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Interaction of silane with Cu„111…: Surface alloy and molecular chemisorbed phases

N. J. Curson,* H. G. Bullman, J. R. Buckland, and W. Allison
Cavendish Laboratory, Cambridge CB3 0HE, United Kingdom

~Received 7 August 1996!

Helium-atom scattering~HAS! has been used to probe the various temperature regimes of the silane/Cu~111!
adsorption system. Adsorption at a surface temperature below 230 K results in the formation of chemisorbed
molecular fragments with different structural regimes in the temperature ranges,165 K, 165–207 K, and
207–230 K. Growth below 165 K results in a 333 overlayer containing SiH3 moieties together with SiH or
Si atoms in aP3m1 structure. All Si atoms are bonded in threefold sites. Ordering into the final 333 structure
occurs suddenly, near saturation coverage. Further molecular phases are observed at higher temperatures. A
434 phase exists between 165 and 207 K, and a second 333 structure occurs between 207 and 230 K.
Periodicities deduced from the HAS diffraction patterns differ from low-energy electron-diffraction patterns
reported previously. A gradual transition from the molecular chemisorbed phase to a surface alloy phase occurs
above 230 K. The alloy phase can also be populated directly by adsorption at 400 K, resulting from the
complete dissociation of the silane molecule followed by hydrogen desorption and the incorporation of silicon
into the surface to give a two-dimensional hexagonal surface alloy~Cu2Si!. @S0163-1829~97!09416-2#
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I. INTRODUCTION

Chemical vapor deposition~CVD! is widely used in the
fabrication of thin-film devices. The appeal of the meth
lies in its potential to produce ultrahigh-purity overlaye
and/or interfaces with submonolayer controllability and tu
able characteristics. Metal-silicide interfaces produced fr
gas-surface reactions involving either silane or disilane ar
considerable interest because of their technolog
importance.1 More fundamentally, the structures formed du
ing the CVD of silane on metal surfaces are of interest
cause of their novel structural properties,2–5 and because
these systems represent prototypes that enable the ele
tary processes of adsorption, dissociation, and incorpora
to be explored. In the case of silane/Cu~111!, the various
growth regimes can be followed by selective tuning of t
substrate temperature.6–9

Most fundamental research into the Cu-Si interface
concentrated on the growth of Cu on Si surfaces; in part
lar, the Cu/Si~111! system has been the subject of seve
studies.10–13A complicated structure forms consisting of d
mains of different types which are quasiperiodically order
with the mismatched overlayer consisting of an almost p
nar, close-packed-hexagonal alloy of Cu2Si. However, more
recent studies of the Cu-Si interface have involved
growth of elemental silicon on Cu substrates using CVD
silane at elevated temperatures.2,3,6–9,14For silane adsorption
on Cu~111! above room temperature, a (A33A3)R30° low-
energy electron-diffraction~LEED! pattern has been ob
served, at saturation coverage.6–8 In addition, McCashet al.6

found the coverage of Si to be one-third of a monolay
They concluded that the Si atoms occupy sites on top of
Cu surface such that they form a hexagonal overlayer. H
ever, the observation of Si Auger peaks appearing as d
blets rather than single peaks8 indicates that the Si atom
exist in a metal-rich environment, thus providing evidence
copper silicide formation on the surface. Recent exten
x-ray-absorption fine-structure~EXAFS! studies also point to
550163-1829/97/55~16!/10819~11!/$10.00
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a silicide at higher adsorption temperatures.9 In the related
silane/Cu~001! system an incommensurate hexagonal tw
dimensional Cu-Si substitutional alloy is observed.2,3 The
Cu~111! substrate is itself hexagonal, and therefore offer
more conducive template for commensurate overlayer
mation than the square mesh of the Cu~001! surface. It pro-
vides an opportunity to study the processes, such as la
strain, that influence commensuration. Helium-atom scat
ing ~HAS! is an ideal technique for investigating the natu
of such a surface because it provides details about the su
corrugation~as well as surface symmetry!, which is expected
to differ significantly for surfaces comprising of two
dimensional alloys and of ordered adsorbates. In particu
the HAS technique is uniquely sensitive to the presence
hydrogen within the region of the surface.

Few studies of silane on Cu~111! at low temperatures
have been reported6–9 and these have yet to yield a cohere
picture of the adsorption process. At;100 K, the silane
molecule undergoes partial molecular dissociation, and
saturation coverage the surface exhibits a (A33A3)R30°
LEED pattern.6,7,9 However, the extent to which the disso
ciation occurs and which of the silyl species~SiHn ,
n51–3! are subsequently resident on the surface, is d
puted. Other experiments,8 using Fourier transform infrared
spectroscopy and thermal-desorption spectroscopy~TDS!,
suggest that the overlayer is comprised of SiH2 and SiH
moieties, whereas studies using electron-energy-loss s
troscopy~EELS! and reflection-adsorption infrared spectro
copy ~RAIRS!,6 and EXAFS and x-ray-absorption near-ed
spectroscopy,7 have concluded that a single species exists
the surface, with SiH3 the most likely candidate.

