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Observation of an adlayer-driven substrate reconstruction in Cu-P¢111)
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An unusual strain relaxation mechanism has been observed during the growth of ultrathin Cu films on
Pt(111) at a substrate temperature of 450 K. After the completion of a pseudomorphic first Cu monolayer, the
Pt substrate undergoes a reconstruction which is visible in the pseudomorphic Cu overlayerinUstag
helium atom scattering, interlayer mass transport is observed as ad-atoms are incorporated into the substrate.
Scanning tunneling microscopy measurements allow us to label the substrate reconstruction as being similar in
nature to the “star” network of the reconstructed Btl) surface[S0163-18208)52840-§

Heteroepitaxial growth in systems without an exact latticemounted in the same vacuum chamber. Images presented
match gives rise to strain in the growing film. The magnitudewere recorded at tunneling currents of 1 nA and at bias volt-
of the strain increases in proportion to the number of layerages between 0.3 and 0.6 V. The helium scattering measure-
in the film and ultimately, it determines the maximum thick- ments were carried out with a 70 meV helium beam pro-
ness of a pseudomorphic structure. A number of mechanisnduced by supersonic expansi@? energy resolutionand a
for strain relief in metal-film growth have been observedspot size of 1 mrhon the sample. Experiments were per-
recently (see, for instance, Refs. 1 angl Dislocation net- formed with the beam incident at a Cu-Bragg angle so that
works and/or reconstructions have been seen in thin growinthe variation in the specularly scattered helium intensity dur-
films, while thicker films often exist as floating overlayers ing deposition is due to diffuse scattering from step edges
with isotropic relaxation. These observations broadly agreand point defect8.The scattering geometry and beam tem-
with the expectations from early theoretical modlsyhich  perature were identical for all experiments. A differentially
assume a rigid substrate. The present work explores hepumped quadrupole mass spectrometer was used to detect
eroepitaxial growth on a substrate that is intrinsically lesshe scattered helium atoms. The angular resolution of the
rigid. In particular, the free surface of(B11) is subjectto a system is 0.4°. The deposition rate was typically about 0.01
significant tensile stre3sand shows a tendency to ML/s with respect to the Pt11) surface density.
reconstrucf. Both theory and experiment draw a direct con-  An overview of the different stages of growth is obtained
nection between stress at the free surface and the tendencyftom Fig. 1, which shows the specular He intensity moni-
reconstruct:® Our results show an unusual mechanism fortored during Cu growth at 450 K. We identify three main
strain relief during the growth of copper on a(Ptl) sur-  regimes, separated on Fig. 1 by points A and B. In the first
face. We argue that one of the effects of lattice strain in thistage, up to point A, the intensity falls slightly before return-
epitaxial system is to induce a reconstruction in the substraténg to its initial value at A. This weak oscillation can be

The experimental work used scanning tunneling micros+elated to the step edge roughening during the growth of the
copy (STM) and helium atom scatteringdAS), which pro-  first Cu layer. At point A, where the intensity returns ap-
vide information, respectively, on the microscopic structuresproximately to the initial value, the first layer is complete.
ex sity and thein situ evolution of the growth. The STM and STM images(not shown confirm that the growth is pseudo-
HAS measurements were performed in two separate UHVnorphic and the first monolayer is complete at point A.
systems both with background pressures of less thafhese conclusions are in agreement with previous low-
2x1071° mbar. energy electron diffractiofLEED) data®'° The behavior up

The same R111) crystal with a miscut of less than 0.2° to point A is shown enlarged in the inset of Fig. 1. The
was used in all experiments. For the STM measurements, thgeriod of the oscillation allows the deposition scale to be
sample was cleaned using cycles of argon sputtering atetermined to an accuracy of better tha®%. The second
800 K, annealing at 1100 K, and annealing at 800 K instage of growth lies between points A and B. It is character-
1x 10~ mbar oxygen atmosphere. A final flash to 1250 Kized by the formation of a threefold strain relief dislocation
removed the residual oxygen. For the HAS measurementsetwork and the growth is not in equilibrium on the time
the sample was heated by electron bombardment, and ttseale of the experiment. At the completion of the second
sputtering temperature was limited to 520 K making slightlymonolayer, point B, both STM and helium diffraction show
longer annealing cycles necessary. Both of the cleaning prahat the dislocation network is fully developed. Experiments,
cedures where judged to result in the same quality of théetween points A and B, show that when the growth is in-
crystal surface. All STM measurements presented in this paerrupted some structural relaxation can occur. These struc-
per were performed at room temperature using a home buitural changes are kinetically limited on the time scale of the
beetle type STM. The Cu evaporator and the STM were experiment. The final stage of growth, after point B, returns
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FIG. 1. Specular helium intensity as a function of Cu deposition.
The substrate temperature was 450 K. The inset shows an expanded
view of the behavior up to point A, where the first monolayer com-
pletes. The sudden change in slope at this point has been used to
calibrate the horizontal time axis in units of Pt monolayers.

to equilibrium, in the sense that interrupting the growth does
not lead to further relaxation. Kinetically limited growth is
only observed between points A and B. In the “thick-film”
regime, after point B, the kinetics increasingly resemble
those of homoepitaxial growth on Cil1).}**? Growth oc-
curs by step flow and the He intensity rises as the corrugation
from the dislocation network is buried and an incommensu-
rate overlayer is created.

