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Correspondence Table for the samples

In the supplementary material IBA report the samples with the numbers in the table
corresponds to the samples used for the research work of the manuscript.

Reference number on the supplementary CH4 flow on the manuscript (sccm)

report
24 10
22 15
18 20
20 25
19 30
21 40

Samples and Purpose of Analysis

They are a selection of tribological DLC films on steel and on Si, unworn. We wish to
determine the H content.

A Preliminary Report was with fits for a 3045 keV beam at normal incidence. The
present Report completes the analysis for data (including ERD data) at glancing incidence
and 4315 keV. The previous normal incidence analysis approximately determined the
sample structure; this glancing incidence analysis crucially gives the H content (in the
near-surface region) and also gives a direct signal for the surface C. This analysis starts
from and includes the normal incidence 3 MeV analysis.

A second preliminary Report with (rough) fits for all the samples. In this analysis the
data were fitted and then corrected using the misfit for the H signal for the correction
factor. Manuel Evaristo responded with comments on samples ##18-24 (a set labelled
"sample Coimbra"). This demonstrated that the method for correction was flawed and
needed re-doing.

In this Report the "Coimbra" set of 7 samples is re-fitted in detail. For this set we can
use a single structure file which must include oxygen since O is directly visible for all the
samples. We also insist that the fits to the H signal are "good" and also that the general fits
in the particle spectra for the other matrix elements are also "good" (not the case for
Report2!).
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Sample#18: 4MeV (75° incidence, ~75° exit) small particle detector (172° scattering).
Strongly non-Rutherford C signal is shown in green. The large particle detector has a
similarly strong C signal. This strongly determines the C:W ratio in the films.

First the fits to the particle spectra are shown, with the PIXE fits following. There are
5 particle spectra, one for each of the backscattering detectors at both energies (4 spectra)
and the ERD detector at the high energy. There are (usually) two PIXE spectra: one for
each energy.

Then the H (ERD) fits are shown separately. This is really a repeat of the first data,
but the H spectra are hard to see in the plots with 5 spectra (and fits). It can be seen that
some of the fits are rather poor.

Then fitted profiles are shown for each sample. This is the basis of the report. Finding
a structure that is reasonably consistent with the data is essential for interpreting the ERD
spectra. These profiles should be looked at carefully to see if they are feasible, given
the existing knowledge of the samples, and whether they are credible. They are
determined only from the particle and X-ray data (assuming almost nothing about the
samples: see below) and they contain a wealth of information. Some of this information
may be useful, and some may be surprising. There is also further detailed information in
the analysis which is not shown in the Report. Accessing this further information is easy
in principle.

The ordinate for the fitted profiles is given in absolute thin film units: g/cm?. This is
because I do not have a reliable value for the densities of many of these materials. Given
the density (g/cc), the linear thickness follows immediately.

The fits were all done assuming that each sample had H bound to C in a constant ratio.
That is, the spectra for each sample were fitted with a logical element (a molecule!) CH.
where z was a fitting parameter. The fit displayed show that this is usually a good
assumption, but some of the data is not consistent with this assumption. If necessary we
can refit these spectra relaxing this very strong assumption imposed on the data.

Given a good fit to the H signal, the absolute (systematic) uncertainty is dominated
by the ERD calibration accuracy, which I estimate as ~8%, see [1]. However, the fits to the
H signal are not that good, and this is despite repeated fitting. The misfit factor is given
in Table 1. A full multiparameter fit is being made on all seven spectra (five particle and
2 photon) and the fitting code is harmonising all the spectra. So, for example, in #18 the
Cr layer thickness is fitted well by the B detector at normal incidence (spectrum#5) but
apparently overestimated at tilted incidence (spectrum#2). I have not yet found the origin
of these inconsistencies.
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Table S1. Misfit factor for H signal.

Sample Data/Fit
18 0.91
19 0.81
20 0.98
21 0.86
22 0.97
23 0.97
24 1.06

Conclusions

Results for the film stoichiometry (including H content) and thickness are
summarised for the whole dataset in Table 52 (p.5).

The fits were all done assuming that each sample had Hbound to C in a constant ratio.
That is, the spectra for each sample were fitted with a logical element (a molecule!) CH.
where z was a fitting parameter. The fit displayed show that this is usually a good
assumption, but some of the whole dataset is not consistent with this assumption,
although these seven samples are reasonably consistent.

