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Stress tuning in sputter-deposited Mofdms

J.-Y. Faod, E. Barthe?, S.Y. Grache¥!
aQurface du Verre et Interfaces, UMR 125 CNRS/Saint-Gobain, 39, quai Lucien Lefranc, F-93303 Aubervilliers, Cedex, France.

Abstract

The evolution of the compressive stress in/MoOx sputter-deposited thin films has been followed in sittirty deposition as a
function of two parameters: the oxygen flux and the negailage bias applied to the substrate. In addition the miarosire of
the films has been characterized. Oxygen accumulation attérace was observed. We describe the origins of thessimgsrms
of ion bombardment and oxygen incorporation.
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1. Introduction are several mechanisms competing in stress generation [14]
Consequently, each product requires a fine tuning of depnosit

Sputter-deposition is widely used in industry as a fast angharameters for desired mechanical properties. Currenwlkno

versatile way of forming film stacks on a substrate. A rangeedge allows for the stress design in film stacks for semicondu

of deposition parameters allows for controlling the film mi- tor industry and in large area coatings. A general approsch i

crostructure, stoechiometry, internal stress, intedesred re-  still lacking for more complicated systems such as oxidek an

lated physical properties such as adhesion, transparamty aother multi-componential films and stacks.

conductivity, [1]. Generally, sputter-deposition is ¢agr out This paper focuses on stress tuning in Ma®@in films by

far from equilibrium conditions as the atoms and ions withhi  varying the oxygen partial pressure and bias voltage apjpdie

energy (up to several tens of eV) land on a substrate heldvat lothe substrate during deposition. The stress in the film was mo

temperatures. This is the main reason for films to exhibgdar itoredin-situ during deposition by measuring the curvature of

density of defects and residual stresses. a flexible substrate. We found that the compressive stress in
Intrinsic stresses in a sputter-deposited film are commompure Mo film was caused by ion peening while in Mofdms

These stresses can be desirable or undesirable. On the omeygen incorporation and fiusion contributed to stress gener-

hand, large stresses, both tensile and compressive, egigex  ation. We connect microstructural observations with thesst

of weak interfaces and cracking and delamination of thekstac evolution.

For this reason stresses are undesirable in applicatiomshéD

other hand films under high stresses can be used for measuring )

interfacial toughness by means of the superlayer test[Ztg 2~ Experiments

stresses themselves have been a subject of research fdedeca

2]? \t?l] éof:lm izir:e;ssfnrifr,clgtﬁ? Cr;z?; tion with other charadtesis on 2 inch diameter Si(100) wafers with native oxide.

There are a number of phenomena driving stress evolution All films are deposited by magnetSron sputtering in a high
while the film is being deposited (see reviews [4, 5, 6]). bgri /acuum chamber (base pressure 20 Pa. Deposition pres-

the early steps of deposition, island nucleation, growth ot sure? rag%e frofm4.g5 Pa to 032 Pf”"h Spufcterlfr:g ga:?as are Ar
alescence occur which result in an evolution of stress. lfiokt 2t @ |xed 'EJX 0 ; scem a}[n mltth vag;gng ux. fllrgg \?\;eD
polycrystalline films & 100 nm) the resulting residual stress is prepared at room temperature with a power o - De-

believed to be mainly defined by the latter processes, mainlposition rate ranges from3- 4As”.

grain competitive growth, grain boundary zipping, incamo The potential of the substrate is controlled during depwsit
tion of impurities and dtusion and ion peening [7, 8, 9, 10, 11]. using an external DC power supply and ranges from OV to -
For thicker films & 1 um) the microstructure and texture de- 75 V. In a series of experiments, the potential is left flagtin
velop in complicated way resulting in stress gradients ared s The floating potential is -22.5 V.

cific surface morphologies [12, 13]. All these phenomena are Curvature of the sample is monitored in-situ using a multi-

sensitive to the deposition and substrate conditions.nQftere  beam optical stress sensor built-in-house [15,(M8DSS, pre-
sented in Fig.1. A laser beam is split by a semi-reflectiveonir

The set of parallel beams reflect on the substrate surfate wit
1Corresponding author. Email address: sergey.grachev@gatiain.com an incoming anglex. The curvature of the sample causes the

Molybdenum and oxidized molybdenum films are deposited
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beams to diverge, and the spot positions observed on a screen 0.0
are linked to the curvatureat a timet, as —e— Floating potential

04+ —A— Grounded potential
cos(a) 1- D(t)
2L Dret

k(1) = 1)
whereq is the incoming angle with respect to the sample sur-
face,L is the distance between the sample and the sciggn,

is the distance between spots for a flat substrate,atll is

the distance between spots at instarif we combine(1) with

the Stoney formula, the expression of the stress in the film as
function of the initial curvature of the substraigand the spot
separation becomes

<o> (GPa)

£ 2 0 1 2 3 4 5 6
Ac®9(t) = (x (t) — xo) 6(1——51/5)5 (2) Oxygen flux (sccm)

whereEs, vs andts are the Young modulus, the Poisson ra- Figure 2: Influence of the oxygen partial pressure on the-aver

tio and the thickness of the substrate respectivelytasithe  age stress of the film for two sputtering substrate potential
thickness of the film.

