Improved quantitative analysis of hard coatings by radiofrequency
glow discharge optical emission spectrometry (rf-GD-OES)
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Quantitative depth profiles are presented for a variety of hard coatings on tool steel. The coatings include TiN,
TiC, TiCN and Cr;C; coatings, produced in a commercial furnace by chemical vapour deposition (CVD), and
TiAIN, CrN and MoS,+Ti coatings, prepared in a laboratory coater by physical vapour deposition (PVD).
The profiles were obtained using rf-GD-OES and are the first to use a dc bias voltage correction and a
hydrogen correction. These corrections involve a term called the ‘inverse relative emission yield” and are simple
functions of the dc bias voltage and hydrogen signal. These corrections mean bulk and coated samples with
different electrical characteristics can be combined in a single calibration. The correct quantitative depth profile
can now be obtained even in the presence of significant amounts of hydrogen in the coating.

Introduction

Hard coatings, including TiN, TiC, TiCN and TiAIN, are of
major commercial interest. They reduce the wear, friction and
corrosion of tools and components, and provide decorative
finishes. Commonly, these coatings are prepared by chemical
vapour deposition (CVD) or by physical vapour deposition
(PVD). CVD relies on circulating gas, rather than the line-of-
sight of ion-beam techniques, and so is well suited to coating
complex shapes.! PVD includes reactive magnetron sputtering,
ion plating and arc evaporation.’

Glow discharge optical emission spectrometry (GD-OES)
provides a rapid and sensitive depth profile analysis of these
coatings.** GD-OES therefore has much to offer this industry,
by assisting in the development of new coatings and the testing
of new processes, and in quality assurance and production
problem solving. For these applications GD-OES has major
advantages over competing techniques, such as Auger electron
spectroscopy (AES), secondary-ion mass spectroscopy (SIMS)
and energy dispersive analysis (EDX), in its unique combina-
tion of great speed, sensitivity and ease of quantification.’

The first qualitative GD-OES depth profiles of these coatings
appeared in 1984° and the first quantitative depth profiles in
1986.7 Since then the number of publications using quantitative
GD-OES analysis of hard coatings has continued to grow.®
Recent quantitative work includes: TiCN,”'® (Ti, Fe)N,'
TiAIN,'>!3 diamond-like carbon,'* TiN,'> WC/C'® and (Ti, Al,
Zr)N.'7 Winstrand and co-workers studied a variety of Ti and
W carbides and nitrides but were unable to get quantitative
GD-OES analysis because of hydrogen in the coatings
interfering with measured intensities.'®!® Their GD-OES
results were provided by Bengtson,'® and this is probably the
first published reference to this problem.

We present here an improved method for quantitative GD-
OES depth profiles of hard coatings. This is the first method to
account for all known variables in the plasma, notably the
electrical plasma parameters, pressure and the hydrogen effect.
While the method is applicable to direct current (dc) operation,
it is aimed principally at radiofrequency (rf) operation. All our
results presented here were obtained with an rf powered glow
discharge source.
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In GD-OES, the plasma pressure and electrical parameters,
such as current and voltage or power, are all inter-related. It is
not normally possible to control all of these parameters during
calibration and analysis. Either the electrical parameters are
fixed and the pressure varied or the pressure is held constant
and one electrical parameter varied. In rf-GD-OES, a common
practice, and the one adopted here, is to keep the pressure and
applied power constant. In this case, the impedance (or the
ratio of voltage to current) varies from sample to sample.
Whichever method is employed, the varying parameter can
influence the measured intensity and this effect needs to be
corrected.

In GD-OES, the purity of the low-pressure glow discharge
plasma is largely determined by the purity of the argon used
both to flush the source and as the plasma gas. Sputtered
material from the source typically constitutes only about 0.1%
of the plasma density. Recent work by Bengtson and
Hinstrom® and Hodoroaba er al?'** has shown that
hydrogen contents in the plasma as low as 0.01% can have a
significant effect on the intensities of analyte emission lines
measured in the plasma. Hydrogen sputtered from samples
containing significant amounts of hydrogen are therefore
capable of reaching or exceeding this level, and so will alter
the intensities measured with these samples. This constitutes a
serious problem in the analysis of hard coatings containing
variable amounts of hydrogen.

