
Obtaining coatings with 3-1-2 (Ti-Si-C) stoichiometry from a Ti3SiC2 compound target by HIPIMS                                    

page 1 
 

Preliminary report on results 
 

Obtaining coatings with 3-1-2 
(Ti-Si-C) stoichiometry from a 
Ti3SiC2 compound target by 
HIPIMS 
 

Martin Balzer*, Martin Fenker 

fem – Research Institute for Precious Metals and 
Metals Chemistry 
Department POT-MPh, Katharinenstrasse 17, 
73525 Schwäbisch Gmünd, Germany 
 

*Corresponding Author: 
Tel.: +49(0)7171-1006-401 
Fax: +49(0)7171-1006-900 
 
Abstract. Beside of providing epitaxial growth 
conditions and a very high substrate temperature, the 
major problem for synthesizing Ti3SiC2 MAX-phase 
by magnetron sputtering is obtaining the appropriate 
stoichiometry of the film components at the substrate. 
It has been reported that TiSiC-films deposited by 
magnetron sputtering from a Ti3SiC2 compound 
target exhibit far higher C- and far lower Ti-contents 
than required. In this work it has been tried to 
overcome this problem by using High Power Impulse 
Magnetron Sputtering (HIPIMS). 
   Flat substrates were mounted in front of a 2” 
Ti3SiC2-target and films were deposited at various 
target-substrate distances, Ar pressures and substrate 
bias voltages. The film stoichiometry was measured 
at several positions on the samples by using energy 
dispersive X-ray spectroscopy (EDX), corrected by 
calibrated glow discharge optical emission 
spectroscopy (GDOES) measurements. 
   It was found, that in the case of Ti3SiC2 the element 
specific ionisation degrees generated by HIPIMS can 
effectively help solving the demixing problems 
caused by the different mean free paths of the 
sputtered species. Marked influences of Ar-pressure 
and substrate bias voltage were identified and a film 
stoichiometry very close to the requested 3-1-2 was 
measured for several parameter combinations. 
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1. Introduction: 
MAX-phases are a material class of ternary 
compounds which were synthesized for the first 
time by Jeitschko/Nowotny in 1967. They are 
characterised by a defined atomic-scale lamellar 

structure and they combine ceramic and metallic 
properties. They usually consist of an early 
transition metal (Ti, Zr, Cr, Nb etc. (M), a group 
A (mostly IIIA or IVA) element like Al, Si, Ge, 
As etc. (A) and N and/or C (X) as a third 
component [1]. 
Ti3SiC2 is an intensely examined member of this 
material class and it combines some exceptional 
properties like high electrical conductivity, high 
oxidation resistance at high temperatures and 
excellent tolerance against damage and thermal 
shock [1]. Much effort has been made e.g. by 
[2,3,4] to synthesize Ti3SiC2 MAX-phases by 
magnetron sputtering. Single crystal oxides with 
TiC(111) interlayers were used as substrates and 
substrate temperatures above 800°C were 
reported to be necessary. When sputtering from 
a Ti3SiC2 compound target, obtaining the 
appropriate 3-1-2-film stoichiometry turned out 
to be the major problem. The coatings exhibited 
far higher C- and far lower Ti-contents than 
required, which among other reasons was 
attributed to the very different mean free paths 
of the species in the gas atmosphere (for pAr = 
0.5 Pa:  C: 11 cm; Si: 5.8 cm; Ti: 2.8 cm [4]). 
This indicates that C suffers four times less 
collision than Ti and thus keeps a much more 
straight flight path causing higher C-
concentration straight opposite to the target. The 
objective of this work was to try to overcome 
this problem by using High Power Impulse 
Magnetron Sputtering (HIPIMS). 
 
2. Experimental details: 
Depositions were carried out in a vacuum plant 
Leybold L-560 (base pressure ≤ 1x10-3 Pa) using 
a 2”-Ti3SiC2-target (3-ONE-2 LLC) powered by 
a MELEC SPIK1000A pulsed power supply. 
Flat polished substrates (1.4301, AISI 304) of 10 
cm in length were fixed straight opposite to the 
target (figures 1 and 2). The average target 
power was 250 W for dc magnetron sputtering 
(dcMS) as well as for HIPIMS. The deposition 
parameters varied have been: Target-substrate 
distance (4 to 8 cm), Ar pressure (0.4 and 1 Pa) 
and dc substrate bias (grounded, floating, -25 V, 
-50 V and -150 V). With the HIPIMS pulse 
configuration of ton/T = 30/1000 [µs] the peak 
current density ranged between 1.2 and 1.5 
A/cm2 at pAr = 1.0 Pa and was about 1.6 A/cm2 
at pAr = 0.4 Pa. 
   The distribution of the film stoichiometry was 
detected by EDX measurements done at several 
distances from the target center axis (figure 2). 
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This distribution should have been symmetrical 
in both directions, but instead turned out to be 
different, which may be attributed to the 
shielding influence of the flange the magnetron 
is mounted in. All charts are therefore presented 
with a slightly limited range between -20 and 60 
mm. 
 