The H signal is clearly not always fitted well, and Table 1 shows the misfit factor.
This must represent the fitting uncertainty in some way, but all the data should be taken
together. Therefore the Table 2 results should be preferred, with Table 1 suggesting a
possible 10% uncertainty on the fitting.

Analysis

For each sample, for the higher energy (4315 keV), only grazing beam incidence
spectra were collected on four detectors (2 particle backscattering, one PIXE, one particle
forward recoil for the H ERD signal). Normal incidence spectra were collected for the
lower energy (3045 keV) on three detectors (2 particle backscattering, one PIXE). Thus
there are (usually) seven spectra per sample.

The 3 MeV particle spectra have high sensitivity to O near the surface (through the
160( )0 resonance at 3038 keV) and the 4.3 MeV spectra have high sensitivity to C near
the surface (through the 2C(  )2C resonance at 4260 keV). The films are quite thick, so
the high energy is needed to see the H profile in most of the thickness.

NDFv9.4e (17t Jan 2012) was used to fit the data [2].

EBS (non-Rutherford) scattering cross-sections are taken from IBANDL (http://www-
nds.iaea.org/ibandl/ and see [3].

SigmaCalc “http://www-nds.iaea.org/sigmacalc/” and [4] is used for evaluated cross-
sections (H, C, N, O, Si etc). NDFv9.3e and above implements interpolation of tables
derived from SigmaCalc.

SRIM 2003 [5] stopping powers were used. For PIXE only SRIM 2000 stopping was
available.

The pulse pileup calculation in NDF uses either the algorithm of Wielopolski &
Gardner [6] or that of Molodtsov & Gurbich The MG algorithm takes proper account of
tail pileup without the parabolic pulse shape [7] approximation of the WG algorithm. It is
significantly better in higher count rate applications where the pulse loss from large
signals is significantly underestimated by WG.

The pulse height defect for the Si particle detectors was calculated using [8].

Roughness (layer thickness variation) was present in all these samples. This is fitted
using the algorithm of Barradas [9].

EBS cross-sections

Results
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(For experimental setup and detailed results and discussion, please refer to the Ap-
pendix).

Table S2. C/H ratio for all samples, from fitted data.

Sample February Report March Report

C(1-x) C(-x) Fitted Film
Hix C H Hx C H W Ar O Cr C H W  Ar Thickness
fitted fr(?m from fitted from fit DLC:W Cr

X fit data x
% TFU TFU % TFU TFU TFU TFU TFU TFU at% at% at% at% at% mg/cm”2 nm
18  28.0 8865 4309 304 8531 3726 566 132 198 2241 64.9% 28.3% 4.3% 1.00% 1.5% 0.363 269
19 312 8769 4804 324 8615 4129 465 27 170 2545 64.3% 30.8% 3.5% 0.20% 1.3% 0.327 306
20 375 7662 5296 30.8 8536 3799 527 59 116 2288 65.5% 29.1% 4.0% 0.45% 0.9% 0.344 275
21 365 8992 6525 319 9136 4279 406 5 201 2384 65.1% 30.5% 2.9% 0.04% 1.4% 0319 286
22 340 6953 4003 28.8 8243 3334 576 187 194 2352 65.8% 26.6% 4.6% 1.50% 1.5% 0.363 282
23 375 9224 6997 328 9951 4857 303 5 597 2304 63.3% 30.9% 1.9% 0.03% 3.8% 0.315 277
24 193 8002 5147 28.7 7934 3194 609 191 169 2195 65.6% 26.4% 5.0% 1.58% 1.4% 0.366 264

APPENDIX

Depth Profiling by Ion Beam Analysis

This work was done using a 2MV Tandetron accelerator from High Voltage Engi-
neering Europe, commissioned summer 2002 at the University of Surrey lon Beam Centre.
This machine is capable of generating proton beams up to 4MeV and alpha particle beams
of up to 6MeV [10].

