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Abstract. Thin films’ residual stress is often determined the Stoney formula, using the
measurements of the substrate curvature, even ifrdhaired hypotheses are not completely
respected. In this study, a 2.2 um titanium nitgdating was deposited by reactive sputtering on a
silicon substrate. The Stoney formula was usedderoto calculate the residual stress of the film.
The radius of curvature was measured, before aed @ating by optical profilometer, considering
the whole surface of the sample. The effect ofdhlestrate shape (square and rectangular) with
various dimensions was investigated. We showedtkieashape of the substrate influence strongly
the deformation. Moreover, it was highlighted thlaé choice of the radius (maximum value,
minimum value, mean value, with or without initialrvature correction) is critical to the
determination of the stress.

Introduction

From a qualitatively point of view, thin films’ tak stress can be written as follow:

O tot = Oext +6th +6i (l)

where cex represents the external stress due to the exterading, oy, the thermally-induced
stress ands; the internal stress. The thermal component caredtienated using the following
equation:

oy = E (af _as)(Ts _TM) 2)

with Ts the coating temperaturey the temperature at which the thermal stress aesrdaned,
or at which the coating system operates in senicéhe Young modulus of the filmy; andas the
film and the substrate thermal expansion coeffisiem the case of our studyy is equal to zero,
because no external load is applied. Moreover,umexperimental conditions and using far &
and os the values reported in the literature [1, 2], vikain for o a negligible value (between 10
and -30 MPa). For these reasons, only the intestneés were considered and evaluated.

The Stoney formula is generally used to calculla¢erésidual stress value [3]:

o :L££1 _LJ @)
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with Es the Young’s modulusys the Poisson’s ratio and; the thickness of the substrate,the
thickness of the film, R andgRhe curvature radii of the substrate after and before deposition.

However, the Stoney formula requires the respect of the following lngpes [4, 5]:

- the thicknesses of the substrate and the coating are smaller thatethledimensions;

- deformations and rotations are infinitesimal;

- the thickness of the coating is smaller than the thickness stiistrate;

- the substrate and the coating are homogenous, isotropic and |astar; el

- the radius of curvature is equal in all directions (spherical deformation);

- the stress and the radius of curvature are constant on the whole sutfecplate.

Nevertheless, the Stoney formula is frequently used, even if thesthégpes are not completely
respected [6].



Concerning the determination of the radius of thevature, several methods are reported in the
literature. For instance, Masters and Salamon fid] ldarper and Wu [8] used punctual curvatures
measured in the center and at a quarter of thelsafpgo et al. [8] showed that the film stress
depends on curvatures of the entire substrate andlocally on the substrate curvature.
Consequently, they extended the Stoney formuladoruniform misfit strain distribution. Another
different approach was used by Fillon [9]. The hpesis of the uniformity of the curvature was
assumed, and the stress evolution in the film wasitored in real time during growth, using a
multi-beam optical stress sensor technique. The tgibscurvature was measured for two
orthogonal directions. For each direction, six measents were realized and the average value
was considered.

In the present study a TiN thin film was depositedsilicon substrates with different size and
shape on the same time. The substrate curvatureneasured, before and after coating, taking into
account the whole surface. The residual stressdetesmined using the Stoney formula adapted to
a plate-like substrate (Eqg. 3). We showed thatd#f®rmation is influenced by the shape of the
substrate. Moreover, even if it is well known thia¢ substrate curvature before coating has to be
precisely measured, since the substrate flatnessvier perfect, the literature never define which
radius has to be used for the calculus (maximumjmiim or mean value). In the present work we
put in evidence that the choice of the radiusitscal for the determination of the stress.

Experimental conditions

A TIiN coating was deposited on a 380 um (001) @ilisubstrate by dc reactive magnetron
sputtering, using a titanium metallic target (pu@0.99 %) in an Ar + blgas mixture. The working
pressure was 0.65 Pa and the initial substrate tatype was at 55°C. The discharge potential was
370 V and the substrate was at the floating pakntihich was measured during process around
18 V. The Ar and M flow rate were 90 sccm and 40 sccm respectivelythése conditions the
growing rate of the TiN film was at the order of ®%.min*. The deposition time was adjusted in
order to obtain a film with a constant thicknessselto 2.2 um.

