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ARTICLE INFO ABSTRACT

Keywords: The chemical nature of adventitious carbon (AdC), a thin layer of carbonaceous material that deposits on the
X-ray photoelectron spectroscopy surface of most air-exposed samples and is widely used for charge correction of insulating materials in X-ray
XPS photoelectron spectroscopy (XPS), has been investigated by XPS and time-of-flight secondary ion mass spec-
Adventitious carbon . . . . .

AdC trometry (ToF-SIMS) on a variety of air-exposed samples from various material classes. The results from this case

study show that on average AdC is aliphatic in nature with ~ 25 % of carbon species having bonds to oxygen. D-
parameter and ToF-SIMS results show that AdC is not graphitic in nature, as had been suggested in earlier
studies. Using assumptions about volatile organic compounds (VOC) in air that contribute to AdC accumulation,
a peak-fitting model for the C 1 s XPS spectrum of AdC including beta shifted carbon peaks was developed. This
model is shown to increase accuracy of the positioning of the aliphatic peak. Using this model and data from 117
samples an AdC C 1 s aliphatic peak binding energy of 284.81 eV (+/-0.25 eV) was found. Average XPS and ToF-
SIMS AdC spectra are presented. The average AdC XPS spectrum has been utilized to model the C 1 s spectrum of

Charge reference
Charge correction

complex organic compounds with AdC present.

1. Introduction

Analysis of insulating materials by X-ray photoelectron spectroscopy
(XPS) is complicated by the need to use a charge correction method to
compensate for the action of the electron flood gun or other charge
neutralization systems. Sample charging effects and the use of charge
neutralization in XPS has been discussed at lengths elsewhere.
[1,2,3,4,5,6,7,8].

A number of charge correction procedures are available; however,
the use of adventitious carbon (AdC) is one of the most common and, in
many cases, the only option available. This is done by fitting the carbon
1 s (C 1 s) spectrum of adventitious carbon with synthetic components
and then adjusting the binding energy (B.E.) scale of all spectra so the
lowest energy component of the C 1 s spectrum (attributed to aliphatic
carbon) is set to a standardized value. This value has had a significant
range in the literature[9], and a consensus on its position from the XPS
community is needed to make this a better charge correction procedure.
ASTM E1523-15[10] notes a range of 284.6 eV to 285.2 eV from re-
ported literature sources (section 7.3.1.2) but suggests 284.8 eV as a

common reference value (section 7.3.1.1). Databases such as that from
NIST[11] also use 284.8 eV as the accepted standard. This charge
correction method is convenient and easy to implement as adventitious
carbon is found on the surface of most air-exposed samples.

Although the use of adventitious carbon is one of the most popular
methods for charge correction in XPS, there has been some controversy
regarding its use. Greczynski and Hultman have written multiple papers
that outline their apprehensions surrounding the use of adventitious
carbon as a charge reference. The reader is directed to their work[9]
which gives account of AdC usage concerns dating back to the 1970s.
Specifically, they and others cite concerns about the unknown chemical
composition of the AdC layer, the position of the aliphatic component of
the AdC spectrum, and AdC’s origin or source.[12].

There has only been one major paper published almost 30 years ago
on the chemistry of AdC. In their paper, Barr and Seal used XPS to
examine the C 1 s spectra of graphite and hydrocarbon polymers in an
attempt to provide a chemical description of AdC.[13] They concluded
that adventitious carbon predominately consists of hydrocarbon poly-
mers that contained approximately 10-30 % oxygen-functionalized
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Table 1
Average D-parameter values of standard samples and adventitious
carbon samples on a variety of surfaces (error: +0.7 eV).

Sample D-parameter
Polyethylene (cleaned) 13
Graphite (cleaned) 22.5
AdC on tin 14.5
AdC on titanium 13
AdC on aluminum foil 14.5
AdC on aluminum oxide powder 14.5
AdC on boron powder 13.5
AdC on iron powder 12.5
AdC on silicon wafer 13.5
Table 2

D-parameters of as received and gas cluster ion source sputter cleaned samples of
graphite and polyethylene terephthalate (PET) (error: +£0.7 eV).

Sample Condition D-parameter
Graphite As received 21
Graphite Sputtered 22.5
PET As received 14
PET Sputtered 15
Table 3

Vapour pressure at 25 °C for various four and five carbon molecules from
reference 26.

Name # of Carbons Type P, (kPa)
Butane 4 Hydrocarbon 242
Diethyl ether 4 Ether 71.7
Pentane 5 Hydrocarbon 68.3
Ethyl propyl ether 5 Ether 24.2
Butanal 4 Aldehyde 15.7
2-Butanone 4 Ketone 12.6
Ethyl acetate 4 Ester 12.6
Ethyl propanoate 5 Ester 4.97
2-Pentanone 5 Ketone 4.97
3-Pentanone 5 Ketone 4.72
Pentanal 5 Aldehyde 4.58
Methyl butanoate 5 Ester 4.3
2-Butanol 4 Secondary alcohol 2.32
3-Pentanol 5 Secondary alcohol 1.1
1-Butanol 4 Primary alcohol 0.86
2-Pentanol 5 Secondary alcohol 0.804
1-Pentanol 5 Primary alcohol 0.259
Butanoic acid 4 Carboxylic acid 0.221
Pentanoic acid 5 Carboxylic acid 0.024

carbons. While this is a start, it does not answer many questions that
arise about adventitious carbon. This paper aims to present more data on
the chemical nature of AdC.

