was performed using the procedure described in Ref. [36,66-68]. The
methodology is based on the relative integrated intensity ratios of the Cls—m* and Cls—o*

peaks for the sample under investigation and for a reference specimen:

f L= ij;m Ire]‘(AE)

v Isam (AE)I)Z;

Eq.1

where Ijzm and I:Zf are, respectively, the areas of the Cls—m* peaks for the sample and

reference, whereas 1, (AE) and L, (AE) are the areas under the NEXAFS spectrum between

288.6 eV and 320 eV for the sample and reference, respectively. As a reference, the spectrum of
a freshly-cleaved HOPG (100% sp’-bonded carbon) sample was acquired with the X-ray beam
incident at an angle of 45° to the sample surface to account for the cos*(®) (O angle between the

X-ray beam and the sample surface) angular dependence of the 7% and 6* resonance intensity'.
All the XPS and NEXAFS results reported here are mean values calculated from at least three

independent measurements, with the corresponding standard deviation reported.

RESULTS AND DISCUSSION

According to the common mathematical formalism describing the emission of Auger electrons

1,69

from a solid surface ", the photoelectron signal intensity (1), which is proportional to the number

of Auger electrons created throughout the sampling depth (,), can be expressed as:

! = J.:Nedz— QIOAO J.:nv(z)o'[;exp(—#sz Eq 2

Tar ~ 4zsin(6) A" cospcosw
where (2 is the solid angle subtended by the electron detector, /, the incident photon flux density,

A, the area irradiated by the incident X-rays, 6 the angle between the surface and the incident X-

10



ray beam, n,(z) the number density of absorbing atoms, o, the absorption cross section (assumed
to be independent of the angle between the transition dipole moment of the final orbital state of
the excited atom and the electric field vector of the incident X-ray beam. This assumption is

valid when analyzing disordered materials, as in the present case), 4™ the electron escape depth

(EED), ¢ the electron emission angle (respect to the surface normal), and @ the angle that the
electron detector makes with the plane defined by the incoming X-ray beam and the sample
surface.

As shown in the full derivation in the Supporting Information, for a two-layered system in

which both the overlayer and the substrate contain the same element i, where the overlayer

thickness (7™

over

) is smaller than the information depth at the / transition (e.g., K-edge) of the
element i (e.g., carbon), and where the number density of absorbing atoms is constant both in the
overlayer and in the substrate throughout the sampling depth, then the photoelectron signal can

be expressed as:

A cos¢cosm A cos¢cosm

tsub tsub
Il,i,TOT = Il,i.mm’r + II,[,.vub = II,[,over 1 - exp(_ e J + I[.i,suh exp(_ e J Eq‘ 3

oo

where [, and [ are the signal intensities for a homogeneous, semi-infinite sample

1,i,over
having the same composition and density of, respectively, the substrate and the overlayer.
According to Equation 3, the intrinsic photo-absorption NEXAFS spectrum of the material under
investigation (I}, ) can be computed from the NEXAFS spectrum of a two-layered system (

) tsub

1,i,over > “over °

I, ;707 ) once I A", ¢, and ® are known.

The angles ¢ and @ are set by the experimental configuration used for acquiring the spectra,

and are thus known. However, the determination of the EED (") requires the knowledge of the
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inelastic mean free path (A) and its dependence on the entrance grid bias (EGB) of the
channeltron photoelectron detector'*. However, upon increasing the EGB voltage, the EED of the
detected electrons can be approximated with the effective attenuation length of photoelectrons,
which can be calculated from predictive formulas™’ or obtained from the NIST Electron

Effective-Attenuation-Length Database for electron Kinetic energy between 50 and 2000 eV™.