Before the deposition process, the Si substratesar from a one side mirror-polished wafer,
cleaned in an ultrasonic bath, first with acetond then ethanol solutions, dried and kept at room
temperature. The TiN film was deposited on the enipolished surface. In order to investigate the
effect of the shape of the substrate on the defiboms five samples were tested with different size
and shape, from square (10 x 10 and 15 x 15 mm X tamectangular (10 x 13, 10 x 15, 10 x 19
mm x mm). The curvature radius was measured bypticab profilometer (WYKO NT1100) for
both sides of the sample (mirror polished and uspetl) before and after TiN deposition,
considering the whole surface of the sample. Theegaand the directions of the radii of curvature
were obtained by Gwyddidnwhich determine the curvature of a surface witlo brthogonal
directions. The residual stress was then calculasiny the modified Stoney formula for a plate-
like substrate (Eq. 3).

In this study we will focus only on the results ceming the mirror polished side.

Results and discussion

Influence of the shape of the samples on the defoations.

In the Table 1 are listed the values of the ratidusvature measured for the five samples for two
orthogonal directions of the surface; (and ¢,), before and after coating (B Ro2. and R, R,
respectively):

! http://gwyddion.net/




Table 1: Radii of curvature measured for the ingestéd samples.

Sample number R (m) Roz (M) Ry (m) R, (m)
1 -47.2 -94.4 67.2 12.7
2 57.5 13.6 10.1 8.1
3 127.7 35.2 17.8 8.4
4 -294.2 39.5 21.9 9.4
5 -32.8 58.8 26.7 10.9

In a first time we chose to neglect the initialvature correction of the substrate and to consider
only the radii measured after coating @d R). For the sample 1 an important difference (about
80 %) can be observed betweepddd R values, which correspond to an elliptical deforiorat
(Fig. 1a). On the contrary, for the sample 2, taki@s obtained for Rand R suggest that, after
coating, the sample tends to a spherical deformapes(Fig. 1b). The difference betweenaRd R
values is nearly 20 %.
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Figure 1: Deformation after coating on sample lafa) 2 (b).
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Concerning the rectangular samples (samples 3d4%4gnn all cases after coating we observed
an elliptical deformation. The difference betweenaRd R values is equal to 53 % for the sample
3, 57 % for the sample 4 and 59 % for the sampléh&se results suggest that the nature of the
deformations after coating doesn’t depend on tloengéry and on the size of the samples.

The results presented in table 1 show clearlytti&tnitial substrate is not flat and that theiait
deformation cannot be neglected for the stressulzdlon. In this aim, we determined

A = 1 _Ri andA, = 1. R and we use for convenient the equivalent ré&ii,y aen = A7
1 0.1 2 0.2
and R .20 = A7 - The percent of difference betweenfand Reqis shown in the figure 2, with

those between Rand R for comparison.
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Figure 2: Percentage difference betweesn &1d Rq; values and Rand R values.



If the percentage difference of the radii aftertocwawithout initial curvature correction doesn’t
show any particular trend, it is not the case ik correction. A size effect is detected for squa
substrate and then a shape effect. This meanfothasufficient size, when the shape of the sample
approaches to a strip, the deformation after coatergls to become more spherical. These
observations are in agreement with the works ofdgayal. [8].

Gwyddion allows obtaining not only the values oé tturvature radii before and after coating
along the principal perpendicular directions of theface, but also the values of the curvature
directions @1 andg,). As they are orthogonal, ondy variation is considered. The measured values
are shown in the figure 3.
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Figure 3: Variation ofp; before and after coatingy = ¢4 [11/2].

The comparison of the results obtained for the $amples shows that, before and after coating,
the curvature directions are very similar (£ 5°)tmthe only exception of the sample 2 (15 x 15
mm), with a difference about 45°. This suggests titi initial orientation of the substrate influenc
the orientation after coating.

Residual stress values determination.

