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Giant Surface Stress in Heteroepitaxial Films: Invalidation of a Classical Rule in Epitaxy
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The first few monolayers of silver deposited on the Pt(111) surface bear a giant compressive
surface stress. The stress is more than an order of magnitude larger than the stress caused by the
lattice mismatch and results presumably from the charge transfer from Ag to Pt. Upon annealing to
600 K, the stress relaxes by the formation of a mixed Ag-Pt interface. The result shows that the
consideration of surface energies and lattice mismatch is not sufficient for the prediction of the growth
mode. [S0031-9007(96)00525-X]

PACS numbers: 68.55.—a, 68.65.+g

The structure and morphology of heteroepitaxial sysimatch of the lattice constant of 4.2% (with Ag having the
tems is determined frequently more by kinetic constraintdarger lattice constant), one might expect some relaxation
rather than by the principle of minimization of the free en-of the elastic strain by the formation of discommensu-
ergy. However, when the temperature is sufficiently highrate domain walls, as observed for the reconstructed sur-
or the deposition rate is low, the system has time to refaces of Au(111) or Pt(111) at high temperature [8—12].
lax towards its equilibrium structure during the growth. The formation of a two-dimensional network of domain
Under such conditions, the growth modes are determinedoundaries was indeed found in a recent scanning tunnel-
by the specific free surface energies of the substyate ing microscopy (STM) study [13] for the annealed two
the deposited materiagl,, and the specific free energy of monolayer Ag film on Pt(111). No atomically resolved
the interfacey;. Complete wetting of the first monolayer images were presented, however, in this work. Guided by
occurs ify, > vy, + vy; [1,2]. When the misfit between the observations on the clean, reconstructed Au(111) and
the lattice parameters of the deposit and the substrate Rt(111) surfaces, the STM images were interpreted by a
small, the near equilibrium growth should proceed as alausible model of light domain walls separating pseudo-
layer by layer growth, at least up to a critical thicknessmorphic domains. According to this model, the silver film
where the strain energy in the film is so large that formawould have nearly the density of bulk silver, on the aver-
tion of dislocations, light or heavy domain walls, or the age. Hence, in this model, the elastic strain in the film is
continuation of growth in the form of three-dimensional considered to be the driving force for the restructuring of
clusters (Stranski-Krastanow growth) becomes energetihe film upon annealing.
cally favorable. As the interfacial energy is typically By means of a direct measurement of the bending of
small, good candidates for layer by layer (Frank—van dea thin Pt(111) crystal, we show in this Letter that the
Merwe) growth are deposits of low surface energy on substress in thin Ag films deposited on Pt(111) is about
strates bearing a large surface energy. Frank—van dan order of magnitude larger than expected from the
Merwe growth is expected, in particular, when the subdattice mismatch of 4.2%. Hence, the classical rules
strate and the deposited material have the same crystalsed for the prediction of the (near equilibrium) growth
lographic structure and when the lattice constants diffemode and the critical thickness based on surface energies
only by a few percent. Following these criteria, the nearand lattice mismatch are not valid for the Ag/Pt(111)
equilibrium growth of Ag on Pt(111) should be of the and possibly other systems. The reason for this large
Frank—van der Merwe type. It was indeed found incompressive stress is probably the considerable charge
previous investigations [3—6] that at 300 K the first mono-transfer from Ag into the/ holes of Pt. The stress and the
layer of Ag wets the Pt(111) surface and that this monostrain energy associated with the stress make the system
layer is pseudomorphic with the Pt lattice. Subsequentinstable, which invalidates the classical criteria for near
growth appeared to be kinetically hindered as Ag wasequilibrium growth modes. The stress in the Ag films
found to grow in the form of islands, and islands ondisappears almost completely when the films are annealed
top of these islands [6]. This three-dimensional growthto 600 K. The observed stress relaxation is incompatible
is not surprising, however, since even the homoepitaxiavith a model of an only slightly perturbed film after
growth of Ag on Ag(111) is three dimensional at 300 K annealing. A considerable increase in the ratios of the Pt
[7] because of a relatively large Schwoebel-Ehrlich bar237 eV to the Ag 351 eV Auger signals during annealing
rier for the hopping of silver atoms over a step edge. Agrovides evidence for a mixed interface.
for the Ag/Ag(111) system, annealing of an Ag film of a The stress in the Ag films was experimentally deter-
few monolayer thickness deposited on Pt(111) should leathined by a measurement of the radius of curvature of a
to a smoothening of the roughness. Because of the mi€.29 mm thin platinum crystal. The Pt crystal is part of a
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composite sample holder in which the Pt(111) substrate ifflux rate was5 X 1073 ML/s. The base pressure dur-
mounted between two Mo extension sheets [14,15]. Oning the evaporation was lower thanx 107! mbar. Ag