In addition to the AdC aliphatic component position issues (stan-
dardized B.E. value) discussed above, another long-claimed character-
istic of adventitious carbon is that it is graphitic in nature. Barr and
Seal’s paper attempted to disprove this in a qualitative fashion (i.e.
through analysis of spectral shape),[13] but this technique is more
intuition-based, which is not sufficient when it concerns the validity of
methodology. This study, instead, will use the more quantitative D-
parameter method to determine the hybridization of the carbon. The D-
parameter, first reported by Lascovich and colleagues,[14] describes the
difference between the minimum and the maximum of the first deriva-
tive of the carbon Auger spectrum. This value has been shown to be
linearly correlated to the percentage of sp? versus sp> hybridized carbon.
[15] D-parameter data will prove that AdC is not graphitic in nature and
demonstrate that 284.5 eV (the B.E. of graphitic carbon) is not an
appropriate value for charge referencing value for AdC.

The most likely origin/source of most adventitious carbon is from the
atmosphere (although Greczynski and Hultman have shown that organic
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molecules volatilizing from sample containers can also influence AdC
composition[16]). Various studies in the field of environmental chem-
istry have looked into volatile organic compounds (VOCs) present in the
atmosphere at various locales.[17,18,19,20,21,22,23,24] The European
Union defines VOCs as “any organic compound having, at 293.15 K, a
vapour pressure of 0.01 kPa or more”.[25] While most published papers
look into compounds such as benzene, chloroform, styrene, formalde-
hyde, Freon, and short-chain hydrocarbons, which can affect air quality
and human health, there are many other examples of organic com-
pounds that are VOCs. While some organic compounds are more volatile
than others, many four, five, and six carbon organic compounds have a
vapour pressure larger than 0.01 kPa at 20 °C,[26] making them more
likely to be present than higher carbon number containing compounds.
Vapour pressure data shows that, generally, the volatility of organic
compounds is as follows: hydrocarbons > ethers > aldehydes, ketones,
esters > alcohols > carboxylic acids. Volatility also decreases as overall
molecule size increases. With the exception of pure hydrocarbons, few
compounds with 10 or more carbons are volatile at standard atmo-
spheric temperature and pressure. This basic knowledge informs our
conclusions about adventitious carbon and assists with assumptions to
help build more accurate peak-fitting models for AdC.

It should be noted that, depending on their origin, the samples
showing AdC in this study have been exposed to a mix of atmospheres
including: 1) our specific XPS or ToF-SIMS instrument vacuum systems,
2) our facility 3) other Western University laboratories and offices, 4)
and supplier warehouses, manufacturing sites, and research institutions
from Canada and USA. AdC accumulation in different parts of the world
may have differing chemistries, particularly if local conditions include
high concentrations of specific VOCs.

This work cross-references XPS findings with time-of-flight second-
ary ion mass spectrometry (ToF-SIMS) data. ToF-SIMS uses a focused ion
beam to ionize and fragment the molecules on a sample surface. These
secondary ions are accelerated by an electric field towards a detector
that measures their velocity, from which we can determine the mass and
identity of the ion fragments. The surface sensitivity of this technique
(outermost 1-3 nm) makes it an excellent complement to XPS and very
well suited to the study of adventitious carbon. ToF-SIMS users routinely
utilize mass fragments (e.g. CH$, CH™, C4H’, and C3HZ) from AdC on
sample surfaces for mass calibration purposes.

These techniques have allowed for a determination of the hybridi-
zation of AdC via the D-parameter and ToF-SIMS spectral comparison.
We also present a novel fitting model for adventitious carbon and evi-
dence that this model increases the accuracy of charge referencing with
AdC by fine-tuning the position of the aliphatic peak. This analysis,
building on previous work,[27] also adds further justification for the
positioning of the hydrocarbon component of AdC at 284.8 eV in the C 1
s spectrum. Finally, this work compares the chemical composition of
adventitious carbon on different types of materials and presents an
average adventitious carbon spectrum for analysis of complex organic
materials. These pieces of evidence combined should lend more merit to
the adventitious carbon charge referencing technique and address con-
cerns about the suggested unknown nature of AdC.