Experimental

The samples used for calibration included bulk samples: six
certified reference materials (CRMs), one reference material,
one compressed powder, and four CVD coated tool steels (TiC,
TiN, TiCN, Cr;C;). The samples used for quantitative depth
profiling analysis were the four CVD coated tool steels used in
the calibration plus four sputter deposited coatings on spring
steel.

The CRMs used were SRM 1265a (nearly pure iron, from
National Institute of Standards and Technology, NIST, USA),
JK41-1N (Coronite Fe-Ti alloy with N 6.9%, Swedish Institute
for Metals Research, Sweden), SS487/1 (high speed tool steel
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with C 1%, Cr 3.9%, Mo 9.4%, from Bureau of Analysed
Samples, UK), 1203 (Maraging 250 steel with Ni 18.4%, Mo
4.9%, from Certech, USA), BS80D (austenitic stainless-steel
with Cr 17.2%, Ni 8.7%, from MBH Analytical, UK), and
SRM 1169 (lead-bearing steel with 0.3% S, from NIST, USA).

The reference material was 550/3 (Ti alloy with Mo 4.2%, Al
4.2%, from Claxton, USA). The powder sample was high
purity TiN powder hot-isostatically pressed.

The steel used for the CVD coatings was X155CrVMol2-1
(tool steel with C 1.5%, Cr 11-12% , Mo 0.6-0.8%, from Bohler
Stahl, Switzerland). The steel arrived as a bar of 45.8 mm
diameter. The bar was cut with a saw into disks of 6 mm
thickness. The disks were then ground flat and polished with
various grades of SiC paper and finished with 1 pm Al oxide
paste.

The Bernex CVD coatings were produced by IonBond AG,
Switzerland. The CVD process is to place the sample to be
coated in a furnace at a selected temperature and to introduce a
gas mixture. Given the composition of the gas and the
temperature in the furnace, the coating formed is the most
thermodynamically stable compound. The coating thickness
depends on the time in the furnace. This can be predicted from
known growth rates and can typically be controlled to within
+15% across the sample. The conditions and gases used are
described in Table 1.

The sputter-coated samples were prepared by M. Fassone,
European Organisation for Nuclear Research, CERN, Switzer-
land using unbalanced magnetron sputtering. The first two
were hard coatings: TiAIN and CrN. A low deposition
temperature (150°C) was used to increase hardness and
reduce internal stress. The third coating was a new style
wear-resistant coating, MoS,+ Ti. The substrates were spring
steel and were fully formed furnace springs. They therefore had
to be pressed flat before GD-OES analysis and, because of their
complex shape, the coatings were not of uniform thickness.
These samples had been characterised previously by EDX, X-
ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS) and GD-OES.?

The GD-OES analysis was conducted using a JY 5000 RF
instrument, manufactured by Jobin-Yvon Horiba (JY), Long-
jumeau, France. This instrument is equipped with a standard
4 mm JY glow discharge source, two optical spectrometers (a
polychromator and a monochromator) and Quantum 2000
V1.02 software. The source can be operated with constant
pressure monitored in the source and constant power from the
rf generator. The source conditions, chosen to give a flat crater
shape in the coatings, were 700 Pa and 35 W. In addition the
instrument is equipped with a matching box, used to balance
the impedance between the rf generator and the GD source,
that also provides continuous monitoring of the dc bias
voltage.

The software allows the combination of bulk and coated
samples in the same calibration by allowing the operator to
switch between automatic and manual selection of the
integration time. All the results shown here were obtained
with the same calibration. The argon flush time, i.e., the time
between mounting the sample and the application of the rf
power, was 60 s for all samples. For the bulk samples, using the
automatic setting, the pre-integration (also called pre-burn)
time was 240s and the integration time 15s, with three
replicates. For the coated samples, an integration time of 240 s

Table 1 Conditions used to produce CVD coatings

was used and the data range was chosen manually from the
resulting intensity—time curves, avoiding the non-uniform
regions, ie., the intensities in the first seconds and in
approaching the coating/substrate interface. In this way the
recorded intensities for the coated sample represented an
average for the coating. The emission lines used on the
polychromator were (wavelengths in nm): Al 396.15, C 156.14,
Cr425.43, Fe 371.99, H 121.56, Mo 386.41, N 149.26, S 180.73
and Ti 337.27.