Rutherford backscattering spectrometry (RBS) is an accurate, powerful and general
thin film depth profiling technique typically carried out with 2 MeV He beams. Higher
energy and proton beams are typically used for depth profiling thicker films, and for en-
hancing sensitivity to light elements with non-Rutherford elastic backscattering (EBS).
Hydrogen can be depth profiled using elastic forward recoil spectrometry (FRS, also
known as ERD: elastic recoil detection). Deuterium can also be depth profiled using nu-
clear reaction analysis (NRA) with a SHe beam. Particle induced X-ray emission (PIXE)
has little depth resolution but can unambiguously identify elements and analyse for trace
elements with detection limits approaching pg/g. Particle induced gamma-ray emission
(PIGE) is a form of NRA particularly valuable for lighter elements present in bulk materi-
als at a trace level: F, Na, Al, Si.

The depth profiling beamline is equipped with a 6-movement goniometer from Arun
Microelectronics Ltd, commissioned autumn 2002. This instrument is capable of loading
entire 100mm wafers through a load lock, of channelling in arbitrary directions on a single
crystal, and of high depth resolution (glancing beam incidence geometry). Both backscat-
tering and forward recoil detectors are fitted. The target chamber has a base vacuum be-
low 1 nbar.

The microbeam beamline was commissioned summer 2002. It has a magnetic quad-
rupole triplet lens and associated equipment from Oxford Microbeams Ltd, and can focus
the beam to about 1 micron. The beam can be scanned over about 2mm giving trace and
minor element mapping with PIXE and 3D depth profiling with RBS/EBS using the
OMDAC and DANB32 software [11] (which is based on the GUPIX code [12]. Various sam-
ple stages are available including a cold stage, a goniometer, and a stage suitable for ion
beam induced current (IBIC).

The external beamline was commissioned May 2004 and also has a magnetic quad-
rupole triplet with a thin window so that a focussed and scanned ion beam can be passed
into air to analyse large, delicate or wet samples by PIXE, RBS/EBS and PIGE.
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Depth profiles can be extracted automatically from RBS, EBS, ERD and NRA spectra
using the Surrey IBA DataFurnace software [13] (http://www.surreyibc.ac.uk/ndf). We
have validated the accuracy of this code against a certified standard sample [14]. The code
is also validated by an international intercomparison [15]. DataFurnace v9 [2], can also
now handle PIXE data (with other IBA data) self-consistently [16] and more correctly than
GUPIX.

Where the DataFurnace fit is good the fitted profile is valid (but not necessarily true!).
In the analyses we will point out the limitations of the results due to counting statistics,
finite energy and depth resolution, and other systematic errors. Profiles are always given
as layer structures. We systematically use Occam’s Razor ("minimise your assumptions")
to be objective about how much information is really in the data: in particular the extracted
layer structures tend to be as coarse as the data will allow, and the discontinuous profiles
we always show are due to the finite energy and depth resolution of the technique and
can be seen as an expression of these.

Complete data sets are archived and can be re-analysed on request. In particular, a
rigorous statistical evaluation of the uncertainty of the depth profiles can be obtained with
the Bayesian techniques natural to the DataFurnace implementation. We have an interest
in accurate work with rigorous evaluation of uncertainties, and are always interested in
joint publication.

Dr.Chris Jeynes, University of Surrey Ion Beam Centre Guildford, GU2 7XH
c.jeynes@surrey.ac.uk: www.surreyibc.ac.uk
tel: 01483 689829 (Mrs.Karen Arthur: 01483 686090) July 2009

Samples and Purpose of Analysis

Samples arrived 14* November 2011 with Manuel Evaristo. They are a selection of
tribological DLC films on steel and on Si, unworn. We wish to determine the H content.

A Preliminary Report was sent 6t December 2011 with fits for a 3045 keV beam at
normal incidence. The present Report completes the analysis for data (including ERD data)
at glancing incidence and 4315 keV. The previous normal incidence analysis approxi-
mately determined the sample structure; this glancing incidence analysis crucially gives
the H content (in the near-surface region) and also gives a direct signal for the surface C.
This analysis starts from and includes the normal incidence 3 MeV analysis.

A second preliminary Report was sent 2" February 2012 with (rough) fits for all the
samples. In this analysis the data were fitted and then corrected using the misfit for the H
signal for the correction factor. Manuel Evaristo responded with comments on samples
##18-24 (a set labelled "sample Coimbra"). This demonstrated that the method for correc-
tion was flawed and needed re-doing.

