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Hardness of titanium carbide films deposited on silicon (111) substrate by pulsed laser
ablation is evaluated in dependence on laser beam fluence and the film thickness.
Measurements were performed with the use of a common microhardness testing
equipment, the indenter penetartion depth being more than thickness of the coating. Two
methods based both on a law-of-mixtures approach were employed to calculate the film
hardness from the measured hardness of the composite film-substrate system. One of
them accounts for the indentation size effect. The hardness is revealed to reduce
significantly with an increase of the film thickness and the laser beam fluence.

© 2001 Kluwer Academic Publishers

1. Introduction and the calculated hardness increases with a decrease
Titanium carbide films have found wide application in in load. This effect is known as the indentation size ef-
various tribological engineering devices owing to itsfect (ISE) [7—10]. Therefore, if the hardness is used as
excellent hardness and, therefore, wear resistance. Fomaterial selection criterion, it is clearly insufficient
apply titanium carbide coating on various substratesto quote a single hardness number obtained from the
physical vapour phase deposition (PVD) and chemicalltramicrohardness test. Besides, the precise measure-
vapour phase deposition (CVD) methods are commonlynents of the very small indenter prints is difficult to
employed [1]. An unique feature of non-equilibrium achieve in the ultramicrohardness tests range. So, there
processing by pulse laser ablation deposition (PLAD)are problems to compare the ulramicrohardness data
distinguishes it from other methods, because the energyith those of microhardness test.
of species ejected from the target is much larger than A different approach to measure the hardness of thin
that in other evaporation methods [2, 3]. The structurdilms is based on the microindentation of the film-
of the as-deposited by PLAD method film is far from substrate system at the indentation scale more to some
the thermodynamic equilibrium. This may principally extent than the film thickness, and on the calculation of
result in some unusual effects in mechanical behaviouthe relative contributions of the substarte and the film
of the film. to the hardness of the composite film-substrate system.
One of the most important properties of the film that This way allows probably to avoid the ISE, as has re-
determines the service effectivity and reliability of the cently been demonstrated in [11]. The shortcomings
composite film-substrate system in tribilogical applica-of the models to calculate the film hardness from the
tions is the hardness. Hardness of bulk TiC is as higHilm-substrate contact loading response were outlined
as 30 GPa [4]. Hardness of titanium carbide films dedin [12]. The present work is aimed at investigation of
posited by PLAD has not been reported yet. One way téhe hardness of thin TiC films deposited on silicon sub-
measure the hardness of thin films is an ultramicrohardstrate by PLAD method in dependence on deposition
ness (nanoindentation) test [5, 6]. However, there is @onditions and film thickness from the results of a com-
problem related to the difficulty to obtain good repro- mon microindentation test.
ducible experimental data because the contact scales are
less than the film thickness, in our case the thickness be2. Experimental details
ing of some hundreds of nanometers. The applied loa@.1. Deposition of films
in such a test is usually less than 0.01N. The apparenthe TiC films were deposited on polished silicon (111)
hardness value varies with contact scale in this rangesubstrate by the use of a PLAD apparatus that has been
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) angle 136). The hardness was calculated as the ratio

i of the applied load to the pyramidal contact area of the
— indentation:

<—>» «—— Focusing lens

H = sin68 P/D? = 1.8544P/D? (1)

Target Fhme
whereP is the indentation load and is the measured
b __[ = - e indentation diagonal. On each specimen indentations
F were made with 7 to 8 loads ranging from 0.245 to
Rotating T 19.614 N. Both diagonals were measured to diminish

tareet holder the effects of asimmetry on the imprint. Standard devi-

ation of the diagonal measurements was about 5 to 9%
A atiminn systen of the diagonal length.