sub
over

The overlayer thickness ¢ can be determined in multiple ways. Secondary ion mass

spectroscopy (SIMS) and depth profiling by Auger electron spectroscopy and XPS could provide
an accurate estimate of the overlayer thickness, but these methods are destructive. Alternately,
the overlayer thickness can be determined non-destructively by XPS™**¥%  Since most
NEXAFS endstations at modern synchrotron facilities include XPS spectrometers, the
calculation of the overlayer thickness can be performed by acquiring XPS spectra in the same
experimental chamber, thus avoiding any risk of changing the composition and thickness of the
contamination layer upon transferring the sample to a dedicated XPS chamber. Even if the
employed NEXAFS endstation does not include a XPS spectrometer, XPS measurements can
still be carried out separately with careful sample handling (in this case the XPS analyses should

be performed before and after the NEXAFS measurements to check reproducibility).

oo

The signal intensity for the overlayer I, can be determined from the NEXAFS spectrum

acquired on a reference material covered with a thin overlayer having the same composition,
structure, and density (but not necessarily thickness) of the overlayer present on the substrate
under investigation. Such a computation requires that: a) the reference material does not contain
the element i, whose transitions are investigated by NEXAFS spectroscopy; and b) the NEXAFS
spectrum of the reference material in the photon range of the / transition of element i does not

exhibit any absorption feature. The intensity of the signal originating from the presence of a thin

12



ref

over ?

overlayer (with thickness ¢ which is smaller than the information depth at the / transition of

the element 7) on the reference sample’s surface can be expressed using Equation 3 as:

A cospcosm

o ref
Ilrj'/fover = Il,i,over |:1 - exp(—#j} Eq. 4

where I1io0ve 18 the signal intensity coming from a homogeneous, semi-infinite sample having

the same composition, structure, and density of the overlayer present on the reference sample

surface.

Once /¢ is determined by XPS¥*%% the signal intensity ;... can be calculated from

over

Equation 4. If the composition (calculated by XPS) of the overlayers on the reference material
and on the substrate under investigation are comparable, and assuming that the density of the

overlayer on the reference material and on the substrate are not significantly different, the

oo

computed NEXAFS signal intensity I1.iover can be equated to / and used in Equation 3.

L,i,over
Therefore, the intrinsic photo-absorption NEXAFS spectrum of the material under

investigation (1, ,, ) can be calculated as follows:

tsub
l—exp| ———over
1 . B= p( A cosgbcosa)j

I AI:I[,I',TOT -BI sub > ref
exp| — 2o l—exp| -2«
p( A costpcosw) p( A cos(pcosa))

L,i,sub = I,Lover:' > Where A = Eq. 5

The method was applied to NEXAFS experimental data acquired on carbon-based materials
(ultrananocrystalline diamond (UNCD) and hydrogenated amorphous carbon (a-C:H) films),
which were exposed to air for a prolonged period of time (this ensures that a thin carbonaceous
contamination layer is present on the specimen surface).

The as-acquired C K-edge PEY NEXAFS spectra of UNCD and a-C:H films are displayed in

Figure 2 together with the NEXAFS spectrum of the carbonaceous contamination layer adsorbed

13



on a reference gold specimen. All spectra exhibit an absorption feature at 285.0+0.1 eV, which is
due to the Cls—m transition for disordered carbon-carbon bonds'. The intensity of this peak
directly correlates with the fraction of sp’-bonded carbon in the near surface region. For a-C:H
films, the NEXAFS spectra are characterized by a broad hump between 288 and 305 eV (which

142,76

is due to the C1s—¢" transition for disordered carbon-carbon bonds ), whereas the spectrum

of UNCD exhibits sharper C1s—6~ transitions that are characteristic of ordered sp’-hybridized
carbon-carbon bonds, namely the edge jump at ~289 eV, the exciton peak at ~289.3 eV, and the
second band gap at 303 eV". The presence of significant amounts of hydrogen in a-C:H films
and the hydrogen-termination of UNCD also resulted in the detection of a shoulder at ~287.0 eV
(for a-C:H) and ~287.5 eV (for UNCD), which can be assigned to the C1s—¢ transition for C-H
bonds'. The observed shift of the characteristic C-H absorption feature between the spectra of a-
C:H and the spectrum of UNCD may be due to the different bonding states in these materials:
while hydrogen terminates primarily sp’-bonded carbon atoms at the UNCD surface, it is present
in a range of bonding environments within the bulk of a-C:H films. Due to the sample exposure
to air before the NEXAFS analysis, a broad absorption feature was detected at 288.5-289.3 eV
and could be assigned to the C-O ¢ antibonding orbital”’. The presence of carbonyl groups on
the sample surface could also contribute to the spectral intensity between 286.7 and 288.5 eV