In case of the floating potential, in the absence of oxygen,
we see that the average stress in the film is compressivajarou
1.2 GPa. As we increased the oxygen flux, the stress initially
becomes more compressive. We observe a maximum in com-
pression around 2.1 GPa in the film when deposited at the oxy-
gen flux of 2 sccm. For larger fluxes, the stress becomes less
compressive.

As the potential of the substrate is switched to the ground,
we observe similar behavior for the residual stress. The-max
mum in compression shifts to 4 sccm ©f resulting in stress
of around 1.8 GPa. Note that the maximum in the average com-
IE)ressive stress is higher in the case of the floating potehéia
when the substrate is grounded.

Using the MOSS set-up described previously, we then study

_ ) ) _the stress development in the molybdenum films. In Fig.3 we

Microstructure of the samples is characterized by atomig)|ot the average stressthickness versus time for several con-
force microscopy (AFM) for surface roughness. Surfacegjjtions, which is equivalent to a force per unit of thickneEse
are scanned in taping mode with a silicon tip using a Veecgope of the curve provides the value of the local stressiim th
Nanoscope V atomic force microscope. In order to charaeteri fjjm_ |f the slope is negative the stress is compressive atigif
the film cross-sections, we use field emission gun - scanning|ope is positive the stress is tensile.
electrpn MICroscopy (FEG'SEM)’ on a LEO DSM-982 GEM- In Fig.3a, we observe that the stress is always compressive.
INI' microscope operating at 15 kV. We probe 0xygen ConCeng e fiim thickness increases, the value of compressiesstr

tration profiles in the films by time of flight secondary ion mas decreases. When a potentia-af5V is applied to the substrate,

spectrometry (ToF-SIMS). Measurements are perfomeq ON fhe stress becomes more compressive with higher compnessio
TOF-SIMS IV from lon-Tof and C§ ions are the sputtering for small thickness

species. In Fig.3b, oxygen is added during the deposition. At floating
potential, the stress is also compressive. However the @snp

3. Results sive stress is lower for small film thickness. When we apply a
potential of-75V to the sample during growth, we observe the

We begin by studying the influence of the oxygen flux duringsame trend with an overall average compressive stressrhighe

deposition on the residual stress in the film. In Fig.2 weilet than in the floating potential case.

influence of the oxygen flux on the average stress in the film. FEG-SEM images of these four samples are shown in Fig.4.

The oxygen flux varies from 0 sccm to 4 sccm in the case of th&Ve can see that all the samples exhibit columnar grain struc-

floating potential on the substrate and from 0 sccm to 6 sccrture. The structure remains columnar when a potential of -

in the case of grounded substrate. (Film thickness is kept at5 V is applied. However, the addition of oxygen in the MoO

350+ 20 nm) leads to a reduction of the grain size and at the interfacke wit

Camera

Screen

Figure 1. Multibeam optical stress sensor used to measure i
situ the average curvature of the sample during deposition.
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Figure 4: FEG-SEM images showing the influence of substrate
potential and oxygen doping on the microstructure of molyb-

denum thin films. Local stress versus thickness is plotted fo
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Figure 3: Influence of the substrate potential on stress iglmo ~ Wherec®9 (h) is the average stress at a given thickniessd

denum thin film for (a) no oxygen and (b) 2 sccm of oxygen. o'°4 s the local stress. By successively measuring the average
stress, via (1), it is possible to evaluate the local strass.

discretize (3) and obtain an iterative formula for the Icstess
the substrate, the columnar structure of the film has notldeve:

oped. This layer close to the interface appears amorphous or
nanocrystalline. 1 (i

Root mean square roughness and film thickness, measured by of = Mot {Z ] o - Z hyor} o 4)
AFM, of four characteristic films are presented in Table. W A
observe that the deposition rate varies by about 10% depend- Eq.4 should be applied to experimental data with caution. We
ing on the deposition conditions. The roughness of the pur@ssume here that the change in curvature observed during the
molybdenum samples increases when the substrate potientialfilm deposition is only due to new material added, neglecting
decreased. For MoCKilms, the roughness is higher when the bulk stress relaxation during deposition.

Thickness (nm)

potential is left floating£22.5 V). Mo films deposited without oxygen have high compressive
local stress close to the interface as well as medium sizegyra
Sample Mo MoQ In MoOx films, grains are small at the interface and the stress
Potential (V) -225 -75.0 -225 -75.0 observed is less compressive than for Mo films. If we look at
Thickness (nm) 626.1 671.0 633.0 615.6 the local stress behavior and compare it to the microstrectu
Roughness (hm) 6.3 10.8 9.9 4.3 there is a strong correlation with the grain size.