Because the thickness of the deposited films is very
small ranging from 300 to 700 nm, the response of
Figure 1 A scheme of the experimental assembly for PLAD. the film-substrate composite system to the indentation

is supposed to be dependent strongly on the indenta-

tion severity. The depth of indenter penetration into the
described in details elsewhere [13], a scheme of thepecimen is more than the film thickness, even at lowest
experimental assembly is given in Fig. 1. Hot pressedoad, so the “composite” hardness of the film-substrate
titanium carbide discs were used as targets. During theystem is obtained. Therefore, the relative contributions
deposition, the silicon substrate was kept at room temef the film and the substrate to the hardness have to be
perature. Deposition was carried out in a dynamic vacealculated. The models devised to separate the com-
uum of 1.5x 10~ Pa. A frequency doubled Nd:YAG posite hardness on its constituents have been outlined
laser ¢ =532 nm,t =10 ns, repetition rate 10 Hz) in [12]. It was pointed out that it is difficult to con-
was utilized. The laser beam was oriented with an instruct a generalized model having soundly-based phys-
clination angle of 45 with respect to the target, and ical origin, which could allow to describe the contact
the substrate was placed at distance of 25 mm from theesponse of the film-substrate system in an universal
target. The laser fluence was varied in the range fronmanner, taking into account various modes of deforma-
5 to 15.7 Jcm?. The deposition time wal h for all  tion and fracture during the indentation process. A most
the specimens. The target was maintained in a rotasommon model is based on an area “law-of-mixtures”
tion motion during the laser irradiation to minimize its approach [15]. In the framework of this approach, the
craterisation. composite hardnedd. of the film-substrate system is

The sampling is based on recent results obtained iexpressed as
an exhaustive study of the thermal behaviour of TiC in
the laser ablation process [14]. It has been revealed that He = (Ar/A)Hs + (As/ A)Hs 2)
the ablation process and the film quality are strongly de-

pendent on the beam fluence level. In particular, thre%vhere A is the contact areaH is hardness: sub-

fIqenge r'egions have b'ee'n identified that ori.ginate ﬁlm%cripts f and s denote film and substrate, respectively;
with distinct characteristics. The films obtained at ﬂu-A= A + A, is the total contact area.

ences from 3.0 to about 8 Jcthare compact ones . From the geometric considerations Equation 2 was
having a layered structure. The XPS surface anaIyS|§peciﬁed as follows [9, 15, 16]
and X-ray diffraction patterns proved high composi- T
tion stability with TiC stoichiometry equal to the target . 2
one (Ti/C=1) [14]. Deposits prepared under higher _ _ Y2t
fluence conditions have low quality owing to the nu- He = Hs+ (He HS)/[ZC<d> ¢ (d) } ®
merous small fragments covering the surface. This is
attributed to effect of target pieces expulsion, as clearlyyhere c =2 sir? 11° ~0.07 for hard brittle film on
evidenced by SEM observations [14]. _ softer substrate is the indentation depth (for the stan-
Microstructure and fractographic studies wereqa g vickers pyramide, the indentation depth is about
performed using a scanning electron MIcroscopgne seventh of the diagonal lengih11]), andt is the
Cambridge 100. Thickness of the deposited filmsgiy thickness. This equation has been derived under an
was measured by SEM cross section observatlon%ssumption thaty /A= 2ct/d — c2t2/d? and A~ A.

An absolute error of the thickness measurement Waherefore, the model is intended to be appleciable at
+10 nm. large penetration depths where the surface displace-
ment is more than thickness of the film. This corre-
sponds generally to the experimental conditions in the
2.2. Hardness measurements present work.
Hardness measurements were carried out using a The model does not consider the dependence of hard-
Shimadzu HMV-2 Microhardness Tester (Shimadzuness on the load, known as an indentation size effect.
Corp., Japan) equipped with a standard Vickers pyramiThe hardness variation with applied load can be intro-
dal indenter (square-based diamond pyramide of facduced in Equation 3 through the relation between the
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hardness and the reciprocal length of the indentatiol 15
print as follows [7, 17]

