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Abstract

Electron beam evaporation of TiC powder has been used to deposit TiC thin ®lms on room temperature silicon wafers with

and without simultaneous assistance of low energy bombardment of Ar� at 0±450 eV. The composition of the TiC ®lms was

studied by Auger electron spectroscopy, while the preferential orientation of the deposited ®lm and phase composition were

determined by X-ray diffraction. We have investigated the in¯uence of the carbon and oxygen content on both the

morphological and mechanical properties of the TiC ®lms. The in¯uence on the ®lm properties and their composition of the

ion beam acceleration voltage, argon ¯ow, operating pressure as well as the ion impact angle were also investigated.

Nanoindentation tests indicate that the synthesised TiC ®lms exhibit both a high hardness (12±18 GPa) and a high deposition

rate (1.5 mm/h). # 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Hard TiC ceramics are well known for combining a

number of special properties that have made them of

particular interest in a wide variety of applications.

Titanium carbide exhibits high hardness values (due to

a high degree of covalent bonding [1]), high melting

point and thermal stability, low friction coef®cient,

and high electrical and thermal conductivity. Because

of their hardness and low friction coef®cient, they are

increasingly used as hard coatings of steel ball bear-

ings in spacecraft moving mechanical assemblies

[2,3]; other applications of TiC thin ®lms include

their use as wear and corrosion-resistant ®lms on

cutting tools [4] and diffusion barrier in semiconduc-

tor technology [5]. Moreover, its high melting point

makes it also a promising material to be used as ®rst

wall material in fusion reactors [6].

Although many different research efforts have been

conducted on the deposition of thin ®lms of TiC by

several deposition techniques, the use of ion-beam-

assisted deposition (IBAD), which incorporates phy-

sical vapour deposition in combination with ion bom-

bardment, is of particular interest due to its high

reproducibility and ¯exible and independent control

of the deposition parameters [7]. Moreover, deposition

of TiC coatings by IBAD can be achieved at very low
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deposition temperatures (usually less than 2008C), this

being of great interest for industrial applications since,

for example, at temperatures exceeding 8508C,

depositions involving steel substrates face the problem

of the diffusion of the alloying elements of the steel

into the coating and, consequently, expensive (and

very often unpracticable) post-deposition treatments

are necessary [8].

In this paper, we have explored the synthesis of

titanium carbide thin ®lms deposited by electron-

beam evaporation of TiC powder under simultaneous

argon ion bombardment as an alternative to other

conventional deposition techniques (sputtering,

CVD, etc.). To our knowledge, the in¯uence of Ar�

bombardment during TiC evaporation on the proper-

ties of TiC thin ®lms has not been reported so far. The

present work is mainly focussed at studying the

in¯uence of several processing parameters (ion bom-

bardment energies, argon ¯ow, operating pressure, ion

impact angle) and the residual oxygen in the proces-

sing chamber on the composition and morphological

properties of the deposited TiC ®lms.

2. Experimental

2.1. Preparation of the TiC thin ®lms

The deposition of TiC ®lms was carried out by

electron beam evaporation (APT&T EVM-5) of tita-

nium carbide powder with and without simultaneous

argon ion bombardment (see Fig. 1). The ion source

was of Kauffmann type (IBS-250) with a beam dia-

meter of 3 in. Optimum ®lms (with respect to ®lm

hardness) were deposited with an acceleration voltage

ranging between 0 (experiments without ion beam

assistance) and 450 V and an ion current of 15 mA.

During the deposition, the pressure in the processing

chamber was kept constant at 10ÿ6 mbar (without ion

assistance) and 3� 10ÿ4 mbar (with ion assistance),

respectively. The direction of the ion beam is 548, 688
and 898 off the normal, and the angle of the evaporated

atoms (using an electron beam) is 108 to the normal of

the substrate surface, respectively. The ®lms were

deposited on h1 0 0i oriented silicon substrates care-

fully cleaned, before the deposition process takes

place, in an acetone bath followed by an ethanol bath.

In addition to this, TiC powder (2 mm) with a purity of

99.95% (Kurt J. Lesker Corp.) was used for the

electron beam evaporation process and, prior to ®lm

deposition, all substrates were subjected to a 5 min

sputter-cleaning treatment with Ar� ions. The dis-

tance between the ion and electron beam sources and

the substrate surface was 20 and 15 cm, respectively.

The deposition rate for the different deposited TiC

samples ranged between 20 and 30 nm minÿ1. The

detailed experimental conditions used in the present

study are listed in Table 1.

