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a b s t r a c t

Using a multi-beam optical stress sensor, the real-time stress evolution during the early growth stages of
a large class of sputter-deposited metal (Me) films is studied with monolayer sensitivity. For high-
mobility fcc (Ag, Au, Pd) metals, a typical compressiveetensileecompressive (CTC) behavior is
observed, characteristic of a Volmer-Weber growth mode. A correlation between the homologous
temperature (Ts/Tm), tensile stress peak position, grain size and steady-state compressive stress in the
post-coalescence stage is presented. For low-mobility bcc (Mo, W, Ta) metals (Ts/Tm � 0.10) deposited on
a-Si, kinetic limitations result in a 2D growth mode highly influenced by interfacial effects. The film force
is initially dominated by change in surface stress, which scales with the surface energy difference
Dg ¼ gMe � ga-Si. For both Mo and W, a stress transient is observed in the 2e4 nm range, followed by the
development of unexpectedly large tensile stress, ascribed to a phase transition towards their equilib-
rium a-Mo and a-W structure. Such transient is not evidenced during Ta growth for which a compressive
stress regime is steadily established and related to the growth of its metastable b-Ta structure. For all
low-mobility metals, the final stress regime is controlled by the energetics of the incoming species and
intrinsic mechanical properties of the material.

� 2013 Elsevier Ltd. All rights reserved.

The understanding of the physical origins of stress development
during growth of polycrystalline thin films has been the subject of
intense investigations [1e4]. Metallic thin films grown by physical
vapor deposition can usually bear stress levels up to several GPa,
well in excess of their corresponding yield stress in bulk form. Such
excessive stress can lead to premature failure, accompanied with
buckling or delamination. Significant progress has been made in
the last decade thanks to the potentiality offered by in situ, real-
time stress measurement during deposition, enabling one to
probe the growth dynamics with sub-monolayer sensitivity.
Several quantitative models have been proposed to relate the
growth-induced stresses to changes in film microstructure, surface
morphology, as well as incorporation of defects or influence of
adsorbed species [5e11]. Up to date, the case of low-mobility
metals has attracted much less attention than the case of high-
mobility metals, known to grow typically in the Volmer-Weber
mode, and for which the experimental data could be successfully

explained by the proposed models [4e9]. More specifically, most of
the data obtained on refractory metallic films (e.g., Mo, Ta)
deposited by sputtering dated back to the pioneering works of
Hoffman and Thornton [12], and were not focused on the initial
growth stages. Our recent study on sputtered Mo(Si) thin films has
highlighted the prime role of interfaces in governing the stabili-
zation of amorphous layers and subsequent phase-transformation
induced tensile stress [13].

The aim of this paper is to provide a brief overview of the typical
stress evolutions encountered during sputter-deposition of a large
variety of metals, spanning both low- and high-adatom mobility
conditions. In the present work, emphasis is laid on the careful
examination of the early growth stages, using a real-time stress
sensor combined with post-growth structural and morphological
characterization. As illustrated on some typical examples, this
approach provides valuable and unique information on the nucle-
ation process and related mechanisms at the origin of stress
development.

All films were grown at room temperature (RT) using dc
balanced magnetron sputter-deposition in a high vacuum chamber
(base pressure w5 � 10�6 Pa) equipped with water-cooled, 3 inch-
diameter high purity (>99.95%) metallic targets. The large target-
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to-substrate distance (18 cm) combined with the use of relatively
low deposition flux (growth rate R � 0.1 nm/s) leads to minimize
non intentional heating of substrate from plasma and sources, as
the maximum temperature rise measured during growth of Mo
filmwasw10 �C. Depositionwas carried at constant power using Ar
plasma discharges on amorphous substrates: either native oxide (a-
SiOx) covered Si wafers or 9 nm thick amorphous Si sublayers (a-Si)
sputter-deposited on Si wafers. The real-time stress evolution
during growth was determined from the measurement of the
substrate curvature change Dk using a multiple beam optical stress
sensor (MOSS) designed by kSA, with a curvature sensitivity of
2�10�4 m�1. More details on the experimental set-up can be found
in Ref. [14]. Note that the curvature is proportional to the product
save � hf (also referred as the film force per unit width), where save
is the average biaxial stress and hf the film thickness. The crystal
structure of the as-deposited films was determined using ex situ X-
ray diffraction (XRD), while the surface morphology was observed,
immediately after growth, using atomic force microscopy (AFM)
operating at ambient air in tapping mode. The average grain
diameter, L, was estimated from AFM images using a watershed
algorithm in WSxM software, which consisted in detecting grain
perimeter above a given height threshold, after careful planefit
subtraction.