144 o
Hf = Hpo + Br/D (4)
13 ;
and .
T 12
Hs = Hso+ Bs/D ) o
o - =i 1 }
whereHsy andHsg are the intrinsic hardness of the film
and substrate, respectivel; and Bs are constants, 10 | {
and D is the indentation diagonal length. Introducing {
relations 4a and 4b into Equation 3 and neglecting th 9| }
second-order AD terms, the composite hardness be- }
comes [16]:
8 . . . . r .
He = Hso+ [Bs + 26at(Ho — Hsol/D (6) 0 10 20 %0 4 %0 6 70

D (10° m)
wherec; = ¢(D/d) ~ 0.5 for the hard brittle film on a
softer substrate system. Figure 2 Hardness/ersusaveraged imprint diagonal length for silicon
This equation is widely used to calculate the film (111) substrate.
hardness, and a reasonable fit of the results with the ex-
perimental data is generally achieved [16]. Particularly,

the equation does hold well for indentation depths of Before to test the contact response of the film-
9 - ' P substrate system, the indentation test on the uncoated
more than the thickness of the film.

According to Equation 5, the experimental data onsilicon (111) s_ub;tra_lte have been pe_rformed to evaluat_e
the hardness of the syster'n film-substrate are plottegle substra;elntrlnsm hardness. In Fig. 2 the hardness is
against YD, and the intrinsic hardness of the film is lotted against the averaged diagonal length. I.t f(_)II_ows
calculated f’rom the slope of the regression line tak_from these data that the calculated hardness diminishes
. 9 with increasing imprint diagonal, this resulted from the
fhdentation size effect (ISE). The reason for the ISE
appears have been discussed in [10], particularly varia-
tion of the hardness with load is the result of the pill-up
formation. We are really observed the pill-ups at the
3. Results and discussion imprint on silicon (111).
The thickness of the films is dependent on the laser Fig. 3 shows the dependence of the measured silicon
beam fluence during the PLAD process. The results ohardness on the inverse of the imprint diagonal length.
the thickness measurements are givenin Table I The plotis approximated well by a linear regression, ac-
Of course, some variations of the thickness occukording to Equation 4b. A least-squares fit of the plot to
across the film area owing to the leuticular shape of
the coatings, and Table | gives the averaged value of
thickness. 18
Scanning electron microscopy observations reveale
that the films obtained with the fluence ranging from 16
5 up to 7.2 Jcm? have a compact layered microstruc-
ture; X-ray photoelectron spectra indicated high com-
positional stability of the coating which being of 14
Ti/C =1 stoichiometry in this fluences range [14]. As @
the laser beam fluence increases, the quality of the filr% 12
microstructure decreases owing to the numerous sme=
fragments covering the surface [14]. These fragmentX
are attributed to a mechanical effect of target pieces ex 10
pulsion (spallation) by laser beam. These features ca
obviously influence the mechanical behaviour of the

which has to be evaluated from a separate test.

: 8

film.
: , 6 T T r

TABLE | Thickness of films/ersudaser beam fluence 0.00 0.05 0.10 0.15 0.20
Specimen code TiC5 TiC7 TiC8 TiC9 TiC16 -1 6 -1

P D' (10°m™)
Fluence, J cm? 5 6 6 7.2 15.7
Film thickness, nm 300 330 340 600 700 Figure 3 Hardness of silicon substratersusnverse of imprint diagonal

length.
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Equation 4b gives$ispandBs be equal to about 8.5 GPa ness film. Therefore, the film contribution to the hard-
and 37.1x 10 GPa/m, respectively. The value of the ness of the composite system is expected to be small
intrinsic hardness of silicon (111) of 8.5 GPa seems tat high indentation loads, and consequently measured
be reasonable one. composite hardness will approach asymptotically the
During the microindentation tests of the compositevalue of the intrinsic silicon substrate hardness.