The main emphasis of the present work is to discuss the ) .
behavior between points A and B and, in particular, to argue F!C- 3. (@ STM image, 1440 Ac1440 A, taken after approxi-
that the mechanisms occurring during the kinetically limitedMately 1.3-ML Cu deposition at a sample temperature of 450 K.
region of growth include a reconstruction of thé1Atl) sub- ~ Aftér deposition the sample temperature was cooled to room tem-
strate. Figure 2 shows the results of experiments where trfgerature as quickly as possible) STM image for a S imilar depo-
growth is interrupted at various points, with the sample tem>1io" 10 (- The position on the sample is slightly different, but the

intained at 450 K throughout. The dashed curynage area is similar. For this experlme_nt the sample was _held at
Eﬁgi\t/grfh??iﬂts'ggpendence during the growth stagein 550 K for 210 s after the growth was interrupted, before it was

. d the full h he ti d d £ th cooled to room temperature. There are clear differences in the mor-
Fig. 1 an t, e u Cur\{es show the tlme' ependence of t %hology of the second-layer island@he bright regionsin (a) and
specular helium intensity after growth is interrupted.

. : . . (b), furthermore the first Cu layer ith) exhibits dark lines which

~ Before point A and after point B there is no change ingre attributed to the onset of a reconstruction in the substrate. Is-
intensity when the growth is interrupted; the growth occur§jands of the second Cu-layer ii) have a fragmentary structure

in quasiequilibrium. Between A and B the intensity varieSwhich is directly related to the alignment of the dark lines in the
after the growth is interrupted. The behavior is similar in all first |ayer.

cases and corresponds to reordering, which gives an initial,

rapid rise in intensity, taking a few seconds, followed by a
much slower decrease. The observation of kinetic limitation
indicates that new and slower mechanisms of mass-transport
are active in the narrow window between A and B.

A
\ It was not possible to investigate all points of the reorder-
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ing usingex situSTM; however, two important stages have

o
5
T

been identified by experiments where growth was interrupted
- and the sample maintained at 450 K for specified times be-
fore quenching to the observation temperature of 300 K. Fig-
e ure 3 shows STM images following growth of approximately
T | ' 1.3-1.4 ML. Second layer islands are the brighter regions in
0 _500 1000 these figures. For Fig.(8), the sample was quenched imme-
Time (s) diately. The time taken for this process corresponds roughly
FIG. 2. Change in specular He intensity as a function of timetO that of the respective intensity maxima after growth inter-
after interruption of growth at various depositions. The dotted curvé'Uption shown in Fig. 2. Figure(B) shows results for a delay
shows the intensity change during uptdkég. 1 and the full lines  Of 210 s before the sample was quenched. A comparison of
show the intensity variation following interruption of growth at ap- Figs. 3a) and 3b) shows a significant change in the island
proximately 1.1, 1.2, 1.5, 1.6, 2.5, and 12 MIThe substrate tem- morphology. Initially the islands, which are the second
perature was held at 450 K throughout the experiment. growing layer, are compact and rounded, Figa)3They
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FIG. 4. (a) STM image, 480 A<480 A, of
the surface close to point B in Fig. 1, where
the second monolayer completes. This image
shows the threefold network of domain
boundaries arising from a reconstruction of
the Cu overlayers. The surface orientation is
[1,1,0] upwards and1,1,2] right. (b) Atomic
model for the threefold network of domain
boundaries imaged i@). The surface orienta-
tion is similar. Open circles represent under-
layer atoms in a hexagonal structure. Filled
circles represent atoms on high-density do-
main boundaries. These atoms are more
nearly twofold coordinated with substrate at-
oms and are imaged as bright lineg@. The
two kinds of shaded circles represent threefold
coordinated atoms: light shading predomi-
nates and corresponds to fcc coordinated at-
oms; darker shading represents hcp coordi-
nated atoms.