Sputtering rates, crater shapes, crater depths and coating
thicknesses were all measured using a UBM profilometer
equipped with a 2 pm point diamond stylus. Unfortunately,
such measurements are typically accurate only to about +10%
because of variations in sample flatness, crater shape and crater
roughness.

Theory

Calibration in GD-OES is often based on the following
calibration function,* in second order:

L)’ +b; (1)

where ¢; is the concentration of element i, (¢m/¢grer) 1S the
relative sputtermg rate of the material compared toa reference
material (both in mass per unit area per s), k and k are
constants, R; the inverse relative emission yield, 1 the 1ntensrty,
and b; the background signal. During calibration, ¢; is known a
priori, (gm/qrer) 18 measured separately, k(l), ki(z) and b; are
determined by regression, which leaves R; to be determined.

Note: many authors prefer to combine k R into a single
parameter, often given the same symbol R;. Keeping the two
parameters separate has several advantages; most notably, R;
includes only relative changes while the absolute part is taken
up by the constant k . If the reader prefers to use a single
parameter for R; then a constant must be included in the
following expressions for R;.

ci(gm/qrer) :ki(l)RiIi +ki(2> (Ri

Dc bias voltage

Several approaches to determining values for R; have been tried
previously. A common practice is to choose plasma conditions
that minimise any changes in R; and then assume it is
unchanged, ie., assume R;=1.2>%° Another approach is to
choose samples in the calibration that have similar matrices to
the unknown samples to be analysed.>* In this way the values
for R; will be similar for the known and unknown samples and
so can be assumed to be accounted for in the values for k b k
and b;. This approach is usually called ‘matrix- matchmg and
is a common approach used in many analytical techniques. A
third approach is to parameterise R; in terms of externally
measured plasma parameters, such as source current, I,
voltage, V, and pressure p,, and then to correct R; for any
changes in these parameters. One form of this approach
developed by Payling and based on earlier work by
Bengtson®"?® is given by

Ri=I¢(Ve—V0)"pS 2)

where Vy, a, b and ¢ are constants.
When conditions are kept constant in calibration and
analysis, usually only one of these parameters is allowed to

Coating Gas Temperature/°C
TiN Ti tetrachloride in N, and H, carrier gas 950
TiC Ti tetrachloride in methane and H, carrier gas 1000
TiCN Ti tetrachloride in acetyl nitryle (CH3;CN) and H, carrier gas 850
Cr,C; Chromium dichloride over C-containing steel in Ar and H, carrier gas 1000
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vary and so R; can be expressed as a function of this single
parameter. When the source is operated with constant pressure
and applied power, the parameter that changes is the source
impedance determined by the nature of the sample matrix, in
particular by the secondary electron emission of the sample.?
In going from one material to the next, if the electron emission
yield increases, the current will increase and, at constant power,
the voltage will decrease. This change can be represented by the
dc bias voltage, Vy., and it will vary roughly as the square of
V4. Hence, at constant pressure, the inverse relative emission
yield can be represented by a function of V., where

R~ (Vae—Vo)? 3)

Since we are only interested in a relatively small range of
values of Vg, e.g., 450V to 900V, this function can be
simplified to the linear equation

Ri ~1 +Vi(Vdc_ V’) (4)

where r; is a fitting parameter and V" is a reference voltage, e.g.,
700 V, chosen to be somewhere in the normal range of this
parameter.

Hydrogen effect

Recently another effect on emission yield has been reported, a
hydrogen effect. Small amounts of hydrogen in the plasma,
either from contamination of the plasma gas (argon) or by
sputtering from the sample, can affect the measured intensities
of the analytes. The effect is to increase the intensity of some
lines from the analyte elements while decreasing the intensities
of other lines from these same elements. Hydrogen also affects
the background signal by the formation of molecular species,
such as hydrides and molecular hydrogen, in the plasma. We
will not consider the effect on the background further here but
concentrate on the apparent changes to emission yield, since
these changes if uncorrected will have a major effect on
calibration curves and the accuracy of analysis.