2. Materials and methods
2.1. Sample Selection, Handling, Preparation, and mounting

It was important to select a variety of types of substrates for this
study because one significant concern surrounding adventitious carbon
is that its composition may vary on different substrates, leading to less
accurate charge referencing. Most previous studies have been carried
out on only conductive metallic based surfaces (sputter cleaned or air-
oxidized surfaces).[28,29,30] We prioritized looking at substrates of
various material classes, such as metals, glass, ceramics, metal and non-
metal powders, and semiconductors. We were also careful to choose
samples that did not contain intrinsic carbon, as this would affect our
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Fig. 1. All functional group possibilities considered when creating the beta peak adventitious carbon fitting model, including alpha to beta peak area ratios and
minimum number of carbons required (in the molecule) for each combination.
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Table 4

Curve-fitting parameters for adventitious carbon (C 1 s) including shifted beta
peaks (*). Lineshape for all peaks is 30 % Lorentzian, 70 % Gaussian (GL(30) in
CasaXPS). Note that the areas for peaks A, B, C, and D should be left
unconstrained.

Species Peak Starting Common FWHM Area
Identifier Position Range (eV) (CPS*eV)
(eV) (eV)
C-C, A 284.8 0.7-1.5 A
C-H
C-0 B A+15 A+13t0A A*l B
+1.7
C=0 C A+3 A+28toA A*l C
+3.0
0-C=0 D A+ 4 A+38t0A A*1” D
+4.3
C*-C-0 E A+0.2 A*1 B*1.25
C*-C=0 F A+04 A*1 C*1.5
C*-(C= G A+04 A*1 D*1
0)-0

# Note if this peak-shape is well defined the FWHM constraint can be
removed.

ability to interpret the AdC C 1 s spectrum.

Great care was taken to avoid surface contamination of samples,
especially since we were interested in looking at adventitious carbon.
We chose samples that were stored using the cleanest methods possible
(for example, stored in a PET case rather than an open paper package, in
glass vials, loosely wrapped in aluminum foil. etc.). When possible, a
surface was chosen that was inaccessible to contamination from
handling prior to analysis (for example, within a roll of PET or BOPP
films inaccessible to fingerprints, inner surface of a glass tube, etc.). Best
practices for sample handling and preparation (as described by Stevie et.
al[31]) were followed wherever possible. Where breaking of the sample
was required, the surface was wrapped loosely in aluminum foil to
prevent contamination.

For XPS, graphite was mounted to the sample holder using a carbon
adhesive disk and copper tape. All other metallic and non-metal samples
and powders were mounted on a glass slide or with non-conductive
double-sided tape (“floated”) to electrically isolate the sample from
the ground and mitigate differential charging.

For ToF-SIMS, solid samples were mounted using copper tape, with
care taken to ensure each surface was as flat as possible. Powders were
pressed between two pieces of aluminum foil to deposit a thin layer of
sample onto the foil. The foil was then mounted on the sample holder
using copper tape.

2.2. XPS measurements

The XPS analyses were carried out with a Kratos Axis Supra spec-
trometer using a monochromatic Al Ka source (15 mA, 15 kV). The in-
strument work function was calibrated to give a binding energy (B.E.) of
83.96 eV for the Au 4f;/5 line for metallic gold and the spectrometer
dispersion was adjusted to give a B.E. of 932.62 eV for the Cu 2p3/; line
of metallic copper. The instrument base pressure was 1 x 10™ Torr or
better. The Kratos charge neutralizer system was used for analyses as
needed (insulating, mixed conducting/insulating, and electrically iso-
lated samples). The Kratos charge neutralization system uses a coaxial
low energy electron source within the field of the magnetic lens. The
effectiveness of the charge neutralizer was gauged by monitoring the C
1 s spectrum. A sharp main peak with no lower binding energy structure
is generally expected.

Survey spectra were recorded using a pass energy of 160 eV and a
step size of 1 eV. For C 1 s high-resolution spectra, a 20 eV pass energy
and a 0.1 eV step size were used. For C KVV high-resolution spectra, an
80 eV pass energy and a 1 eV step size were used. All spectra were taken
using an analysis area of ~ 300 pm x 700 pm and a 90° electron take-off
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to higher binding energy as compared to the position of the aliphatic peak at
284.8 eV. Spectra are ordered with most oxygen functionality at the top to least
at the bottom.

angle.

Ion sputtering of graphite and polymer samples was carried out using
a 5 keV Ar3gop gas cluster ion source (GCIS) (3.0 mm x 3.0 mm) for a 30
s interval.

Spectra taken for D-parameter analyses, the complex organic sample
C 1 s spectrum (Fig. 4), and the AdC C 1 s spectrum on titanium (Fig. 7)
were analyzed using CasaXPS software (version 2.3.26).[32] Spectra
were charge corrected so as to have the aliphatic peak (C-C) of adven-
titious carbon aligned at 284.8 eV. Adventitious carbon was generally fit
according to the parameters described by Biesinger,[27] except in cases
where beta carbons were accounted for, for which beta shift procedures
derived from Beamson and Briggs’ polymeric reference data were used.
[33] A Shirley background was employed for C 1 s peak-fitting and a 70
% Gaussian / 30 % Lorentzian product formula was used for individual
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Fig. 4. The C 1 s spectrum of a complex organic sample [36] fit using the
average adventitious carbon spectrum.