film-substrate systems under investigation, the indenter Optical and scanning electron microscopy of im-
penetration depth was always more than the thickness gifrints did not reveal the lateral cracks to be formed as
the films, even at minimal indentation load of 0.245 N.well as the delamination of the film from the substrate
Supposing the penetration depth equals to about 1/7 afhen the indentation load was as small as of 0.245 N.
the imprint diagonal length for a standard Vickers pyra-An increase of the load to 2.942 N results in the delam-
midal indenter, the calculated values of the relative penination of the film that occurs at the side surfaces of the
etration depthd/t, were varying from 2.3 at the load of indenter, and in formation of large spalls. This kind of
0.245 N to 25.0 at the load 19.614 N for the thinnest, offailure is shown in Fig. 4a. Further increase of the load
300 nmfilm, and from 1.03 atthe load of 0.245N to 12.5to0 19.614 N leads to the fracture of the substrate with
at the load of 19.614 N for the thickest, 700 nm thick- the propagation of penny-shape cracks from the corners

Figure 4 SEM micrographs of imprints onto TiC7 specimen.
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of imprint (Fig. 4b). Generally, such behaviour of the TABLE Il Estimated values dfico andBc
film-substrate system under indentation corresponds t
a model of the hard brittle film on a softer substrate
where the film adjusts itself to the shape of the inden+.,, GPa 8.8 8.3 8.9 7.9 8.0
tation by crack formation, as considered in [7, 11, 16].B;, 10 °GPa/m  48.0 47.2 475 54.1 52.7
Therefore, a constam in Equation 5 is reasonable
accepted to be equal to about 0.5.

The hardness of the films has first of all been cal- o o _
culated from the experimental data using Equation 3 Flg.'7showsthe|ntr|n5|c hardness oleQfllmswhlch
that does not hold for the ISE. The averaged results ar$ estimated asio = Hso+ (Bc — Bs)/2¢it in depen-
shown in Fig. 5 where the calculated hardness is plotdence on the film thickness. First of all, it could be
ted against the imprint diagonal length. The indentatioroted that the hardness value for thickest film is in
size effect is obvious. High scatter of the calculated val-2greement with the data reported in a review paper [4]
ues can be attributed to the effects of both the variatiofPn hardness of bulk TiC, being equal to about 30 GPa. It
of the film thickness and the imprint diagonal measure£an also be seen that the hardness depends on the film
ment, on the second term of the Equation 3. It couldthickness. With an increase of the film thickness, the
be pointed out also that the second-ordeid term of ~ hardness decreases drastically. Such a trend can gen-
Equation 3 is small, especially at severe indentatiorerally be explained by a non-uniformity of the films
loads, and can be neglected. structure created at high laser beam fluence. It has par-

The following features of the plots in Fig. 5 can be tlcularly been §hown that the TiC16 coating possesses
pointed out. The calculated hardness values of the film§on-uniform microstructure owing to the numerous of
are subjected to the ISE. This effect can be originate§Mall fragments covering the surface [14]. _
from the ISE for the substrate, as well as for the film. The problem of size dependence of the mechanical
The second pointis that the calculated data for the film@roperties of solids is generally in question. Very thin
TiC9 and TiC16 with highest thickness correspond tofibers and whiskers of various solids have, for exam-
lower hardness values than these for thin films. ple, strength which approaches the ideal strength [18].

To evaluate the intrinsic hardness of the films, the! h€ indentation process during hardness measurement
composite hardnessj., of the film-substrate system iSaccompanied by the plastic deformation withina zone
are plotted against/D, according to Equation 5 which that is forming under mde_nter and, therefore,_the hard-
allows to take into account the ISE. Examples of thesd€SS is supposed to be influenced by the yield stress
plot are shown in Fig. 6 for the specimens of variousPehaviour. Itis knowr_1 well that the' very thin crystal;
film thickness. Experimental data are fitted well with deform elastically until fracture begins, and the plastic
a linear regression equation, the slope of the regregleformation in these crystals is hampered [18]. This
sion line being equal toBs+ 2c1t(Hio + Hsg)] = B, 'S due to the perfect structure of thin solids, e.g. low-

values ofHso and B are given in Table II. the film hardness is expected to be increased with a de-