Hodoroaba et al. have measured the changes in intensity of a
number of emission lines as a function of the amount of
hydrogen in the plasma.>> We have taken their results and
normalised them so that we could explore the general form of
the effect on the inverse relative emission yield. For emission
lines that increase with hydrogen content, we divided the
intensities by the value at zero hydrogen and then normalised
the intensities to have the same average slope. The result is
shown in Fig. 1(a). For emission lines that decrease with
hydrogen content, we again divided the intensities by the value
at zero hydrogen but then plotted the inverse intensities,
normalised to have the same average slope. The result is shown
in Fig. 1(b). The general trend of these results is that the effect
of hydrogen on the inverse relative emission yield can be
described by either of the following:
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Fig. 1 Changes to intensity with hydrogen content in the plasma,

normalised to 1 for zero hydrogen and to the same average slope: (a)
intensities and (b) inverse intensities. Data from Hodoroaba er al.?
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Rizl/(1+hilﬂ) (5)
and
Ri~1+hly (6)

where [y is the hydrogen intensity, and eqns. (5) and (6) refer to
lines whose intensities increase or decrease with hydrogen,
respectively. Remember that R; here is the inverse relative
emission yield. More complex functions could be used to
improve the fit in both Fig. 1(a) and (b), such as a third order
polynomial or a logistic ‘S’ curve, but more work is required
before such complex functions are justified and can be used to
improve the quantitative analysis.

Combined correction

In general, when operating at constant pressure and power, the
inverse relative emission yield may vary with both the dc bias
voltage and the hydrogen content. Hence we have the
combined effect

Ri%{l-f—ri(VdcfV’)}/{l-i—hi]H} (7)
and
Ri%{l—l—ri(Vdc—V’)}X{l-ﬁ-hiIH} (8)

again depending on whether the effect of hydrogen is to
increase or decrease intensities, respectively.

Results

Table 2 shows the relative sputtering rates and dc bias voltages
measured for each calibration sample. The sputtering rates in
the nitride and carbide coatings and the pressed TiN powder
sample were typically much slower, by about a factor of five,
than sputtering rates in the bulk metal samples.

Egs. (7) and (8) were combined with eq. (1) to form a
calibration function, and values for the various constants were
determined by regression. Typical values for r; in eq. (4) for all
elemental lines were around 0.002, giving the average inverse
relative emission yields shown in the Table. The inverse relative
emission yields varied by about 30% over the range of samples.

The hydrogen effect was determined from the calibration
curves for Fe 371.99 and Cr 425.43 to have h; values of
approximately 1.0 and 1.5, respectively. The comparable values
obtained from the results of Hodoroaba et al.,> who added
known percentages of hydrogen to the argon plasma, were 14
and 38, respectively. The ratio of their numbers to ours is an
average of 20. This suggests that a typical hydrogen signal of
0.3 V in the calibration corresponds to about 0.015% (i.e., 0.3/
20) hydrogen in the plasma. The factor 0.3/20 comes from the
equality 7l = hiioaltod & 20 I04, Where Ioq 1s the quantity

Table 2 Dc bias voltages and average inverse relative emission yields
obtained for the calibration samples

Sample Relative sputtering rate”  Dc bias/V  R; (average)
1265a 1.00 651 0.90
JK41-1N 0.83 641 0.88
SS487/1 1.39 674 0.95
1203 1.49 710 1.02
BS80D 1.39 662 0.92
1169 1.39 652 0.90
550/3 0.28 586 0.77
TiN powder®  0.26 589 0.78
TiN 0.20 600 0.80
TiC 0.20 562 0.72
TiCN 0.20 560 0.72
Cr,C; 0.57 689 0.98

“Relative to nearly pure iron sample 1265a, whose sputtering rate
was 0.419 gm 25 ! (3.2 um min ). “Pressed.




Table 3 Hydrogen effect on the emission lines

Line Effect” Iy

N 149.26 +4++ 6.5
C 156.14 + 1.2

S 180.73 ++ 3.0
Ti 337.27 - 0.30
Fe 371.99 - 0.75”
Mo 386.41 - 0.14”
Al 396.15 - 0.20°
Cr 42543 - 1.75°

“+’ means increases intensity and ‘—’ means decreases intensity; the
more symbols the greater the effect. *Values obtained from the ana-
lysis of data from Hodoroaba er al.** divided by 20; i.e., scaled for
the hydrogen signal.

of hydrogen used by Hodoroaba et al. This allows us to use
other values from Hodoroaba er al, after scaling; notably
values for Mo 386.41 and Al 396.15. Other values were
determined from the calibration curves. Table 3 shows that the
values for parameter /; vary significantly from line to line. The
effect of hydrogen on intensities is to increase N 149.26, C
156.14 and S 180.73 and decrease Ti 337.27, Fe 371.99, Mo
386.41, Al 396.15 and Cr 425.43.