Table 5
Average adventitious carbon (C 1 s) fitting parameters from an average of 80
AdC spectra.

Component C-C,C-H C-0 c=0 0-C=0

Position A A+15 A+3 A+ 415

% Area 74.8 14.7 5.1 5.5

FWHM 1.33 1.33 1.33 1.33
Table 6

Atomic percent of carbon associated with adventitious carbon for a mixed
complex organic sample, calculated using various methods.

Atomic % of carbon
from AdC

Description

Calculated according to the known ratio of C:O in sample 28
and survey spectrum

Calculated according to the known ratio of C:N in sample 23
and survey spectrum

Amount according to C 1 s spectrum fit with average AdC 28
spectrum

Applied Surface Science 653 (2024) 159319

peaks (defined as GL(30) in CasaXPS).

For the D-parameter calculation, the C KVV spectrum was smoothed,
then differentiated. The D-parameter is calculated as the kinetic energy
difference between the spectral minimum and maximum of the first
derivative of the carbon Auger peak. For more information on D-
parameter calculations, see Morgan.[15].

2.3. Five-Year Multi-User facility C 1 s spectral Dataset[27]

The present study makes use the dataset from reference [27]. This
dataset was from 1237 samples submitted to a multi-user facility over a
five-year period and was used to explore various types of charge
correction strategies and their effectiveness. Samples are from a broad
range of classes and origins, and a full accounting and description of the
dataset is available in the original publication and its associated sup-
plementary data section. 522 of the samples surveyed used AdC for
charge-referencing purposes. 80 of these samples are used in the
calculation of the average AdC spectrum (Section 3.3). In 117 of these
522 samples where AdC was used for charge referencing, a possible
secondary internal charge reference was also available. These secondary
references were used to assess the deviation of the aliphatic C 1 s signal
from the 284.8 eV standard value used (Section 3.2).

2.4. ToF-SIMS measurements

The samples were examined using an IONTOF (GmbH) TOF-SIMS IV
equipped with a Bi cluster liquid metal ion source using a BiMn emitter.
The base pressure of the analytical chamber was ~ 1 x 10”7 mbar. A
pulsed 25 keV Bij cluster primary ion beam was used to bombard the
sample surface to generate secondary ions. The secondary ions were
extracted from the sample surface, mass separated and detected via a
reflectron-type time-of-flight analyser, allowing parallel detection of
ions having a mass/charge ratio (m/z) up to ~ 900 within each cycle
(100 ps). A pulsed, low energy electron flood was used to neutralise
sample charging. Negative and positive secondary ion mass spectra were
collected at 128 x 128 pixels over an area of at least 130 pm x 130 pm.
The mass resolutions of CoHZ, C4H7, CoH™ and C4H™ were 5491, 6470,
4375, and 5245, respectively.

Spectra were analyzed using the SurfaceLab 7 software (IONTOF
GmbH, Miinster, Germany). The positive ion mass spectra were initially
calibrated using H", CH§ and C3HZ, while negative mass spectra used
H’, CH and C4H'. More peaks were added to the calibration as needed to
achieve more accurate calibration.

Each spectral area was divided into four regions of interest (ROI) to
increase the number of duplications and mitigate geometry effects.
Where geometry was a concern, each ROI was calibrated and processed
separately. Positive ions of interest included CXH}T ions and CXHyO+ ions.
Negative ions of interest included Ci, CyH, and CyHyO; ions. Only
fragments up to seven carbons were considered, as larger fragments had
very little signal.

Principal component analysis (PCA) was performed using NB toolbox
(v. 2.9)[34] run in MatLab version R2019b (The MathWorks Inc.,
Natick, Massachusetts). PCA of positive and negative ions were per-
formed separately. All spectra were normalized to total selected ion
intensity and mean-centered prior to analysis. This means that each ion
intensity was divided by the sum of the total selected ion intensities,
then the column mean was subtracted from each column (forming a
matrix where each column has a mean of zero).[35].

3. Results and discussion
3.1. The D-parameter
The D-parameters of all non-potassium containing samples were

calculated, as the K LMM Auger peak overlaps with the C KVV peak and
interferes with the calculation. An average of two values are reported for
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Fig. 5. Average ToF-SIMS adventitious carbon spectra, displayed as line spectra for clarity purposes, for a) negative and b) positive secondary ions.

each sample. The results of the standards (sputtered graphite and
polyethylene) compared to the adventitious carbon samples are shown
in Table 1.

All adventitious carbon samples had D-parameter values that indi-
cated mostly saturated carbon chains. This is as expected, as adventi-
tious carbon has generally been considered to be composed of mostly
aliphatic hydrocarbons. These results provide concrete evidence of the
alkane-like nature of AdC and disputes past claims of a graphitic char-
acter. Most of the adventitious carbon samples had a slightly higher D-
parameter value than polyethylene, which may be due to the sp? nature
of carbonyl-associated carbons.