Mo extension sheet serves as a capacitor plate, the otheoverages were calibrated using a plot of the Auger-signal
one for mounting. The variation of the surface stress upoimtensities (351 eV) and Pt (237 eV) versus the evapora-
the deposition of adatoms on one side of the Pt substratéon time. The pronounced change in the slope of the plot
causes a bending of the crystal (see inset in Fig. 1). Theas used to determine the completion of the first Ag layer
radius of curvature® is measured as a change of the ca-[6]. According to our calibration, 1 ML Ag corresponds
pacitance using the three-terminal method [16]. The relato an AES ratio (Ags,/Pt,37) of 5.1 which is close to the
tion betweenR and the change in the surface strdss  value reported in Ref. [20].

is calculated using Stoney’s formula [17] The surface stress induced on Pt(111) by the Ag cover-
Ef? age is shown in Fig. 2. At 300 K, Ag deposition causes
Aty = m ) (1)  a compressive stress which increases almost linearly up

. . to 2 ML with a slope of—8.8 N/m per monolayer and
wheret, E, and v are the thickness, the elastic modu- o\ els off after a deposition of about 4 ML. A more de-
lus, and the Poisson ratio relevant for the (111) orientedyjleq investigation shows that the initial rise below 1 ML
Pt substrate, respectively. We note that; may alter-  paq 5 reduced slope (inset in Fig. 2). This behavior is not
natively be interpreted as a change in the .surface Stre%ﬁqexpected since below 1 ML Ag grows in islands, and
of the sample or as the stress in the silver film integrateghe induced stress should relax locally to some extent as
over the film thickness. , _ long as the islands have not coalesced. Stress relaxation
_ An example of the capacitance measurement is showg; pigher temperatures was investigated by deposition of
in Fig. 1. After the shutter was opened, 0.6 monolayeing on py(111) after the crystal had been equilibrated at
(ML) of silver was deposited on the clea114 Pt surfaceyarious temperatures between 300 and 620 K [21]. The
The rise in the capacitance signal By X 10~ pF cor-  yagjt forr = 580 K is shown as an example (Fig. 2).
responds to a compressive surface stress 225 N/m. The large compressive surface stress induced by the
The small overshoot 'of the capacitance §|gnal observeg)om temperature deposited Ag film exceeds by far the
immediately after closing the shutter is attributed to an or4mount which could simply arise from a reduction of
dering effect in the silver film. A detailed analysis of this {h¢ tensile surface stress of clean platinum which is 5.6 N/
phenomenon will be given in a forthcoming paper [18]. 1y 122]. Another possible source of the stress could be the
Prior to the experiments, the surface was cleaned by sulyasiic deformation of the pseudomorphic Ag film. The
sequent cycles of Ne sputtering and annealing to 1000 K tace stress arising from the elastic deformation should
until no impurities were detectable above the Auger elecyqy jinearly with coverage, as indeed observed for the first
tron spectroscopy (AES) noise level. Ag adlayers wergpree |ayers. It is easily seen, however, that the observed
deposited on the Pt(111) crystal at temperatures betweeq),face stress exceeds also by far the stress which could
300 and 620 K from a carefully degassed Mo crucible Usyrise from the elastic deformation. With the boundary
ing a water-cooled evaporating source [19]. The typicakongition that the stress vertically to the filngs, be
zero, one obtains for the stress parallel to the plane of the
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FIG. 1. Capacitance signal measured during the deposition of S
0.6 ML of silver at 300 K. Inset: Schematic drawing of the E

cantilever bending setup [(a) sample holder, (b) electrode, (c) AES Signal (1354/1237) (a.u.)

sample length, (d) evaporation source, (e) composite substrate

holder]. The capacitively determined change of distanee FIG. 2. Measured surface stress versus silver coverage with
between the lower part of the sample holder and the innethe Pt(111) sample held g = 300 and 580 K. The dashed
electrode is converted into the surface stress change line indicates the stress expected from the lattice misfit.
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film 74, the Ag/Pt(111) system, we may estimate the surface stress
e, induced by the charge transfer from a crude continuum
T = <011 +ocn— 20—11>811- (2)  model [30]. In this continuum model, the charge transfer