Calibration curves are shown for C 156.14 and Cr 425.43 in
Figs. 2 and 3, respectively. The curves for C 156.14 show the
effects of dc bias voltage correction alone and combined dc bias
voltage and a positive hydrogen correction. The dc bias
correction improves the calibration curve for C 156.14
significantly, as does the hydrogen correction, which brings
one datum point otherwise far too high in intensity back onto
the calibration curve. One of the best measures of the quality of
a calibration curve is the standard error of estimate (SEE).*
The values for SEE are shown in Table 4. The error is greatly
reduced using both corrections. Since there was little change in
the dc bias voltage for the Cr-containing calibration samples,
the curves for Cr 425.43 show mainly the effect of the hydrogen
correction in bringing one datum point far too low in intensity
onto the calibration curve.

The qualitative depth profile obtained for the TiCN coated
steel calibration sample is shown in Fig. 4. Though the coating
is well defined, in that there is good depth resolution between
the coating and substrate, the intensities appear to vary
throughout the coating; in particular the nitrogen intensity
appears much stronger closer to the surface and the titanium
signal weaker. The Fe signal rises rapidly at the interface
between the coating and substrate indicating good depth
resolution. Also shown is the dc bias voltage (Vy4.), which is
significantly lower in the coating than in the substrate.

The quantitative depth profiles for this sample are shown in
Fig. 5(a) without correction, and (b) with combined dc bias and
hydrogen corrections. The concentrations are presented in
Atomic%, rather than the more common Mass%, to emphasise
the stoichiometry. The results in Fig. 5 demonstrate the
effectiveness of both the dc bias correction and the hydrogen

© No correction
O V. correction
o Vi andH

Intensity/V

Fig. 2 Calibration curve for C 156.14: (0) no correction, ([J) with Vg,
correction, and (M) with both V4. and hydrogen corrections.

60
50 © No correction | o
a Vg correction

40 4
= 8 Vg and H
o 30 1
o a

20 4

10 4

0 v T T v g
0 1 2 3 4 5 6

Intensity/V

Fig. 3 Calibration curve for Cr 425.43: (0) no correction, ([J) with Vg,
correction, and (M) with both V4. and hydrogen corrections.

Table 4 Standard error of estimate for the calibration curves shown in
Figs. 2 and 3. The smaller the number the better the fit

Line No correction Both V4. and H corrections
C 156.14 0.16 0.07
Cr 42543 7.2 0.6

correction. Except for a thin layer of carbon contamination on
the immediate surface, the fully corrected results show the
coating is of uniform and stoichiometric composition. Also
notable is a TiN intermediate layer.

Figs. 6 to 8 show the quantitative depth profiles of the other
three coated calibration samples, after combined dc bias
voltage and hydrogen corrections. The coatings all appear to
have near uniform and stoichiometric compositions. The
surface carbon is residual contamination and is typical of
such coatings.! The depth profile for the TiN coating is similar
to that obtained by Schultz er al.,'> who fortunately did not
need to include a hydrogen correction as their coating was
produced by PVD in a pure argon atmosphere. While Schultz
et al. used a Ti intermediate layer, here a TiCN layer is present.

The quantitative depth profiles of the sputter-coated samples
are shown in Figs. 9 to 11. While these are thinner and less
uniform, both in thickness and composition, than the CVD
samples, the GD-OES analysis shows they have compositions
in general agreement with the EDX/XRD analysis. The

800

740

680

620

Intensity/V
dc Bias/V
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v T 500
0 100 200 300 400 500

Time /s

Fig. 4 Qualitative depth profile of TiCN coated steel.

100 100

(b)

Content (At%)
Content (At%)

0 3 6 9 12 15
Depth /um

Depth /um

Fig. 5 Quantitative depth profile of TiCN coated steel: (a) no
correction and (b) with both V. and hydrogen corrections.
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Fig. 6 Quantitative depth profile of TiN coated steel, with both V. and
hydrogen corrections.
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Fig. 7 Quantitative depth profile of TiC coated steel, with both V4. and
hydrogen corrections.
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Fig. 8 Quantitative depth profile of Cr;C; coated steel, with both V.
and hydrogen corrections.
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Fig. 9 Quantitative depth profile of TiAIN coated steel, with both V.
and hydrogen corrections.