In subsequent experiments, sp>-carbon containing substrates were
analyzed before and after ion sputter cleaning via GCIS. As seen in
Table 2, the samples with adventitious carbon on the surface had a lower
D-parameter than cleaned samples. This indicates that adventitious
carbon is decreasing the D-parameter due to its sp>-hybridized nature.
These findings again disprove earlier hypotheses that suggested that
AdC may be comprised of graphitic carbon.[4,28] Figures showing
selected C KVV spectra and C KVV (first derivative) spectra from samples
in Tables 1 and 2 are presented in the supplementary data section (S1
and S2).

3.2. Beta carbon shifts

The traditional adventitious carbon peak fitting model contains four
peaks: aliphatic carbons (C-C, C-H), singly-bonded oxygen functional-
ities (C-0O), carbonyl groups (C = 0), and carboxyl groups (O-C = O).
Each of the carbons associated with these oxygen functionalities may
have one or more beta carbons, which will also have a slight chemical
shift, according to Beamson and Briggs.[33] Note that, in this context,
the alpha carbon is the carbon directly attached to the oxygen, and the
beta carbon is attached to the alpha carbon. For simplicity, these shifted
beta atom peaks are generally not included in AdC XPS fitting. We
present here a new procedure for fitting adventitious carbon that ac-
counts for both alpha and beta shifted carbon atoms.

The model was partially based upon various assumptions about
organic compounds in air that could contribute to the formation of AdC.

Table 3 shows vapour pressure data for various four and five carbon
species. This data, as well as data for six and seven carbon species,
demonstrate two important points: (1) ketones and aldehydes are
approximately equally as volatile, and (2) as molecule size increases,
volatility decreases. Studies on VOCs support the second conclusion, as
they report that concentrations of hydrocarbons in the air generally
decrease as the molecules get larger.[18,19] In general, this limits the
possible amount of beta carbons in volatile organic compounds.

Carboxyl functional groups (organic acids and esters) generally only
have one beta carbon per alpha carbon, so setting the beta peak area
equal to the alpha peak area is appropriate. Formate esters are one
exception to this rule, as they have no beta carbons, but we consider
their contribution as VOCs to be small and neglect their contribution for
simplicity.

Since ketones and aldehydes are approximately equally as likely to
be present in the atmosphere, we took an average of the alpha to beta
carbon ratios as their beta peak area. Ketones have a 1:2 alpha to beta
carbon ratio and aldehydes have a 1:1 ratio, so we determined that 1.5
times the C = O peak area would be suitable.

C-O functionalities have many more possible configurations than the
previous two functional groups. A C-O functionality could have an alpha
to beta carbon ratio of 1:0.5, 1:1, 1:1.5, 1:2, 1:2.5, or 1:3. The exact types
of functionalities that are present will likely depend on the location and
climate of storage,[18] the type of storage container,[16] and other
factors that are highly variable. For the sake of convenience and us-
ability, we decided to use various observations and assumptions about
VOCs and C-O functionalities to choose one factor for the C-O beta peak
area. It is important to note that it is much less important for this peak
area to be exact, as it has a much smaller chemical shift than C*-C = O
and C*-(C = 0)-O and, therefore, it has less of an impact on the shift of
the C-C/C-H peak position (note C* is the beta C).

Fig. 1 illustrates all of the possible functional group combinations
that we considered when creating this model. The most prominent
observation is that compounds with more beta carbons per alpha carbon
must contain more carbon atoms. For example, a 1:3 ratio of alpha to
beta carbons contains, at a minimum, four carbon atoms. As stated
earlier, the likelihood of these compounds being present in air decreases
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Table 7
Ion fragments (nominal mass and percent of total selected ions) for the average
(140 spectra from 13 samples) ToF-SIMS adventitious carbon spectra for a)
negative ions and b) positive ions.

a)

Negative Ion

Nominal Mass (u) % Total Selected Ion

C 12 8.5
CH™ 13 24.3
Cz 24 9.1
CoH™ 25 33.8
CHO™ 29 0.1
CH30™ 31 0.1
C3 36 2.0
CsH™ 37 1.7
C,HO™ 41 6.0
CxH30™ 43 2.9
Cs 48 1.9
C4H 49 5.3
C,H305 59 0.8
Cs 60 0.9
CsH 61 0.8
Cs 72 0.5
CeH™ 73 1.6
All above ions - 100
b)

Positive Ion Nominal Mass (u) % Total Selected Ion
CHj 15 2.2
CoH3 27 12.2
CHO™ 29 1.5
CoHe 29 11.1
CH30" 31 0.9
C3H3 39 9.3
C3HE 41 19.6
CoH30" 43 4.8
C3H7 43 10.4
CoHs0™ 45 1.4
C4H: 53 3.6
C3H30™ 55 2.0
C4HF 55 9.0
C4HS 57 3.7
C3H,0* 59 0.2
CsHy 67 2.0
CsHg 69 2.4
CsHi, 71 0.8
CeHy 79 1.6
CeHg 81 1.3
All above ions - 100

significantly as molecule size increases. Groups with two or three beta
carbons per alpha carbon are, therefore, less available to deposit on the
surface. Given this information, it is likely that an area constraint of less
then two beta carbons to one alpha (C-O) carbon is applicable.