Figure 1. Sputtering arrangement 
 

Figure 2. Draft of the sputtering arrangement with 
mounting flange 
 
   In order to compensate the known error, which 
EDX measurements exhibit in quantitative 
analysis especially for light elements, glow 
discharge optical emission spectroscopy 
(GDOES) measurements were performed on a 
few samples. The GDOES measurements in turn 
were calibrated by measuring the Ti3SiC2 target 
based on its known composition. 
For measurements done with EDX and GDOES 
in the same respective positions on several 
samples the correction factors for C and Ti were 
found to be nearly constant. This suggests that 
the converted EDX concentrations for Ti and C 
can be regarded as well reliable. Unfortunately 
this is not the case for Si, where the 
GDOES/EDX-factors varied between 1 and 
1.15. Thus the Si-concentrations given do 

exhibit a higher uncertainty. Since the 
concentration of Si showed only marginal 
fluctuations at all, this can be regarded as less 
relevant. The GDOES/EDX correction factors 
used are: 1.08 (Ti); 0.85 (C) and 1.06 (Si).  
 
3. Results and discussion: 
Yet the first results revealed a major impact of 
using HIPIMS instead of dcMS on film 
stoichiometry. Figure 3 shows the distribution of 
the film composition for a short target-substrate 
distance of 4 cm.  
 

Figure 3. Film stoichiometry distribution for dcMS 
(solid lines) and HIPIMS (dashed lines) 
 
The C concentration is markedly reduced and 
the Ti concentration accordingly increased by 
the use of HIPIMS. The 3-1-2-stoichiometry 
(straight lines) could nearly be achieved, only 
disturbed by some kind of imprint of the 
magnetron erosion track. 
 

Figure 4. Uniform 3-1-2 film stoichiometry  
with HIPIMS at two different distances 
 
   Figure 4 shows film stoichiometry 
distributions obtained by HIPIMS at two higher 
distances with otherwise the same parameters as 
in Figure 3. The requested 3-1-2-stoichiometry 
is well achieved for both distances and the 
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distribution is also far more uniform. 
Interestingly there is almost no difference 
between 6 and 8 cm. 
   This major change of the film composition 
obtained by using HIPIMS instead of dcMS can 
be attributed to the very different ionisation 
degrees found for Ti and C. Up to 90 % of 
ionisation was measured for Ti [5], only 4.5 % 
for carbon [6] (determined with different pulse 
parameters). This trend is also supported by 
calculations done by Samuelsson et al. [7] which 
resulted in 56 % ionisation for Ti and ≤ 5 % for 
C.  
   For the current case it can be assumed that a 
considerable fraction of the sputtered Ti is 
ionised, whereas C is barely influenced by 
HIPIMS. Hence this considerable fraction of the 
Ti gets attracted to the substrate by any kind of 
negative potential, be it floating or an externally 
applied bias. This attraction obviously is able to 
compensate the effect of the shorter mean free 
path, which reduces the Ti content of the films 
compared to that of the target when deposited by 
dcMS. Additionally it has been reported, that Ti 
ions also feature higher kinetic energies with 
HIPIMS [8], which may cause Ti ions to retain a 
straighter flight path. 
   There are several reasons for the large 
difference in ionisation degree of Ti and C. 
Since sputtered atoms get ionised by electron 
impact to a great extent, an important difference 
can be found in the electron impact cross 
section, which is reported to be distinctly 
smaller for C than for any metal [9]. 
Furthermore the ionisation energy of C+ (11.26 
eV) is nearly double as high as for Ti+ (6.83 eV) 
[10]. Additionally the four times shorter mean 
free path of Ti in Ar already mentioned [4] 
causes a higher collision rate and hence a longer 
retention time in the vicinity of the target where 
the electron density is at its maximum. With 
these data at hand it also becomes explainable 
that the distribution of Si seems not to be 
influenced by HIPIMS at all as shown in figures 
3 and 4. The reason might be the fact that the 
mean free path of Si (see Introduction) as well as 
its ionisation energy (8.15 eV [10]) both lie in 
the middle between those of Ti and C. 
   Figure 5 represents the influence of the bias 
voltage with a well visible trend of increasing Ti 
and decreasing C concentration from grounded 
via floating to -25 V dc bias. This can be 
regarded as nearly linear, since the floating 
potential was measured by oscilloscope to be 