MoS+Ti coating varied in thickness over the sample with an
obvious difference in colour, being much darker in the thicker
areas. GD-OES results for two different areas are shown in
Fig. 11(a) and (b). The GD-OES results show that there is not
only a difference in thickness but also in composition, with the
thinner area having a higher S to Mo ratio.

After each measurement the depth of the resulting crater was
measured and compared with the total depth in the
quantitative depth profile. These are shown in Table 5. For
the CrN coating the sputtering was also stopped at the point
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Fig. 10 Quantitative depth profile of CrN coated steel, with both V.
and hydrogen corrections.
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Fig. 11 Quantitative depth profile of MoS,+ Ticoated steel, with both
V4. and hydrogen corrections; (a) and (b) are two different locations on
the sample.

where the nitrogen signal dropped to half its value in the
coating as a way of measuring the coating thickness. This result
is also shown in Table 5.

The stoichiometries of the coatings, as determined by GD-
OES using the combined dc bias voltage and hydrogen
corrections, are shown in Table 6. They agree well with those
expected from the thermodynamics for the CVD coatings and
from the EDX/XRD analyses of the PVD coatings. A wide
range of possible stoichiometries was determined by EDX and
XRD and these are reflected in the ranges shown for the final
three coatings in Table 6; see, for example CrN, where the Cr/N
ratio could vary by a factor of 2. Some of this apparent
variation is due to the different thicknesses of the coatings,

Table 5 Crater depths and coating thicknesses calculated from
quantitative depth profiles and measured craters

Sample Calculated depth/um Measured depth/um
TiN crater 16.4 15.1

TiC crater 214 20.9

TiCN crater 21.0 20.8

Cr,C; crater 21.9 223

TiAIN crater 6.4 7.6¢

CrN coating 1.4 1.5¢

CrN crater 6.7 ~10¢

MoS, + Ticrater 9.3 8.3¢

“Samples are not flat so it is difficult to measure crater depth accu-
rately.

Table 6 Dominant stoichiometry in coatings

Sample Expected Found

TiN Ti; N“ Ti; N,

TiC Ti; C“ Ti; C,

TiCN Ti; Ci 15 Nog 1 Ti, C Ny

Cr7C3 Cr7 C:;“ CI'G C3

TiAIN Tips 1 Algo » Ny’ Ti; Al; Ny

CrN Crl 2N]h Cr1_4 Nl

MoS, +Ti Mo, Sy+Tigs 1" Mo Si6.2.5+Tigs 05

“From thermodynamics. “Measured by EDX and XRD.




which would have affected the analytical results from the
different techniques as each is most sensitive to a different
depth. EDX takes most of its signal from the first 0.5-1 um,
while XRD senses several pm, depending on the energies
chosen. From EDX, the three coatings contained TiAl; 5N g,
CrN and MoS,+ Tig 5 phases, respectively, while, from XRD,
the coatings contained TizAl,N,, Cr,N and MoS,+ Ti phases,
respectively. The GD-OES results are within these values.

Discussion and conclusions

The results present demonstrate that rf~GD-OES can now
provide quantitative depth profiles of hard coatings, giving
correct composition and thickness, even in the presence of
hydrogen. The near uniform stoichiometric composition of the
CVD coatings indicates that such coatings are useful in the
calibration of GD-OES.

The magnitude of the hydrogen effect, and, in particular, the
values for the parameter /; can be determined by regression
during the calibration. But this requires calibration samples
with and without hydrogen and such samples are generally not
available. Fortunately, as shown, these values may also be
determined independently of the calibration. First, data are
collected for all the elemental lines of interest following the
procedure described by Hodoroaba et al, ie., by leaking
known amounts of hydrogen into the plasma. Then the results
are converted to /; values as described in the Theory section
above. Finally the /; values are scaled to relate the measured
hydrogen intensities to the hydrogen content in the plasma. At
least one calibration sample containing hydrogen is required to
do this. This sample can then be used later for recalibration
(drift correction).
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