Testing was carried out with 1:1, 1:1.25, and 1:1.5 ratios using test
data from reference 27. Adventitious carbon spectra were fit with each
set of fitting parameters and secondary checks were performed. All C-C/
C-H peaks had very similar shifts from 284.8 eV as a standard aliphatic
peak position (on average 0.02, 0.01, and 0.00 eV respectively). Further
results from this process will be discussed later in this section. During
this experiment, a factor of 1.5 would, in rare cases where the amount of
C-O functionality was large, cause the C-C peak to disappear entirely.
While this could be possible in some cases, this is likely not an accurate
depiction of most adventitious carbon samples, as one would expect at
least some number of hydrocarbons on the surface due to their relative
abundance in the atmosphere. Also, given the number of examples in
Fig. 1 that have a larger number of beta carbons per alpha carbon, it is
unlikely that 1:1 would be the most accurate ratio. Therefore, a factor of
1.25 times the C-O peak area was chosen.

Table 4 describes the procedure used to fit adventitious carbon with
both alpha and beta carbons. While using this procedure is not abso-
lutely necessary, one may desire to use it if they are trying to remove as
much error as possible in the position of the aliphatic peak.

The amount of error introduced by neglecting beta shifts can be

Applied Surface Science 653 (2024) 159319

0.3+ a)

© S
N [N}
! h

PC 2 (17% of variance)
o
o

05 -04 -03 -02 -01 00 01 02 03
PC 1 (56% of variance)
0.37 b)

e ©
= N
’ h

PC 2 (12% of variance)
o
2

'

o

-
1

.05 -04 03 02 01 00 01 02 03
PC 1 (75% of variance)

Aluminum Oxide Aluminum Foil Boron Powder Brown Glass Vial
Glazed Ceramic Unglazed Ceramic Clear Glass Vial Copper
~——— Iron Powder Silicon Wafer Clear Glass Test Tube —— Tin Titanium

Fig. 6. Plots of scores for the first two principal components for a) positive ions
and b) negative ions with circles showing a 95% confidence interval for each set
of samples.

cPs
g
8
1

% T ' T ¥ T % T X 1
292 290 288 286 284 282
Binding Energy (eV)

Fig. 7. C1 s spectrum of adventitious carbon on titanium metal (with a passive
titanium oxide film).

significant. Simulated AdC spectra were created based on real and
plausible ratios of oxygen functionalities. When allowing the C-C peak
to remain at 284.8 eV, the position of the main spectra peak maximum
was seen to shift up to 0.2 eV or more (illustrated in Fig. 2). This
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observed shift likely accounts for some of the range of error noted in the
previous work.[27].

The magnitude of the main peak shift appears to mainly depend on
the amount of oxygen functionality overall. We created simulated
spectra where the percentage of hydrocarbon remained the same and the
ratios of the oxygen functionalities were changed. The C-C/C-H peak
was positioned at 284.8 eV. In these experiments, the amount that the
main peak maximum of the C 1 s spectrum shifted was very similar
amongst samples with the same percentage of hydrocarbon, regardless
of types of oxygen functionalities. The average main peak maximum of
the simulated adventitious carbon with 10 %, 20 %, and 30 % oxygen-
functionalized carbon was positioned at 284.84 eV, 284.88 eV, and
284.92 eV respectively. These values had very small standard deviations
(less than 0.01 eV). One interesting observation regarding this data is
that the shift appears to increase by approximately 0.04 eV each time 10
% more oxygen is added.

An adventitious carbon sample that has a higher percentage of hy-
drocarbon contribution can still have a significant shift in the main peak
if it has a large proportion of C = O and O-C = O functionalities, as these
beta carbons have a larger chemical shift (0.4 eV) than C-O beta carbons
(0.2 eV). Unusually high amounts of C = O functionalities in particular
can affect the peak position drastically, as the C = O beta peak is shifted
more than the C-O beta peak and it has a larger ratio of beta to alpha
carbons than the C-O and O-C = O beta peaks. Large amounts of O-C = O
functionalities can also impact magnitude of shift for similar reasons.

This beta carbon peak model was tested on 117 samples with high-
resolution XPS data acquired at Surface Science Western (SSW) at The
University of Western Ontario (Western University) over a 5 year period
from January 1, 2017 to December 31, 2021 (same data set as reference
[27]). These samples were fit with the beta peak fitting model and
charge corrected to an internal reference, such as a metallic peak, other
conductive or semiconductive species, or other well-defined component.
The position of the aliphatic C 1 s peak was recorded for each sample to
determine its position relative to 284.8 eV.