In this Report the "Coimbra" set of 7 samples is re-fitted in detail. For this set we can
use a single structure file which must include oxygen since O is directly visible for all the
samples. We also insist that the fits to the H signal are good and also that the general fits
in the particle spectra for the other matrix elements are also good (not the case for Re-
port2!).

Analytical Conditions

3.045 MeV 4He*, 16t November 2011. The beam current was 1 - 8 nA, nominal beam
size Imm.

4315 keV “He*, 17t November 2011. The beam current was ~10 nA (5 pnA, particle
nA, since beam is doubly charged) nominal beam size Imm. At glancing incidence the
footprint of the beam on the sample was ~4x1 mm. Some samples had to be oriented under
the beam for the beam to fall squarely on the sample. For example, #32 had =0° and #29
had =117°. The goniometer had a Z stage (movement 5mm) to bring the eucentric point
into the sample surface, but the goniometer alignment was not sufficiently precise to allow
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completely automatic operation. For each sample the location of the beam was verified
visually, using the beamline beam-location laser, adjusting manually as necessary.

Detector scattering angle 172.8° (RBS detector A, Cornell geometry), 148.6 (RBS de-
tector B, IBM geometry), 30.75° (ERD detector C, IBM geometry), solid angles 1.2, 6.5,
1.25 msr for detectors A, B, C respectively.

The PIXE detector was at 60° to the beam, with a solid angle 1 msr and a 146 m Be
filter.

Beam incident in a near-normal direction, and at glancing incidence (75°) for ERD
(exit angles, A~75°, B~45°, C~75°). The ERD range foil was 32 m Kapton (4 * 8 m foils),
that is, (C22H100sN2) with 279135 TFU or 4.544 mg/cm? at 1.42g/cc.

32 samples were loaded. Samples held by clips, except the large metals discs which
were held by carbon tape. Samples ##33 & 34 are AuNiSiO2/Si calibration samples, #35 is
the kapton sample for calibrating ERD, and #36 is the glass for visualising the beam.

See Table 1 for the numbering of the samples.
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Ln(Counts)

Calibration

= calf0301.data

= calf0302.data

— calf0303.fit

7= V — =
Channel 200
Scheme 22. Hi1005N2) at glancing incidence for all three detectors A, B, C at 4315 keV “He*. This
determines the solid angle ratio C/A and C/B.

Note all of C, O, N, H are strongly non-Rutherford. Note also the pronounced reso-
nance for C. The ERD signal is fitted using 260000 TFU foil equivalent thickness (deter-
mined from a previous analysis) and an appropriate amplifier gain to fix the keV/ch.

PIXE calibration the same as for Report#1.

Results: Fits of particle spectra

We give, for 7 of 32 samples, the plot of all the particle spectra fitted

Sample 1. Spectra##1,2 are A & B detectors, 4315 keV glancing incidence; Spectrum#3
is ERD detector, 4315 keV glancing incidence; Spectra##4,5 are A & B detectors, 3045 keV
normal incidence. These are all fitted (together with the PIXE spectra) self-consistently.

Sample 2

Sample 3

Sample 4

Sample 5

Sample 6

Sample 7

Sample 8

Sample 9

Sample 10

Sample 11

Sample 12

Sample 13

Sample 14

Sample 15

Sample 16

Sample 17
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Sample 18
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5
r2f1904.fit
100

r2f2001.data
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m r2f2002.data
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S
o
Q r2f2003.fit
5
r2f2004.fit
0—" T [ " i L
0 Channel 100

Sample 20
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- 12f2102.data
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— r2f2103.fit

— r2f2104 fit

Sample 21

=

L
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™
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k

= r2f2201.data
— r2f2201.fit
a 12f2202.data
— r2f2202.fit

— r2f2203.fit

— 122204 fit

O—l" T
0

Sample 22

Ln(Counts)

Cha'nnel

e r2f2301.data
— r2f2301.fit
a r2f2302.data
— r2f2302.fit
— r2f2303.fit

— r2f2304.fit

Sample 23

Cha'nnel
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= r2f2401.data

a r2f2402.data

— r2f2403.fit

Ln{Counts)

— r2f2404 fit

Sample 24
Sample 25
Sample 26
Sample 27
Sample 28
Sample 29
Sample 30
Sample 31
Sample 32