The residual stress was determined using the nedd8toney formula for a plate-like substrate
(Eqg. 3). Positive signs of the curvature radii espond to a concave surface, whereas negative signs
to a convex one; mixed signs mean a saddle-liklacewr We used the values of 130 GPa for the
substrate Young's modulus JEand 0.28 for the substrate Poisson’s rati [10, 11]. The
thickness of the substrate)iis given at 386 + 3.5 by the suppliers and thektiesses of the films
(hy) were measured by high resolution scanning elecgtrmnoscopy with a magnification of 25000
and are equal to 220.1 um. R and Rare the curvature radii of the substrate after lagidre
coating and their values are listed in the table 1.

The residual stress was calculated using the fiadii R, where the initial curvature of the
substrate is neglected, and the equivalent radivhere it is taken into account.

As the radii of curvature were measured along thecipal orthogonal directions of the surface,
we calculated, for each of the five samples, th&mam, the minimum and the mean value of R
and Rq The highest radii will correspond to a smallds¢ss, and the smallest radii to the highest
stress. The mean value is the most used in thetlitee. From that, we could calculate three
different values of the residual stress for eachpa. Of course because we used substrate from the
same wafer, and that the coatings were depositettheoisame time with a large target (16"x5”),
which guarantees a homogeneous deposition zonsha#d obtain exactly the same stress in all
cases. But, with the radii measurements presenedopisly, it is clear that there will be differesce
in the measured stress with the change of substhaige and the choice of the radii (R e§ RThe
results are shown in the figure 4.
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Figure 4: Residual stress calculated using R (a)Ranb) values.

These graphs show clearly the importance of th@irgurvature. In the case without, the stress
takes values from 30 to 250 MPa, and there isemdtwith the change of shape of the substrate. In
the case with the initial curvature, the stresesakalues from 70 to 190 MPa, and there is a clear
“shape effect”. More the substrate is strip-likathmprobably a minimum size, more the stress is
homogeneous and Stoney’s hypothesis validated.n8emanclusion, if there were no shape effect,
we could assumed a mean value for the five sangpldsso compare the influence of the choice of
the radius used for the stress calculation. Thesstcalculated in the first case takes values of
105465, 135+65 and 210+40 MPa fohR Raverage@Nd Ruin, respectively. In this case, it cannot be
determined with precision, as the maximal variatonld be around 200 MPa, more or equal to the
mean value calculated. In the second case, thesdiakes values of 10525, 130£15 and 17015
MPa for Rq max Req average?Nd Rq min respectively. Here the calculation is more pesclsut the
maximal variation is about 105 MPa, in the ordethaf smallest stress mean value. Because of the
low stress level it is not so easy to concludehendhoice of the radius. But, even both equivalent
radii (min and max) should be used, we could asstima¢ the minimum equivalent radius,
corresponding to the highest deformation of the tsates gives more precise results.

The films studied in this paper present low stiessl, in the order of a few hundred of MPa.
These results are in agreement with the work ofaBiski [12], who studied the residual stress
variation in a TiN/Si coating as a function of thias voltage and of the deposition pressure. Indeed,
in working conditions similar to our experimentarameters, they found tensile residual stress
values included between 0 and 200 MPa. Neverthelasdevel is lower than those found by some
other authors for TiN films [1, 13, 14, 15]. Thidgfdrence may be partially explained by different
coating conditions (pressure, temperature, bi&s), etubstrate thicknesses and values used for the
Young’'s modulus and/or the Poisson’s coefficienthe substrate. They {Endvs) depend on the
substrate direction and cover a wide range of waJli@, 11]. Another possible explanation may be
the presence on the unpolished side of our silsidrstrates of high residual stress before coating
(293 MPa calculated with the X-ray diffraction tedue, using the sfiy method [16]), when the
polished one is at 90 MPa. It might be consideredraexternal load, and. As a consequence, the
initial hypothesesdex: equal to zero) should be modified.

Conclusions

The results obtained in our study show that theoshaf the substrate before coating has an
influence on the deformations after coating. Indeedas put in evidence that, when the shape of
the sample approaches a strip, the deformation edi&@ting tends to become more spherical. This
result is in agreement with the available literatdiata. Moreover, it was clearly shown that the
choice of the curvature radius (maximum, minimunm@an value) is a critical parameter for the
determination of the stress. A careful attentionusthdoe given to this technique to minimise the
dispersion of the calculated stress values andgare the relevance of the studies. The stresg valu
is an image of the curvature radius and, as a qoesee, of the way it was determined.
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