After inserting the elastic constants; and ¢, of sil- is assumed to be homo_geneous parallel to the surface.
The electrostatic energy is then

ver [23] and the misfit of—4.2%, a surface stress of )

—0.75 N/m per ML is calculated from the elastic defor- Jo— A_qd (4)
mation which is more than an order of magnitude smaller ST DggA

than the observed value. In other words, the observed Sujghere Ag is the amount of charge transfes, is the
face stress cannot have its origin in the elastic deformatiogyrface areag, is the absolute dielectric permeability, and
of the silver film. This invalidates the standard concept ing_ . is an effective thickness of the capacitor. Using the
heteroepitaxy which relates the stress in thin films and th@efinition of the surface stress,

critical thickness of a thin pseudomorphic film to the elas-

tic deformation. With the stress being as high as it is, the Ty = 1 9o , (5)
elastic energy stored in the film also becomes quite high. . A de
The variation of the elastic energy density is one obtains
Suer = 2dr1 81 = 2d(si1 + sp)tudti.  (3) e A_qzdeff_ (6)
If one assumes the elastic coefficients and s, 2g0A?

of the Ag film to be at their bulk value, one obtains The effective thicknesg.;; depends on the charge distri-
an energy of 1.75 eV per atom in the Ag film for the bution in the silver film perpendicular to the interface. If
coverage range below 3 ML where the surface stresene assumes that for the first few monolayers the silver
rises linearly with the film thickness. This elastic energyfilm is homogeneously depleted of the charge and that the
exceeds the surface energy of Ag (0.55 eV/atom [22]) andounter charge sits in the localizet holes of the first
of Pt (1.05 eV/atom [22,24]), and therefore necessariljfayer of Pt atoms, then the effective thickness of the ca-
becomes a decisive factor for the near-equilibrium growttpacitor d.;s would be half the thickness of the Ag layer.
mode [25]. In that case, Eq. (6) would describe the initially linear in-
In the calculations above we have used bulk elasticrease of the stress correctly, as well as the sign of the
constants for the ultrathin Ag films. To test this ap-surface stress. According to this model, the experimen-
proximation, we have performed effective medium theorytally observed surface stress would require a charge trans-
(EMT) calculations for a self-supporting, three-layer Agfer of 0.43 ¢/atom. Considering the number dgf holes
film [26]. Specifically, we calculated the change in totalin Pt (0.65 ¢/atom [31]), this number appears to be in the
energy as the film is subjected to a series of compresegime of reasonable charge transfers.
sive and tensile strains. From this simulation, we obtain It was shown in a previous study [13] that annealing of
a value for the quantity;; + 2c¢1». For a fully relaxed a 2 ML Ag film deposited at room temperature leads to
film, this value is equal to that of bulk Ag (both calcu- the formation of a network of domain walls. Although
lated within the EMT and measured [23]). If the film is no atomically resolved STM images were presented, it
subject to a 4% compressive strain, the value increases lwas concluded that the domain walls separate patches of
35%. Thus, changes to the elastic constants which arissommensurate Ag islands. The small change in the in-
from compression of the film increase the surface stresseratomic distances associated with this proposed structure
but are insignificant compared to the effect needed to exeould not relax the huge surface stress. In order to ex-
plain the measurement. clude a large change of the lattice parameter of the 2 ML
The huge surface stress observed for the Ag/Pt(1113g film upon annealing which could have escaped the at-
system is probably related to the charge transfer frontention of previous researchers, we have looked at the low
Ag film to the Pt substrate. Charge transfer must occuenergy electron diffraction pattern before and after anneal-
because of the lower work function of Ag [4 eV for ing and found that the mean lattice constant of the surface
Ag(111) [27]] compared to Pt [5.7 eV for Ag(111) [28]], does not change by more than a few percent at the most.
or in another terminology, the transfer occurs because ohs seen above, such a small change in the lattice parameter
the lower electronegativity of Ag. For single Ag atoms oncould not relax the huge surface stress. It is furthermore
Pt(111), this charge transfer was, in fact, already observednlikely that the charge transfer could be affected consid-
in a first principle local density functional calculation erably by a minor restructuring of the surface since the
[29]. For Ag, the electrons at the Fermi level are nearlycharge transfer reflects atomic properties of Ag and Pt. We
free electrons. The reduction of electron density in thepropose therefore that the relaxation of the surface stress
Ag film causes an increased repulsion of the ion cores impon annealing is caused by an intermixing of Ag and Pt,
the Ag film, and therefore a compressive stress. Whilén a similar way as was indeed observed for submonolayer
a full explanation of the measured stress clearly mustoverages [4]. This model of an intermixing is corrobo-
await a more rigorous treatment of the total energy ofrated by our observation that, upon annealing of a 2 ML
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Ag film to 600 K, the ratio of the Pt 237 eV peak to the [10] A.R. Sandy, S.G.J. Mochrie, D.M. Zehner, G. Gribel,
Ag 351 eV Auger peak increases by 40%. An additional K.G. Huang, and D. Gibbs, Phys. Rev. Le®8, 2192
stringent argument for the intermixing of Ag and Pt arises ~ (1992). .