(Cls—Tr transition)"%.
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Figure 2. Carbon K-edge NEXAFS spectra acquired at beamline U7A (NSLS) on gold,
ultrananocrystalline diamond (UNCD), and hydrogenated amorphous carbon (a-C:H) films
grown by plasma enhanced chemical vapor deposition (PECVD) with different acceleration bias
voltages (60, 120, and 180 V). (a) Whole photon energy scale; (b) zoomed absorption edge

region. All spectra are pre-edge normalized.

Since the procedure outlined above requires the knowledge of the thickness of the overlayer
present on both the specimen and the reference material, and is applicable only if the

composition of that overlayer is similar in both cases, XPS analyses were performed on the

15



carbon-based films as well as on the reference gold sample to check for the consistency of the
contamination layer’s composition. A detailed description of the XPS results is reported in the
Supporting Information. The results show that the composition of the contamination layers
adsorbed on gold was similar to those on the carbon-based materials under investigation (Table
S.1). Furthermore, the area ratio of the peaks contributing to the carbon 1s XPS signal (namely
aliphatic carbon, C-O, C=0, and O-C=0) was not significantly different between the specimens,
thus suggesting a comparable carbon bonding configuration in the contamination layer
independent of the substrate. Since the XPS measurements were carried out in a dedicated
chamber, the acquisition of XPS spectra was performed both before and after the NEXAFS
analysis: in all cases, no significant variations in the composition and thickness of the
carbonaceous contamination layer were observed.

The XPS measurements of overlayer thickness thus allowed the method to be applied. The
intrinsic photo-absorption NEXAFS spectrum (/) of the materials under investigation (i.e.,

UNCD and a-C:H films) computed from Equation 5 are displayed in Figure 3a together with the
as-acquired (i.e., non-corrected) spectra. Upon correcting for the contribution of the thin
carbonaceous contamination layer from the as-acquired spectra, the calculated intensity above
the absorption edge increases. This enhancement of the post-edge intensity derives from
eliminating the attenuation of the overlayer on the photoelectron signal arising from the sample.
This is in agreement with the work of Sohn et al.”’, who showed that the post-edge intensity of
the substrate signal decreases with the adsorbate thickness.

To compare the as-acquired with corrected NEXAFS spectra, a pre- and post-edge
normalization was performed (Figure 3b and 3c). In this way, variations in spectral intensity only

arise from chemical changes and are independent of the total carbon content. On the basis of

16



XPS and NEXAFS measurements, the carbonaceous contamination layer can be described as a
layer containing carbon and oxygen ([O]/[C]=0.11+£0.02) with an approximate thickness of 0.6
nm and a sp>-bonded carbon fraction of 0.19+0.03. Upon removing the contribution from this
layer, the intensity of the Cls—m transition for disordered carbon-carbon bonds' at 285.0+0.1
eV slightly decreased in the case of UNCD, whereas it increased for a-C:H films. Very
significantly, for the a-C:H films, the broad absorption feature at 288.5-289.3 eV (assigned to the

C-O ¢ antibonding orbital”’

) was greatly reduced. The spectral changes induced by the removal
of the contribution of the carbonaceous contamination from the as-acquired data substantially
affected the computation of the carbon hybridization state. Upon ignoring the presence of a
contamination layer, i.e., under the assumption of structural and compositional homogeneity
within the probed volume, the fraction of sp>-bonded carbon was 0.062+0.001 for UNCD,
0.315+0.003 for a-C:H (60 V), 0.489+0.002 for a-C:H (120 V), and 0.493+0.003 for a-C:H (180
V). Correcting the spectra for the contribution of adventitious contamination yielded
significantly different values: 0.069+0.001 for UNCD, 0.341+0.003 for a-C:H (60 V),
0.521+0.002 for a-C:H (120 V), and 0.527+0.003 for a-C:H (180 V).