2.2. Structural analysis and mechanical

characterisation

The TiC thin ®lm composition was determined

through Auger electron spectroscopy (AES) measure-

ments performed in an ultra-high vacuum chamber

with a base pressure of 5� 10ÿ10 mbar and using a

JEOL-JAMP-10S spectrometer with cylindrical mir-

ror analyser (CMA). The AES data were acquired in

the differential mode. The kinetic energy of the inci-

dent electron beam was 5 keV with a total current of

90 nA. Moreover, the structure and phase composition

of the TiC ®lms were determined by using X-ray

diffraction (XRD) with monochromatised Cu Ka
excitation radiation and the y±2y technique. XRD

analysis allowed us to corroborate the determination

Fig. 1. Experimental set-up.
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of the ®lm composition previously performed with

AES techniques.

The ®lm morphology and microstructure were

investigated by scanning electron microscopy

(SEM) measurements carried out under vacuum

conditions.

The hardness of the TiC ®lms was measured using

nanoindentation techniques. For the measurements

presented here, we used a Nano-Indenter1 II (Nano

Instruments) with a Berkovich pyramid diamond

indenter. We have used the a.c. indentation technique

which was ®rst introduced by Oliver and Pharr [9].

This technique allows us to measure continuously the

hardness and Young's modulus of the sample as a

function of the indentation depth.

In each indentation experiment, the indenter was

®rst loaded and unloaded three times in succession at

a constant rate of 10% of the peak load to assure that

the contact was maintained between the specimen

and the indenter. Three hold periods of 50 s were

inserted at the maximum depths and another hold

period of 100 s was inserted at the minimum of the

®nal unloading. During this last hold period, the

displacement of the indenter was carefully moni-

tored to establish the rate of thermal drift in the

machine for subsequent correction of the data. Two

experiments were carried out for maximum depths of

10, 20 and 30 nm, and 30, 60 and 90 nm, respec-

tively. Finally, the thickness of the coatings depos-

ited on the silicon substrates were measured using a

surface pro®ling system Dektak 3030.

3. Results and discussion

3.1. Phase analysis and ®lm composition

We show in Table 2 the elemental composition,

obtained by AES, of our TiC thin ®lms deposited with

and without argon ion beam assistance with different

ion bombardment energies, respectively.

As speci®ed in Table 1, samples S0, S1 and S2 have

been obtained with no ion assistance, though S0 and

S1 were deposited without argon ¯ow in order to

determine the in¯uence on the properties of the ®lms.

In addition, sample S0 was synthesised with a pre-

vious Ti pre-evaporation treatment, whereas sample

S1 was directly deposited (i.e. without Ti pre-evapora-

tion). It is generally assumed that Ti acts as an oxygen

getter, thus reducing the oxygen level in the chamber.

Comparing S0 and S1, we see that the Ti contents in

these samples are the same and that, remarkably, their

oxygen concentrations are also very similar (13±

14 at.%) in spite of the Ti pre-evaporation treatment.

This seems to indicate that the oxygen present in the

TiC samples was in the TiC powder before evapora-

tion and that minute amounts of oxygen from the

chamber were incorporated to the ®lms. Regarding

the carbon content, we see that it slightly decreases

from 58.6 at.% in sample S0 to 56.1 at.% in sample

S2 (when a 3 sccm argon ¯ow is introduced). The Ti

concentration follows the opposite trend, that is, it

slightly increases from 28.3 at.% in S0 to 29.4 at.%

in S2.

Table 1

Experimental conditions for deposition of TiC thin ®lms

Conditions S0 S1 S2 S3 S4 S5 S6

Evacuation time (h) 2 2 2 2 2 2 2

Ion beam acceleration energy (keV) 0a 0 0 0.225 0.300b 0.375 0.450

Ion beam intensity (mA/cm2) 0 0 0 0.34 0.34 0.34 0.34

e-beam acceleration energy (keV) 7 7 7 7 7 7 7

e-beam intensity (mA) 140 140 140 140 140 140 140

Operating pressure (mbar) 10ÿ6 10ÿ6 10ÿ4 10ÿ4 10ÿ4 10ÿ4 10ÿ4

Ar flow (sccm) 0 0 3 3 3 3 3

Deposition time (min) 10 10 10 10 10 10 10

a Immediate deposition but prior evaporation of Ti for two times during 2 min each. The shutter is kept closed during these two prior Ti

evaporations so that no deposit is formed.
b For this ion energy, the material properties have also been studied at two additional impact angles: 688 and 898 with 3 sccm, and 548 with

5, 7 and 9 sccm of Ar ¯ow, respectively.
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As revealed by the X-ray diffraction patterns, the

deposited TiC ®lms without ion beam assistance at

10ÿ6 mbar are preferentially orientated in the h1 1 1i
direction. Results from XRD indicate the existence of

one phase: TiC.