constantly about -15 V within ton after a short 
initial burst of -26 V. A further increase of the 
bias to -50 V didn’t show any effect, whereas 
preferential sputtering of Si at the substrate can 
be regarded as responsible for the Si content 
drop and its impact on the total film 
stoichiometry at -150 V.  
 

Figure 5. Averaged film stoichiometry for two 
substrate zones with HIPIMS at various substrate 
potentials
 
These findings confirm the above mentioned 
assumption that with HIPIMS any type of 
negative potential on the substrate causes an 
increase of Ti concentration in the film by the 
attraction of Ti ions. This attraction obviously 
catches the majority of Ti ions already at -25 V, 
since a further increase of the dc bias to -50 V 
doesn’t produce any distinct change. The best 
match of the 3-1-2-stoichiometry was obtained 
for floating potential.  
 

Figure 6.  Stoichiometry distribution with  
HIPIMS for higher and lower Ar pressure 
 
   The influence of the Ar pressure is shown in 
figure 6. A reduction from 1.0 down to 0.4 Pa 
resulted in an increased Ti and a decreased C 
content. Using HIPIMS and a bias voltage of -25 
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V this yielded in values of 55 to 57 at.-% for Ti 
and 25 to 27 at.-% for C in the film, which is 
more Ti and less C than required.  
In terms of the plasma parameters this reduction 
induced a slight increase of the peak power 
density from 0.8 kW/cm2 at 1.0 Pa to 1.05 
kW/cm2 at 0.4 Pa, on the other hand it has 
previously been shown that a pressure reduction 
involves a slight decrease of the ionisation of Ti+ 
[11]. Since both these changes are rather minor, 
the explanation of the effect may be found in 
changes of the particle transport. 
Mean free paths do exhibit a linear dependency 
on the pressure, thus the values published for 0.5 
Pa [4] can easily be converted to 0.4 and 1.0 Pa. 
When the target substrate distance of 6 cm is 
divided by these converted values, an absolute 
number of the average collisions of the species 
between target and substrate can be calculated 
(table 1).  
 
Table 1  Number of average collisions of species at 
different pAr on the path from substrate to target (6 
cm), calculations based published data [4]* 

 
The results indicate that the decrease of the 
number of collisions on this path is clearly 
higher for Ti than for C (2.6 fewer collisions for 
Ti compared to 0.7 for C). It can thus be 
assumed, that concerning less disturbed particle 
transportation the impact of the reduced pressure 
on Ti is larger than on C, resulting in higher Ti-
concentration in the film. 
 
4. Conclusions 
It could be shown that HIPIMS has a major 
impact on the film composition when sputtering 
from a Ti3SiC2 compound target. The Ti 
concentration of the film, which was far too 
small in the center of the substrate with dcMS, 
could markedly be increased, the C 
concentration in turn decreased. This effect has 
been explained by the very different ionisation 
degrees found for Ti and C when using HIPIMS, 
which causes Ti ions to be attracted to the 
substrate by any negative potential, whereas C 
gets ionised and thus influenced only 
marginally. The application of a substrate bias 
voltage and the reduction of the Ar pressure 

from 1.0 down to 0.4 Pa resulted in a more 
pronounced increase of the Ti-concentration in 
the film, which even exceeded the value of 50 
at.-% necessary for obtaining the Ti3SiC2 
stoichiometry. The C concentration behaved 
inversely to that of Ti, the Si concentration 
didn’t exhibit any distinct changes for any 
parameter variation and remained about in the 
required range.  
Finally the 3-1-2 stoichiometry necessary for 
synthesizing Ti3SiC2-MAX-phase could be 
obtained at substrate target distances between 6 
and 8 cm at pAr = 1 Pa on floated substrates. 
 
A more complete discussion of these findings 
including more results and ionisation data will 
be provided in the complete version of this 
work, anticipated to be published in 2014. 
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