develop into more fragmentary structures with fine linearatoms would have to occupy sites higher than the ideal layer
protrusions and bridges, Fig(t8. Also the area occupied by spacing. Thus, a simple topograph would indicate bright re-
the islands in the final state is significantly less than in thegions, as observed, for example, in the double-line recon-
initial state, Fig. 8a). This last observation, in conjunction struction of(111) surfaces of the & metals Pt and A§:***4
with the notion that new mechanisms of mass transport havgince we observe dark lines in the first Cu layer, the Cu
opened up, suggests that atoms are being transferred frogioms in the first layer cannot be occupying higher sites. It
the surface layer to lower layers in the system. follows that the reconstruction must be in a lower layer; that
The other new feature which has developed on the surfacg in the Pt substrate. The dark features we observe presum-
shown in Fig. 8b) is the darker lines in the first Cu layer. ably arise from spectroscopic rather than topographic
The lines have a width of 242 A and are 0.3:0.1 A deep.  effect!51%The fact that the lateral extent of the dark features
They intersect at 60° and 120° angles and are oriented alonghd the crystallographic orientations correspond with those
the dlrectlons[l 1, 2], [1 2 1] [2,1, 1] We attribute these observed in the reconstruction of a fre¢1Rtl) surfacé sup-
darker lines to the onset of a reconstruction in the Pt subports the idea that the reconstruction in the present case has a
strate, rather than some feature in the exposed Cu layer, faimilar structural basis. Apart from the dark lines indicating
the following reasons. We have shown the lines are assocthe substrate reconstruction, the image of the first copper
ated with an increase in density in the lower layers as addayer is featureless and we conclude that, at this stage, it
toms are removed from second-layer islands. An increase iremains pseudomorphic with respect to the reconstructed
density of the first Cu layer implies, however, that some Cusubstrate.
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We now turn to the surface structure at B, in Fig. 1. We In summary, the growth of copper on(Pil) at 450 K
identify this point as being close to the completion of thecommences with a pseudomorphic first layer. In the sub-
second monolayer. There is an abrupt change in the slop@onolayer regime, between one and two monolayer, the
and it is the point at which the specular spot profile in heliumgrowth is more complex and involves kinetically slow pro-
diffraction shows a clearly defined threefold structure. Largecesses that are linked to a reconstruction of the substrate. The
scale STM imagesnot shown indicate that second-layer Substrate reconstruction, involving incorporation of Cu at-
growth completes before growth of the third layer com-0ms, is the first stage of strain-relief in the CufRt) sys-
mences and, at the point of completion, a higher resolutio€M- A'{gy formation has been reported in Al growth on
image, Fig. 4a), shows a surface covered by the threefoldP(11D.™ The one-way mass transport observed in the
network of domain walls. Analysis of the specular peak pro_present work is fundamenta]ly @fferent. The dnvmg force
file in HAS indicates that the threefold structure has a thre(%or the substrate reconstruction in the present case Is _re_Ia;ed
fold superlattice with a period of 34290.5 A, in agreement eon:?(f pirglfeaistg r(s)f asrﬁzjjg]r ir;zrt%yoﬁaégﬁﬁtgﬁn having its origin in
Vr;l:it:eg]efrgml?gg()fégt %rﬁebgmectel?réhies ds?mizli;r] \»:\(I)altlﬁa(:eé%r- Our observation of an adlayer-driven substrate reconstruc-

. X . . tion gives an insight into the role of tensile stress in the
served in growth at 340 KRef. 17 and is consistent with oconstruction of free surfaces. Three effects need to be in-

high-density domain walls, where atoms occupying bridge;|yded in a complete description of surface reconstructions:
sites separate regions of hcp from fcc-coordinated atomsirst, a requirement for shorter bond-lengths in the surface
Figure 4b) shows an atomic model for the threefold network |ayer; Second' an appropriate energy Change for incorporat-
of domain walls that is consistent with both the STM image,ing additional atoms into the surface layer; and third, weak
Fig. 4@, and the helium diffraction spot profile. A similar interlayer bonding, which allows the disruption of bonds be-
structure, but with low-density domain walls, has been sugtween surface and bulk, as the surface reconstru@tsy the
gested for the related Ag/@fl1) systen? The density of first two energetic factors can be addressed through calcula-
atoms in the surface follows from the superlattice size and isions of surface stress and surface enérgin the present
9% greater than the underlying hexagonal mesh. experiments, the tensile stress at the free surface is removed
Using the structural model, Fig(ld), for the surface at the since the outermost Pt atoms are in a bulklike environment,
point where the second monolayer completes, it is possibleompletely surrounded by atoms. Instead, there is a tensile
to compare the surface density of atoms with measurementdress applied to the outermost Pt atoms by virtue of the
of the amount of material deposited. The structural modelattice strain in the pseudomorphic copper overlayer. In this
shows, as mentioned before, that a reconstructed overlayegspect our observations differ from those of tBeu and
contains 9% more atoms than the substrate. Simple scalingurig,'* who observe a reconstruction of the fred1Rt)
from Fig. 1, using point A as the completion of one pseudo-surface in response to adsorbed Co atoms. Tensile stress is
morphic layer, gives 2.770.10 ML (weighted mean of sev- present at the free surfaces of simple and transition metals,
eral rung as the amount of Cu deposited up to point B, withyet only a minority of such surfaces reconstruct. We observe
respect to the unreconstructedHtl) surface. We can dem- a substrate reconstruction, in response to the lattice strain of
onstrate that mass transport into thé1Rf) substrate must the overlayer. The character of that reconstruction, judged by
have taken place since, if it had not, a maximum excess dfs geometric characteristics and atom density, is similar to
0.18 ML can be accommodated in the reconstructed Cu filnthose of the free surface reconstruction. Both observations
(2 layers of 9% greater densjtyThe most likely scenario is suggest that an important factor in the reconstruction of the
one where copper atoms are incorporated in the substrate &1 metals, Ir, Pt and Au, must be the ease of disrupting
facilitate the density increase as the substrate reconstructsinterlayer bonds.
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