The XRD patterns of the same samples are shown in Fig.5.
Table 1: Thickness and roughness of five characteristic samill samples exhibit the (110) peak showing that the films are
ples. Deposition times are equal. grown as a molybdenum bcc crystalline solid. The presence of
stoichiometric oxides, such as Mg@hase, are not detected,
Local stress, which is the stress due to a thin layer of thickindicating that the oxygen in the molybdenum films is in in-
nessdz at a given material thicknegscan be derived from the terstitial position. However significantftierences are observed
stressx thickness curves obtained in-situ during the growth offor films grown with and without oxygen.
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Figure 5: XRD spectra of the same four samples as Fig.4Figure 6: ToF-SIMS measurement of oxygen concentration of

Dashed line represents the location of the (110)peak of lsoly the same four samples as Fig.4. Dashed line representbe Si

denum. peak of the substrate interface. Mp@ims have high oxygen
concentration at the interface.

The full width at half maXimum. (FWHM) can be caIcuIated. We can also observe a high concentration of oxygen, ten
from_ the spectra presented in _F|g.5. The smallest FWHM Simes higher than in the rest of the sample, next to the iaterf
obtained for pure Mo at -75 V with.28° whereas the value for with the substrate in both MoGiilms. The oxygen concentra-
pure Mo at floating poFentiaI _is slightly higheid®. The peaks tion in the film remains high up to a certain thickness. When
are broader for MoQiilms with a FWHM of .0660 and 063? we compare the concentration profile of oxygen with the eross
for Mo with 2 sccm of Q at flloatlng potential anq Mo with <o ction of the MoQfilms in Fig.4, the oxygen-rich layer corre-
2_sccm_ of Q at -75 V respeciively. . The broadening of x-ray sponds to the nanocrystalline layer and the lower concéonra
diffraction peaks can usually be attributed to the small grai si corresponds to the columnar structure.
or the defects in the thin film [17]. When a negative potential
is applied during growth of pure Mo, grain size is larger whic _ .
results in a narrowing of the fifaction peak. Thisféectis also 4 Discussion
observed when films are grown with oxygen. Fro_m the grain Our results suggest that the oxygen content and the mi-
structure of the Mo grown \_N'th_ 0xygen pres_ented in Fig.4, Werostructure drive the local stress generation. Theseqrhena
know that the c_olumr_1ar grain size does ndatimuch be_tween can be discussed in relation to the deposition conditions.
pure and oxydized film. However the large broadening of the The mean free path of atoms with the deposition pressure
peak_s is likely to indicate a grea_t(_ar concentration of dsfet used ¢ 0.22 Pa) is of the order of 10 centimeters or more while
the films, such as oxygen intersitials. the distance between the target and the sample is set tacm.

ToF-SIMS is performed on the same four samples. Concenn sych conditions the atoms and positive ions [18, 19] reach
trations of oxygen through the thickness of the films are prethe sample surface with a wide range of energies reaching up t
sented in Fig.6. We observe that all four samples have a peajg ey, The oxygen negative ions are accelerated in the lectr
of oxygen concentration due to the native oxide of the silico fie|d and this acceleration leads to a distribution in enengyo
substrates. Results are normalized to the position of #8&p 300 eV [20]. Such energies are characteristic of the sedall
as the interface reference. "ballistic” regime at low processing pressures. The higargp

Inside the molybdenum thin film, to the left of the peak of species normally cause the formation of dense films which are
SiO,, we can distinguish the samples deposited with oxygen asften under compression (atomic or ion peenifige [21]).
they have between 3 and 10 times higher oxygen concentration All these dfects seem to play a role in the formation of our
through the film than the films deposited without oxygen. TheMo MoOx films. The increase of the average compressive stress
concentration in oxygen is also higher for the films sputtere in the film with the increase of the negative potential is at-
with floating potential than with the fixed potential of -75 V. tributed to the more energetic positive ions bombardment,(A
This can be explained by the fact that negative oxygen ioms aMo™). When the potential is switched to the ground, the bom-
repelled by the applied potential during deposition. bardment from positive species is reduced and less conigness



is developed. Such behavior has been reported previously fao be amorphous or consisting of small grains. Negative ddias

chromium thin films [22]. the substrate resulted in increase of the compression hitith w
In the case where a columnar microstructure is observed, thend without oxygen. This must be due to higher energy and flux

presence of oxygen in the plasma also adds to the compressiohpositive ions bombarding the sample.

in the film. This is due to incorporation of O atoms in intetiati

sites of Mo lattice. Such mechanism by O contamination of

pure Mo films has been reported [11]. Remarkably, increase o?' Acknowledgments
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5. Conclusions

We have observed the stress evolution in/MoOy films by
in-situ curvature measurement. This study was coupled with
microstructural characterization by SEM, XRD and ToF-SIMS
In general, the films exhibited a columnar microstructuree T
admixture of oxygen resulted in drastic increase of the com-
pression in the film due to oxygen incorporation and enhanced
ion bombardment. However, when more oxygen was addged (
2 sccm), the stress seemed to saturate and then decreased. In
the MoQ films, we found an increased oxygen concentration at
the interface, which indicated oxygen penetration intdayer
upon landing aner oxygen difusion. This correlates with the
electron microscopy observations, where the interfacemede
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