Further NEXAFS analyses were performed on a-C:H (180 V) using a second synchrotron
endstation (U12A) with a different spectrometer configuration. The larger angle between the
PEY detector and the sample surface at UI2A (50°) compared to the same angle at U7A (10°)
resulted in a reduction of the information depth, i.e., 2.5 nm at UI2A vs. 3.8 nm at U7A. Even
though the fraction of sp>-hybridized carbon computed from the uncorrected spectra acquired at

UI2A (0.415+£0.005) significantly differs from the fraction calculated from the uncorrected

spectra acquired at U7A (0.493+0.003), upon removing the contribution of the adventitious

17



carbonaceous contamination the two independent series of analyses yield numerical results that
are within the uncertainty of the measurements (0.521+0.005 (U12A) vs. 0.527+0.003 (U7A)).

These findings demonstrate that: a) significant errors (estimated to be between 5 and 20% from
the data presented here) can be introduced in the computation of the carbon hybridization state
from NEXAFS spectra if the contribution from the carbonaceous contamination layer is not
removed; and b) the assumption of structural and compositional homogeneity within the
nanometer-depth scale probed by NEXAFS spectroscopy can be misleading when analyzing
specimens with surface layers.

Finally, it is important to emphasize that amorphous carbon-based materials can possess a
near-surface region whose structure is significantly different from that of the bulk of the
material, depending on the synthesis and growth conditions’. Since NEXAFS spectroscopy
probes a nanometer-scale depth, the structural information gained by this analytical method can
potentially differ from the outcomes of analyses carried out with techniques having different
information depths (such as Raman spectroscopy, XPS, and X-ray-induced Auger electron
spectroscopy (XAES)). The comparison between the NEXAFS results presented herein with the
outcomes of Raman”, XPS, and XAES measurements, which will be the subject of a separate
publication, provides clear experimental evidence of the presence of structurally-different near-
surface regions on certain hydrogenated amorphous films: such a conclusion could not have been
definitively reached without first correcting for the contamination layer using the method

presented here.

CONCLUSIONS

18



A novel method was developed for accurately removing the contribution of thin overlayers
(with thickness smaller than the information depth) from NEXAFS spectra of two-layered
systems to reveal the photo-absorption NEXAFS spectrum of the substrate. This new and
generally-applicable approach was used for processing NEXAFS data acquired on air-exposed
carbon-based materials, namely UNCD and a-C:H films, and allowed for the removal of the
contribution of the adventitious carbon contamination adsorbed on the sample’s surfaces from
the as-acquired NEXAFS C K-edge spectra. The resulting spectra provided qualitatively distinct
interpretations and quantitatively distinct values regarding the sample’s composition and
bonding.

This novel method opens a new path for processing NEXAFS spectra without the assumption
of chemical and structural homogeneity down to the depth probed by this surface-analytical
method and allows avoiding the large errors that this assumption might introduce when

analyzing multilayer structures.
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Figure 3. Carbon K-edge NEXAFS spectra acquired at beamline U7A (NSLS) — before and after
the correction for the presence of a carbonaceous contamination layer — of UNCD and a-C:H
films grown by PECVD with different acceleration bias voltages (60, 120, and 180 V). (a) pre-
edge normalized spectra (whole photon energy scale); (b) pre- and post-edge normalized spectra
(whole photon energy scale); (c) pre- and post-edge normalized spectra (zoomed absorption edge

region).
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Supporting Information. A detailed description of the experimental procedures for acquiring
and processing the XPS data is reported. The results of the XPS analysis performed on UNCD, a-
C:H films, and a gold reference specimen are also presented. This material is available free of

charge via the Internet at http://pubs.acs.org.
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