On the other hand, we have observed that the

titanium content of the TiC ®lms grown with argon

ion assistance, at different bombardment energies, is

almost constant (see Table 2) and practically the same

(�28.6 at.%) to that found in the non-assisted TiC

®lms. The depth distribution of the TiC ®lm consti-

tuents, C, Ti, and O, is shown by the AES pro®les in

Fig. 2. It indicates that the ratio Ti/C in the TiC ®lm

deposited at 0.300 keV and 0.34 mA/cm2 Ar� bom-

bardment is about 0.5, which differs from the stoichio-

Table 2

Properties of the TiC thin ®lms deposited under the experimental conditions of Table 1

Material property S0 S1 S2 S3 S4 S5

Ion beam energy (keV) 0a 0 0 0.225 0.300b 0.375

Ti (at.%) 28.3 28.4 29.4 29.5 28.9 28.7

O (at.%) 13.1 14.2 14.5 13.5 8.8 4.3

C (at.%) 58.6 57.4 56.1 57.0 62.3 67.0

Thickness (nm) 280� 30 380� 40 230� 20 280� 30 300� 20 220� 40

Hardness (GPa) 15:4� 0:5 14:8� 0:6 11:3� 0:3 12:1� 0:8 16:6� 0:2 17:4� 0:2

Young's modulus (GPa) 215� 5 210� 4 187� 3 204� 7 208� 3 244� 8

a Immediate deposition but prior evaporation of Ti for two times during 2 min each. The shutter is kept closed during these two prior Ti

evaporations so that no deposit is formed.
b For this ion energy, the ®lm roughness and mean grain size have also been studied at two impact incident angles: 688 and 898 with

3 sccm, and 548 with 5, 7 and 9 sccm of Ar ¯ow, respectively.

Fig. 2. Typical sputter depth pro®le of a TiC ®lm deposited at

0.300 keV (9 sccm of Ar ¯ow) and 0.34 mA/cm2 Ar� bombard-

ment.

Fig. 3. Oxygen (&) and carbon (*) concentrations in the

deposited TiC ®lms as a function of the ion bombardment energy.

Fig. 4. X-ray diffraction patterns of a TiC ®lm obtained using the

Y±2Y technique and monochromatised Cu Ka excitation radiation.

The lines show the peaks of TiC h1 1 1i and TiC h2 0 0i obtained at

0.300 keV when using 3 and 9 sccm of argon ¯ow.
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metric value of the evaporated TiC powder. The loss of

Ti in the ®lms is assumed to arise from the partial

decomposition of the TiC compound during evapora-

tion. In this process a fraction of the Ti atoms could

react with the oxygen desorbed from the chamber

walls and with that present in the atmosphere of the

processing chamber. However, most of the decom-

posed Ti remains in the liner, while the decomposed

carbon leaves the liner (`crucible') due to a prefer-

ential evaporation. The explanation given above for

the decomposition of the TiC powder has been corro-

borated by XRD analysis of the TiC powder before

and after being heated.

Moreover, we see in Table 2 and Fig. 3 that the

oxygen and carbon contents in the TiC ®lms follow

opposite trends, that is, whereas the oxygen concen-

tration decreases with increasing ion bombardment

energies, the carbon content grows monotonously up

to almost 70 at.% at 0.375 keV.

As revealed by the X-ray diffraction analysis (not

shown here), the deposited TiC ®lms with the assis-

tance of argon ions exhibit the presence of a single

Fig. 5. SEM micrographs of TiC ®lms showing the in¯uence of different processing parameters: (1) argon ¯ow (at 0.300 keV and 10ÿ4 mbar):

(a) S4 (3 sccm) and (b) S4 (9 sccm); (2) ion bombardment energy (with an argon ¯ow of 3 sccm and 10ÿ4 mbar): (c) S2 (0 keV) and (d) S5

(0.375 keV). The lateral size of the image is 19� 19mm2.
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phase, TiC, growing in one preferential direction:

h1 1 1i for ion bombarding energies ranging between

0 and 0.300 keV. Also, at 0.375 keV, only the h1 1 1i
direction is observed.