from the coverage dependences of the stress at 300 ahkll M. Bott, M. Hohage, Th. Michely, and G. Comsa, Phys.
580 K itself (Fig. 2). According to [4,13], continuous de- Rev. Lett.70, 1489 (1993).

position at 580 K should lead to an intermixed surface for12] gﬂd;gHiggge’ T. Michely, and G. Comsa, Surf. S8B7,
coverages below 1 ML followed by a .restoratio_n'of aflat[13] H B(rune,)'H. Roder, C. Boragno, and K. Kermn, Phys.
nonintermixed Pt surface and a layerwise .deposmon offur ™ ey B 49, 2997 (1994).

ther Ag layers. In that case, one should find for coverageg 4] p. sander, U. Linke, and H. Ibach, Surf. Sei72 318
beyond 1 ML the same stress as for the room temperature = (1992).

deposited films, since a possible elastic relaxation for thg15] A. Grossmann, W. Erley, and H. Ibach, Surf. Rev. L&ft.
annealed films could produce a significant change in the 543 (1995).

stress, as shown above. [16] D. Sander and H. Ibach, Phys. Rev4B 4263 (1991).

In summary, we have established that thin heteroepitl7] G.G. Stoney, Proc. R. Soc. London8®, 172 (1909).
taxial films may bear a large stress of a value far beyondft8] A. Grossmann, W. Erley, and H. Ibach (to be published).
the stress induced by the misfits of the lattice. This stresg-9] Omicron UHV Evaporator EFM 3, Omicron GmbH, D-
constitutes a new parameter which determines the grow 65232 Taunusstein, Germany. .

. R S 0] M.T. Paffett, C. T. Campbell, and T.N. Taylor, Langmuir
modes in heteroepitaxial growth much more significantl 1, 741 (1985).
thgn the lattice mismatch. It is proposed that the stres 1] We must emphasize that the experimental setup did not
arises from the charge transfer between the adlayer and ~ g)jow a measurement of the induced change of the surface
the substrate. In the specific case of Ag/Pt(111), both the  stress directly upon a variation of the temperature at fixed
charge transfer and the lattice misfit work in the same  coverage.
direction of a compressive stress within the Ag film. [t[22] M.C. Payne, N. Roberts, R.J. Needs, M. Needels, and
is conceivable, however, that the charge transfer induced J.D. Joannopulos, Surf. S@11/212 1 (1989).
stress could balance the stress induced by the misfit so thi@8] CRC Handbook of Chemistry and Physiesited by R.C.
a heteroepitaxial, near equilibrium growth of a few mono- ~ Weastand D.R. Lide (CRC Press Inc., Boca Raton, 1995),
layers could occur even when the misfit is rather large. 75th ed. )

The skillful preparation of the thin platinum crystal [24] '\RﬂéngtA,hgezgilé (Iiég;l)enmng, and M. Scheffler, Phys.
by U. L|nk_e and partial f!nanC|aI support from the Fond[25] We remark that the thermodynamic criterion for the near
der Chemischen Ipdustrle are gratgfully'acknqwledge_d. equilibrium growth modes must, of course, remain valid.
The authors benefited from stimulating discussions with  The elastic energy calculated with Eq. (3) becomes part
M. Hohage, P. Zeppenfeld, M. A. Krzyzowski, and the  of the interfacial energyy:, and the interface in the
critical reading of the manuscript by M. Giesen-Seibert thermodynamic sense is several monolayers thick.
and G. Rosenfeld. We are also indebted to P. Stoltze fde6] Our calculations were performed using0 X 10) slab
providing us with his EMT codes and potentials. supercells consisting of three layers with (111) surfaces.

The program and EMT potentials used were developed
by Per Stoltze, and are described in P. Stoltze, J. Phys.
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