Fig. 1 shows comparatively the evolution of the film force per
unit width of Mo and Ag films deposited on a-Si and a-SiOx sub-
strates, respectively. These two metallic films are representative of

low- and high-adatom mobility conditions, respectively, if one re-
fers to the homologous temperature Ts/Tm, where Ts is the substrate
temperature during growth and Tm the melting temperature of the
material (see Tables 1 and 2). Very distinct stress evolutions, both in
sign and amplitude, are obvious. Sputter-deposited Ag films (Ts/
Tm ¼ 0.24) exhibit a characteristic CTC (compressiveetensileee

compressive) stress behavior, associatedwith the different stages of
Volmer-Weber growth mode, as confirmed by the formation of 3D
islands (see AFM image of Fig. 1b). The three stages are better
visualized in Fig. 2. The first compressive stage has been attributed
to the nucleation and growth of isolated islands (referred as pre-

Fig. 1. (a) Comparative film force evolution during sputter deposition of Ag
(R ¼ 0.105 nm/s, PAr ¼ 0.35 Pa) and Mo (R ¼ 0.056 nm/s, PAr ¼ 0.11 Pa) films on
amorphous substrate. (b) 500 nm � 250 nm AFM surface topography images (z-
scale:0e15 nm) of Ag (hf ¼ 3.1 nm) and Mo (hf ¼ 6.7 nm) films, and corresponding
schematics of 3D (Ag) and 2D-like (Mo) growth mode. (c) Film force evolution before,
during and after growth interrupt at hf w 55 nm for both films. Note the different
vertical scales: left (blue) for Mo and right (red) for Ag. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

Table 1
Physical and experimental quantities relevant to high-mobility metal films consid-
ered in the present study: homologous temperature Ts/Tm, surface energy g111,
biaxial modulusM111; deposition rate R, Ar working pressure PAr, critical thickness at
film continuity hcont and steady-state stress in final growth regime sss. In all cases,
the elastic modulus and surface energy are given for the dense {111} planes of the
equilibrium fcc structure. The surface energy of the native a-SiOx layer isw1.0 J m�2.

Ts/Tm g111 (J m�2) M111 (GPa) R (nm/s) PAr (Pa) hcont (nm) sss (GPa)

Ag 0.24 1.25 174 0.105 0.75 16.5 �0.05
Au 0.22 1.5 190 0.085 0.75 10.5 �0.22
Pd 0.16 2.0 288 0.076 0.16 6.0 �0.28

Table 2
Physical and experimental quantities relevant to low-mobility metal films consid-
ered in the present study: homologous temperature Ts/Tm, surface energy g110,
biaxial modulus M110; deposition rate R, Ar working pressure PAr, screening length x

and steady-state stress in final growth regime sss. In all cases, the elastic modulus
and surface energy are given for the dense {110} planes of the equilibrium bcc
structure. The surface energy of the a-Si sublayer is ga-Si w 1.07 J m�2.

Ts/Tm g110 (J m�2) M110 (GPa) R (nm/s) PAr (Pa) x (nm) sss (GPa)

Mo 0.10 2.91; 3.00 414 0.056 0.24 0.30 � 0.05 �0.60*
Ta 0.09 2.90; 3.15 313 0.050 0.23 0.39 � 0.02 �1.40
W 0.08 3.27; 3.68 571 0.049 0.20 0.56 � 0.02 �2.25

* At R = 0.12 nm/s.

Fig. 2. (a) Film force evolution during sputter deposition of Ag, Au and Pd films on a-
SiOx. The film thickness corresponding to the tensile peak is referred as hcont. (b)
Evolution of average grain diameter, L, as derived from AFM surface topography images
of Ag (hf ¼ 3.1 nm), Au (hf ¼ 3.4 nm) and Pd (hf ¼ 2.3 nm) films. (c) Evolution of
save/M111 as a function of gs/(M111L) for Ag, Au and Pd films.
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