Results: PIXE fitsSample 1: 3 MeV normal incidence, 60° exit

Sample 1: 4 MeV glancing incidence, near-normal exit.
Sample 2: 3 MeV normal incidence, 60° exit

Sample 2: 4 MeV glancing incidence, near-normal exit.
Sample 3: 3 MeV normal incidence, 60° exit

Sample 4: 3 MeV normal incidence, 60° exit

Sample 4: 4 MeV glancing incidence, near-normal exit.
Sample 5: 3 MeV normal incidence, 60° exit

Sample 5: 4 MeV glancing incidence, near-normal exit.
Sample 6: 3 MeV normal incidence, 60° exit

Sample 6: 4 MeV glancing incidence, near-normal exit.
Sample 7: 3 MeV normal incidence, 60° exit

Sample 7: 4 MeV glancing incidence, near-normal exit.
Sample 8: 3 MeV normal incidence, 60° exit

Sample 8: 4 MeV glancing incidence, near-normal exit.
Sample 9: 3 MeV normal incidence, 60° exit

Sample 9: 4 MeV glancing incidence, near-normal exit.
Sample 10: 3 MeV normal incidence, 60° exit

Sample 10: 4 MeV glancing incidence, near-normal exit.
Sample 11: 3 MeV normal incidence, 60° exit

Sample 11: 4 MeV glancing incidence, near-normal exit.
Sample 12: 3 MeV normal incidence, 60° exit

Sample 13: 3 MeV normal incidence, 60° exit

Sample 13: 4 MeV glancing incidence, near-normal exit.
Sample 14: 3 MeV normal incidence, 60° exit

Sample 14: 4 MeV glancing incidence, near-normal exit.
Sample 15: 3 MeV normal incidence, 60° exit

Sample 15: 4 MeV glancing incidence, near-normal exit.
Sample 16: 3 MeV normal incidence, 60° exit
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Sample 16: 4 MeV glancing incidence, near-normal exit.
Sample 17: 3 MeV normal incidence, 60° exit
Sample 17: 4 MeV glancing incidence, near-normal exit.

B Expt
UL — i
ok
ok
SE e
[ I . T I 1
1 Log(Line Area) 14610
Sample 18: 3 MeV normal incidence, 60° exit
W Eupt
0L — is
SE I sss==_==_=_=—_—ww
[ I . T I 1
1 Log(Line Area) 17750
Sample 18: 4 MeV glancing incidence, near-normal exit.
]
UL — =hi
.
k.
SE e —
[ I . T I 1
1 Log(Line Area) 20054
Sample 19: 3 MeV normal incidence, 60° exit
B Expnt
0L — i
- |
ok
SE e —
| ! . I ! 1
1 Log(Line Area) 28160

Sample 19: 4 MeV glancing incidence, near-normal exit.
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1 Log(Line Area) 205423
Sample 20: 3 MeV normal incidence, 60° exit
B Eunt
WL ] Fitp
ak
...~
SiK I —
[ I . T I 1
1 Log(Line Area) 13841
Sample 20: 4 MeV glancing incidence, near-normal exit.
|
I — =h
ok
SiK I —
[ I . T I 1
1 Log(Line Area) 29232.7
Sample 21: 3 MeV normal incidence, 60° exit
|
L —— =h
ok
SiK -
[ I . T I 1
1 Log(Line Area) 18828

Sample 21: 4 MeV glancing incidence, near-normal exit.
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1 Log(Line Area) 16945
Sample 22: 3 MeV normal incidence, 60° exit
B Eunt
WL ] Fitp
ak
...
SiK s —
[ I . T I 1
1 Log(Line Area) 26188
Sample 22: 4 MeV glancing incidence, near-normal exit.
|
WL — =h
ok e,
SiK S —
[ I . T I 1
1 Log(Line Area) 254436
Sample 23: 3 MeV normal incidence, 60° exit
|
o E—— o R
S
ok e
SiK -
[ I . T I 1
1 Log(Line Area) 14298

Sample 23: 4 MeV glancing incidence, near-normal exit.
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B Expt
WL 1 O i
ok B
SiE S —
| | L | |
1 Log(Line Area) 140435
Sample 24: 3 MeV normal incidence, 60° exit
W Eupt
WL 1 Ei
wx B
cx B
SiE e —
| | AL |
1 Log(Line Area) 188291
Sample 24: 4 MeV glancing incidence, near-normal exit.
Sample 25: 3 MeV normal incidence, 60° exit
Sample 25: 4 MeV glancing incidence, near-normal exit.
Sample 26: 3 MeV normal incidence, 60° exit
Sample 26: 4 MeV glancing incidence, near-normal exit.
Sample 27: 3 MeV normal incidence, 60° exit

Sample 27: 4 MeV glancing incidence, near-normal exit.