Regarding the effect of the argon ¯ow at a constant

ion bombarding energy, it is worthy to mention the

presence of two intense peaks corresponding to the

h1 1 1i and h2 0 0i growing directions of TiC samples

grown at 0.300 keV and 9 sccm of Ar ¯ow. However,

their presence becomes much weaker when decreas-

ing the argon ¯ow (7, 5 and 3 sccm) at 0.300 keV (see

Fig. 4).

3.2. Morphology and mechanical properties

We show in Fig. 5 a set of SEM images that allow us

to elucidate the in¯uence of several technological

parameters such as: (i) the argon ¯ow and (ii) the

ion bombardment energy on the morphology of the

deposited TiC ®lm surfaces. The increase of the ¯ow

of argon (see Fig. 5(a) and (b)) into the processing

chamber leads to more uniform ®lm surfaces. More-

over, we can also see in Fig. 5(c) and (d) the differ-

ences in surface morphology between non-assisted

and assisted ®lms (with argon ions of 0.375 keV

bombardment energy). The results indicate an

improvement of the ®lm surface homogeneity when

assisting the ®lm growth with argon ions of 0.375 keV.

On the other hand, analysis of the argon ion assisted

TiC ®lms at different ion energies shows (see Table 2)

that the ®lm thickness increases with increasing the

ion energies up to a maximum of 0.300 keV and then

decreases at 0.375 keV. Besides this, the effect of

varying the Ar� incidence angle from 548 to 898, at

0.300 keVand 3 sccm argon ¯ow, causes a decrease in

the TiC ®lm thickness from 300 nm (548) to 190 nm

(898).
When we work at constant ion bombardment energy

(0.300 keV) and ion incident angle (548) but change

the argon ¯ow going into the processing chamber from

3 to 9 sccm we observe a decrease in the ®lm thickness

motivated by the rise of the pressure in the processing

chamber (this causes a lowering of the deposition

rate).

We see in Fig. 6(a) together with Table 2 that the

hardness and Young's modulus of the assisted ®lms

increase as the ion bombardment energy increases

which is in good agreement with the results previously

reported by He et al. [10] on the hardness of TiC ®lms

deposited by IBAD on AISI 52100 steel (HRC 61). As

can be seen in Fig. 3, these trends can be correlated to

the decrease or increase of the oxygen and carbon

contents in the ®lm, respectively.

On the other hand, Fig. 6(b) shows a decrease of the

®lm hardness and Young's modulus with increasing

argon ¯ow (from 3 up to 7 sccm) and then a slight

increase is observed between 7 and 9 sccm. In addition

to these ®ndings, nanoindentation studies demon-

strated that, keeping constant the bombardment ion

energy at 0.300 keV and the argon ¯ow at 3 sccm, the

TiC ®lm hardness decreases when increasing the ion

incident angle from 548 (16.6 GPa) to 688 (12.7 GPa)

and 898 (14.4 GPa). These results agree with those

previously found by other authors [6,10].

Fig. 6. Film hardness (~) and Young's modulus, E, (*) as a

function of (a) the ion bombardment energy and (b) the ¯ow of

argon at a constant ion bombardment energy of 0.300 keV and ion

incident angle of 548.
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4. Conclusions

The effects of several important processing para-

meters on the properties of TiC ®lms synthesised by

TiC powder evaporation and IBAD have been stu-

died. We have shown that TiC ®lms grown by low

temperature IBAD under 225±450 eV bombardment

of Ar� exhibit high hardness (16±18 GPa). In addi-

tion to the in¯uence of the ion bombardment energy

on the ®lm hardness, we also found out that, for a

constant ion energy and incident angle, the ®lm

hardness decreases when the argon ¯ow grows,

though there is a critical value (7 sccm) for which

the hardness of the ®lm increases, this being corre-

lated to a change in the preferential growth directions

of the ®lm.

A recombination mechanism of Ti atoms with the O

desorbed from the chamber walls has also been pro-

posed to explain the Ti de®ciency found in the ®lms.

Though the present results have an exploratory

character, this is the ®rst time that, to our knowledge,

good quality TiC ®lms have been successfully synthe-

sised from electron evaporation of TiC powder with

and without simultaneous assistance of low energy

Ar�. The obtained ®lms are uniform, present high

hardness and deposition rate, all features of interest for

practical applications.
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