On average, the aliphatic (C-C, C-H) peak was found to be posi-
tioned at 284.81 eV when using this method. This shift of 0.01 eV from
the expected value of 284.8 €V is less than the error in the calibration of
the spectrometer (+/- 0.025 eV). When compared to previous calcula-
tions using the traditional fitting method, which found an average shift
of 0.11 eV,[27] this model provides an improvement in the deviation of
the peak position. This fine-tuning of the position of the hydrocarbon
peak allows for increased precision in charge referencing in AdC and this
evidence should ease concerns that the position of the aliphatic peak
position has been arbitrarily chosen, as it has now been cross-referenced
using samples with internal secondary references. The generally
accepted choice of using 284.8 eV for the aliphatic carbon position of
AdC for charge correction purposes is valid.

The standard deviation of the peak position remains at 0.25 eV using
this method for these 117 samples. As stated in reference [27], a portion
of this deviation is likely due to the internal references themselves.
While some internal references are well established with precisely
known binding energies, others are less well known or complicated by
contamination. The average calculated error of the internal references
from reference [27] was 0.14 eV, with a median of 0.10 eV, a minimum
of 0.025 eV, and a maximum of 0.7 eV. There are also small standard
deviations associated with the beta carbon chemical shifts themselves.
These are approximately 0.07 eV for the C*-C = O peak and 0.06 eV for
the C*-(C = 0)-O peak (due to the data available in Beamson and Briggs’
XPS Polymer Handbook, we were unable to calculate a standard devi-
ation for the C*-C-O peak). These various errors/standard deviations
likely account for much of the error seen in our beta peak fitting model
and in the standard fitting model from reference [27]. Other deviations
in the positioning of the AdC C 1 s peak can be caused by the substrate
and include work function effects and vacuum level (VL) alignment ef-
fects.[9].
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3.3. Average adventitious carbon spectra

An average adventitious carbon spectrum was created by normal-
izing and aligning the binding energy axes of 80 adventitious carbon
spectra from various material classes (same dataset as used in reference
[27]) and averaging each point. The main peak of each spectrum was set
to 284.8 eV, following the traditional fitting parameters for adventitious
carbon. The average was determined to be reached when the spectral
envelope did not significantly change with the addition of 10 more
spectra. The result of this process is shown in Fig. 3 and Table 5.

One additional point noted from the average AdC C 1 s spectrum and
from inspection of AdC spectra in general is the noted lack of any shake-
up structures being present. If any significant alkene or aromatic func-
tionality was present these structures would also need to be seen,
generally in the 290 eV to 293 eV range. C = O functionality has
generally weaker shake-up structures and is usually not seen as they are
lost in the inelastic loss structure above the C 1 s region (e.g. for poly
(vinyl methyl ketone) the shake-up structure is around 299 eV to 301
eV).[33].

These fitting parameters (Table 5) can be used to separate the con-
tributions of adventitious and intrinsic carbon to the C 1 s spectrum.
Fig. 4 shows an example of this, with a complex organic sample con-
taining N-heterocyclic carbenes (NHC). The sources of carbon in this
sample are an intermediate NHC, an end product NHC, and adventitious
carbon. The presence of AdC made it difficult to determine the amount
of each organic product from the C 1 s spectrum. Peak fitting compo-
nents (area ratios, peak B.E. positions, FWHM) were developed for each
of the intermediate and end product NHCs using their known chemis-
tries. Peak positions for these were based on binding energies from a
survey of similar functional groups. When the average adventitious
carbon fitting was applied to the spectrum, it was possible to determine
which portion of the spectrum originated from the sample as opposed to
AdC. The amounts of AdC carbon versus the amount of NHC related
carbon derived from the fitted C 1 s spectrum matched that of calcula-
tions of the amount of AdC derived from the survey spectrum data (N:C
or O:C ratios) and the chemistry of the NHC compounds (see Table 6),
showing that this is an effective tool for the XPS analysis of organic
materials.[36].

As with XPS, an average adventitious carbon spectrum was created
for ToF-SIMS (140 spectra total from 13 separate samples). This was
done in a similar fashion to the XPS spectrum. The data was normalized
to total selected ion counts (i.e. total counts for AdC ion fragments).
Fig. 5 and Table 7 show the results of this process. These spectra can be
used in a similar way to the XPS spectrum seen above.

The major hydrocarbon CXH; ions at m/z 29 (CoHZ), 41 (CsH2), 43
(CsH7) and 55 (C4H7) have the same nominal m/z values as CHO™,
CoHO™, CoH30™ and C3H30™. In S3 we show their spectra in expanded
scales[37] for three different samples (Al foil, Cu sheet and Si wafer as
examples) to show that the two types of ions with same nominal m/z
values are well separated. We include in Fig. 5 and Table 7 peaks for
CHO™, CoH30™, and C3HsO ™" at m/z 29, 43, and 55 to account for their
overlapping contributions with those of C,HZ, CsH7, and C4H7,
respectively. The amount of C;HO™ (m/z 41) seen in the AdC spectrum is
negligible.