Sample 28
Sample 28
Sample 29
Sample 29
Sample 30
Sample 30
Sample 31
Sample 32

Sample 1:
Sample 2:
Sample 3:
Sample 4:
Sample 5:
Sample 6:
Sample 7:
Sample 8:
Sample 9:

Sample 10:
Sample 11:
Sample 12:
Sample 13:
Sample 14:
Sample 15:
Sample 16:

: 3 MeV normal incidence, 60° exit

: 4 MeV glancing incidence, near-normal exit.

: 3 MeV normal incidence, 60° exit

: 4 MeV glancing incidence, near-normal exit.

: 3 MeV normal incidence, 60° exit

: 4 MeV glancing incidence, near-normal exit.

: 3 MeV normal incidence, 60° exit
: 3 MeV normal incidence, 60° exit

ERD spectra (H signal) and fit. CaoHx
ERD spectra (H signal) and fit. Ca-oHx
ERD spectra (H signal) and fit. CiHx
ERD spectra (H signal) and fit. Ca-oHx
ERD spectra (H signal) and fit. CaoHx
ERD spectra (H signal) and fit. CaoHx
ERD spectra (H signal) and fit. Ca-oHx
ERD spectra (H signal) and fit. CaHx
ERD spectra (H signal) and fit. CaoHx

1 x=23%
1 x=28%
x=11%
1x=16%
1 x=39%%
1 x=10%
:x=33%
1 x =45%
:x=30%

ERD spectra (H signal) and fit. CaoHx: x=16%
ERD spectra (H signal) and fit. CaHx: x=19%
ERD spectra (H signal) and fit. CaxHx: x =18%
ERD spectra (H signal) and fit. CaHx: x =10%
ERD spectra (H signal) and fit. CaxHx: x =16%
ERD spectra (H signal) and fit. CaoHx: x=18%
ERD spectra (H signal) and fit. CaxHx: x =27%

Sample 17: ERD spectra (H signal) and fit. Ca-yHx: x =27%
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Sample 18: ERD spectra (H signal) and fit. Ca-oHx: x =30.4%
2000
2
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S
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Q
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0 Channel 100
Sample 19: ERD spectra (H signal) and fit. Ca-oHx: x =32.4%
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S
o
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=
0 I L] ] 1
0 Channel 100

Sample 20: ERD spectra (H signal) and fit. Ca-yHx: x =37%
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Sample 21: ERD spectra (H signal) and fit. Ca-oHx: x =32.1%
2000
2
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0 Channel 100
Sample 22: ERD spectra (H signal) and fit. Ca-oHx: x =28.8%
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Sample 23: ERD spectra (H signal) and fit. Ca-oHx: x =32.1%



Coatings 2023, 13, x FOR PEER REVIEW

17 of 21

2000-

Norm.Counts

— r2f2403.fit

Sample 24:
Sample 25:
Sample 26:
Sample 27:
Sample 28:
Sample 29:
Sample 30:
Sample 31:
Sample 32:

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
Sample 7
Sample 8
Sample 9
Sample 10
Sample 11
Sample 12
Sample 13
Sample 14
Sample 15
Sample 16
Sample 17

Channel ' 100

ERD spectra (H signal) and fit. CaoHx:
ERD spectra (H signal) and fit. CaoHx:
ERD spectra (H signal) and fit. CaoHx:
ERD spectra (H signal) and fit. CaoHx:
ERD spectra (H signal) and fit. CiHx:
ERD spectra (H signal) and fit. CaoHx:
ERD spectra (H signal) and fit. CaoHx:
ERD spectra (H signal) and fit. CaoHx:
ERD spectra (H signal) and fit. CaoHx:

x=19%
x=1.4%
x=1.4%
x=1.8%
x =29%
X =28%
x=30%
x =25%
x=21%
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