The value ofHg calculated as an arithmetic mean crease of their thickness, like it does the yield stress for

from the above data is equal to 8.4 GPa that is in ahin crystals. These general arguments are based on an
excellent agreement with an independent evaluation otnalogy in the strength size effect for fibers, whiskers

Hso= 8.5 GPa obtained from thels versusl/D plot and films. _

work [11] did not reveal the thickness dependence of
100 the hardness of alumina films of 225, 325 and 360 nm
thickness obtained on aluminium by anodic oxidation.
;:gg Besides, the reported in [12] values of hardness for tita-
Tics nium nitride films deposited on steel by sputter ion plat-
Tico ing (thickness range from 2 to 9:8n) and by plasma-
Tic18 assisted PVD method (0.48 to 23:#n) do not depend
60 | vy o on the film thickness. Therefore, it can be supposed
that the dependence of hardness of PLAD TiC film on
their thickness is due to the microstructure formation
40 - o features during the deposition process. These features
Voo v . have been reported in details in [14].
v o ° Shown in Fig. 8 is the dependence of the hardness
20 1 v on the laser beam fluence during the deposition. It
. should be noted that the hardness decreases signifi-
cantly within the fluence range from 5 to 7.2 Jtm
0 : . . . being lowered not so intensively as the fluence further
0 10 20 30 40 50 increases. The fluence value of 7.2 J¢&is very close
to the transition value from the real ablation mechanism
D(1 0° m) to the target pieces propulsion, the boundary fluence
Figure 5 Hardness of films calculated by Equation 3 that does not holdP€tween these mechanisms is reported to be equal to
for ISE. about 8 Jcm? [14].

gpecimen code TiC5 TiC7 TiC8 TiC9 TiC16
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Figure 6 (a—d). Averaged composite hardness of film-substrate systeragssaveraged inverse of imprint diagonal length.

Film hardness (GPa)

46

TiC5
44

42 -
40 -

[
ag|  TIC7 Tics

36 | TiC9
34 -

32 1

30 .

¢ TiC16

62 03 04 05 06

Film thickness (10° m)

Figure 7 Dependence of hardness on film thickness.

934

0.7

08

46

0.25

44 |

42

Film hardness (GPa)

32

30

40

38 1

36 |

34

® TiC5

.
TiC7 TiC8

® TiCo

®TiC16

6 8 10 12 14 16

Laser beam fluence (J cm'z)

Figure 8 Dependence of hardness on laser beam fluence.

18



From the other hand, it could be keeping in mind thatThe Italian Ministry of Foreign Affairs and Consiglio
the structure of the films which is forming during the Nazionale delle Ricerche for supporting his participa-
PLAD process is in a non-equilibrium state. Deposi-tion in the work.

tion of films by evaporation in vacuum results always
in tensile stress imposed on the film due to the densi-

fication of the disordered to some extent structure thaReferences

is “frozing” during the deposition [19]. If the order- 1.
ing degree and, therefore, the tensile stress level are
both dependent on the film thickness, so the hardness
could be expected to be dependent on the film thick-,
ness too, just because tensile stress promotes cracking
under the indentation. Obviously, a further study has

to be performed to elucidate the microstructural fea-

tures, disordering degree and stress state in the pLAD"
thin films in dependence of their thickness and the lasers,

beam fluences to clarify the hardness size effect.
6.
7.

4. Conclusion

Experiments are performed with vacuum PLAD of tita- g
nium carbide films on silicon (111) substrate at the laser
beam fluence of 5t0 15.7 J crhy and the hardness of the
films is measured in dependence on their thickness in*
the range from 300 to 700 nm. To measure the hardness,
common microindentation tests were performed where

the indenter penetration depth was always been more.
that the film thickness. The film hardness was sepall.

rated from the composite hardness of the film-substrate

size effect. Reasonable values of the intrinsic film hard-
ness are obtained. It is revealed that the film hardness

is generally higher than that of bulk titanium carbide, 1*

and the hardness increases with a decrease of the film

thickness. This is probably due to the conditions of the;s,

PLAD process resulting in variations of the structural
features of the films.
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