One additional takeaway from these average adventitious carbon
spectra is further evidence that adventitious carbon is not graphitic in
nature. Generally, the negative ion spectrum of graphite has C; frag-
ments that have approximately equal or greater intensity than their
corresponding Cp,H™ fragments,[38] due to graphite’s low hydrogen
content. This is not seen in our ToF-SIMS adventitious carbon spectra. In
fact, the fragmentation pattern of the adventitious carbon spectra aligns
more with that of a polymer (e.g. polyethylene, polypropylene) which
always show a greater C,H™ intensity than Cj.[39] This observation is
consistent with our findings through XPS.
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3.4. Principal component analysis of adventitious carbon ion fragments

Principal component analysis was performed separately on the pos-
itive and negative ion peak areas of adventitious carbon samples. In both
cases, the first two PCs captured the majority of the variance in the
dataset (73 % for positive ions, 68 % for negative ions). Fig. 6 shows the
scores of these analyses with a 95 % confidence circle around each
sample.

The positive PCA analysis shows many similarities in the adventi-
tious carbon samples, as seen by the excessive overlap of the samples.
This is expected, as most adventitious carbon is assumed to be similar.
One interesting outlier is titanium-grown adventitious carbon (note
sample surface is a passive titanium oxide film), which is situated in the
upper right quadrant with no overlap with any other samples. This in-
dicates that it is significantly different from the rest of the samples. We
see this difference in the C 1 s XPS spectra as well, which have a very
large carboxyl peak compared to other samples, as seen in Fig. 7. This
extreme deviation from the normal composition of AdC suggests that
this sample may not contain entirely adventitious carbon, some chem-
istry may have occurred between the carbon and the surface, or there is
some preferential absorption of carboxyl containing species to this sur-
face. In fact, it has been reported that TiOs selectively adsorbs carboxylic
acid from air, while repelling other chemicals such as alcohols.[40]
Other work showing large carboxyl peaks due to the presence of TiO,
include a Au/TiO; catalyst,[41] sputtered TiO5 thin films[42] and air-
exposed Ti surfaces with obvious oxide films.[9] At the same time, the
C 1 s spectrum of adventitious carbon for a titanium-based alloy (Ti-6AL-
4 V) exposed to air may well have a shape characteristic of the average
adventitious carbon C 1 s spectrum.[43] Reference [9] also shows
similar carboxyl (and possibly carbonate) accumulation in the oxides of
zirconium, manganese and yttrium. XPS users should be wary of an
unusual shape of the adventitious carbon C 1 s peak and identify when
there may be additional chemistries appearing.

The negative ion PCA conveys largely the same information. There
does not appear to be any specific correlations or groupings between
AdC on different material types. There are some samples that contain
replicates with vastly different scores. This is likely due to the inevitable
geometry effects associated with these samples, but this does not affect
the conclusion substantially as they are still largely overlapping.

These results prove the general consistency of adventitious carbon
for the samples selected for this study. Although it may differ slightly
between surfaces, its chemistry is largely similar across samples.

4. Conclusions

As XPS becomes an increasingly popular method of sample charac-
terization for many different types of chemistry, it is important to re-
evaluate methodologies and prove the accuracy of the technique. This
paper has advanced this endeavour from various angles, including
investigating the chemical nature and origin of adventitious carbon.
There are several important takeaways from this case study involving
samples analyzed in our facility, including:

1) The observations from the D-parameter results and analysis of ToF-
SIMS spectra confirms that AdC is not graphitic in nature. It is not
appropriate to assign AdC a peak position of 284.5 eV, the binding
energy of graphitic carbon. AdC is mainly aliphatic in nature.

2) An AdC fitting method that considers contributions from beta car-
bons was created to address one potential source of error in the
charge referencing technique. This model was informed by vapour
pressures and chemical configurations of various (mainly aliphatic)
VOCs, which we believe is the most common source of AdC. Using
this method, the average C-C/C-H AdC peak position was shown to
be 284.81 eV (+/- 0.25 eV) via verification with a secondary internal
reference. This is an improvement from previous work, which
showed an average aliphatic peak position of 284.91 eV (+/-0.25
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eV).[27] These findings indicate that, in order to be as accurate as
possible, XPS users may wish to use the beta peak model to fit their C
1 s spectrum and charge correct the C-C/C-H peak position (as
opposed to the main AdC peak maximum) to 284.8 eV. XPS literature
B.E. accuracy may be improved if the XPS community coordinated to
use this model as the standard for AdC charge referencing.
3) A presented average AdC spectrum is useful in the analysis of com-
plex organic systems, as shown through peak fitting models of a real-
world sample. This average spectrum can be used to deconvolute C 1
s high resolution spectra of organic materials where removal of
surface adventitious carbon is not feasible. On average, ~ 25 % of the
carbon species in AdC is directly associated with oxygen
functionality.
Principal component analysis performed on ToF-SIMS spectra of AdC
showed very little difference between AdC samples on various sur-
faces. Importantly, there was no grouping of material classes (e.g.
metals, glasses, semi-conductors, powders, etc.). These results should
mitigate concern that deposition of AdC on different surfaces will
significantly affect the accuracy of this charge referencing practice.
Average AdC ToF-SIMS spectra were also presented.
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