The results presented below reveal that either a sur
alloy phase or a molecular chemisorbed phase can be for
on the surface, by appropriate tuning of the substrate t
perature. The molecular chemisorbed phase is shown to h
three structural regimes, each associated with a different
strate temperature range. For substrate temperatures b
165 K, the presence of SiH3 moieties on the surface is con
10 819 © 1997 The American Physical Society
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10 820 55CURSON, BULLMAN, BUCKLAND, AND ALLISON
firmed ~and a structure proposed!, thus resolving an issue o
contention within the literature.6–8 The surface alloy phase i
shown to have a hexagonal Cu2Si structure, and the result
provide a valuable insight into the energetics of surface a
formation. The main emphasis of the paper is to prese
structural study of the silane/Cu~111! interface for the mo-
lecular chemisorbed phase below 165 K, and the surface
loy phase.

II. EXPERIMENT

The experiments were performed in a purpose-b
ultrahigh-vacuum chamber with a base pressure of be
1310210 mbar. The helium beam had an energy of 71 me
and was produced by supersonic expansion.15 Scattered at-
oms were detected using a quadrupole mass spectrom
~overall angular resolution;0.4°) located in a movable, dif
ferentially pumped chamber. A six-axis sample manipula
was used to position the sample accurately with respec
the incident helium beam and the detector. The Cu~111!
single crystal was prepared by mechanical polishing
chemical etching before use. In vacuum, the sample
cleaned by repeated cycles of argon-ion bombardm
(;2.5mA cm22 Ar 1 at 500 V!, and annealing to 700–75
K until only a narrow intense specular helium scattering pe
was observed. The ion-bombardment and annealing of
sample was performed before each exposure of the Cu~111!
surface to silane. The sample temperature was varied
liquid-nitrogen cooling together with electron bombardme
and monitored with a Cr-Al (K type! thermocouple spot-
welded next to the crystal, giving an accuracy estimated
be better than65 K. Silane exposure was carried out
231026 mbar~total measured pressure! using a 0.5% silane
in argon mixture. The silane gas dilution was taken into
count when calculating the silane exposure.

III. TEMPERATURE DEPENDENCE
OF SILANE/Cu „111… INTERACTION

The rearrangements occurring on a surface can be co
niently studied as a function of surface temperature, us
helium-atom scattering. This is done by simply monitori
the specular intensity of the helium beam~scattered off the
surface! as a function of linearly increasing surface tempe
ture ~temperature programmed scan!. Debye-Waller effects
cause a gradual and predictable change in the specular i
sity as the temperature changes in a temperature program
scan. However, more sudden changes in the specular in
sity can be caused by a structural rearrangement of the
face. This is because the helium intensity scattered fro
surface, into the specular beam, increases as a functio
increasing surface order and as a function of decreasing
face corrugation.16 Since any structural rearrangement of
surface is likely to affect both the corrugation and the deg
of surface order, sharp changes in the gradient of the sp
lar intensity during linear heating of the surface indicate t
the surface has undergone a structural change.

The various regimes of structural change have been id
tified by monitoring the specularly scattered helium ato
during a temperature-programmed experiment. Figure
shows the results from a sample dosed with SiH4 to satura-
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tion at an adsorption temperature of 150 K. The sample w
then heated at a rate of 0.25 K/s while the intensity of
specular helium beam was monitored. The change in in
sity due to the Debye-Waller effect has been subtracted f
the data. A number of distinct changes are apparent in Fig
At 165 K there is an increase in the specular intensity, and
207 K, the specular intensity undergoes a distinct decre
Structural rearrangements of the surface occur at both
these temperatures. The surface undergoes a third struc
change at 230 K, where a minimum in the specular inten
is seen. There follows a gradual but large intensity rise, w
the intensity reaching a maximum~not shown! without any
further sudden changes. The intensity at the maximum is
times greater than the initial intensity at 150 K, implying th
above 230 K the surface undergoes a considerable decr
in corrugation and/or increase in order. All of the structu
changes observed in Fig. 1 are irreversible.

It was found from HAS diffraction patterns~described
below! that ordered structural phases did indeed exist in
following regimes of substrate temperature,Ts : Ts,165 K,
165 K,Ts,207 K, and 207 K,Ts,230 K. An ordered
surface was also seen to develop gradually above 230 K.
observed unit-cell designation of the various phases are
dicated in Fig. 1, and those forTs,165 K andTs.300 K are
discussed later in the paper. The structural transitions w
irreversible as determined by the fact that once the surf
temperature had been raised to a particular regime, the s
ture associated with that regime remained, even when
sample temperature was lowered again.

We find that the gradual surface rearrangement above
K in Fig. 1 marks the transition from a molecular chem
sorbed phase seen at lower temperatures, to a surface
phase. It is found that there are different chemical proces
involved in the formation of the two phases. The surfa
alloy phase results from the processes of complete molec
dissociation, desorption, and incorporation growth~up to the
formation of a single-monolayer film!. The molecular chemi-
sorption phase results from the processes of partial molec

FIG. 1. Temperature programmed scan in which the spec
intensity of the helium beam is monitored as the surface temp
ture is increased linearly with time. The initial surface was obtain
by adsorbing silane on Cu~111! below 150 K, to saturation.
Changes in structure, indicated by a variation in the intensity,
shown. The solid curve is a guide to the eye.
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55 10 821INTERACTION OF SILANE WITH Cu~111!: . . .
dissociation and chemisorption~of the dissociation prod-
ucts!. The latter phase consists of three separate struc
regimes~within the temperature range investigated!, with the
energetically preferred regime depending critically
sample temperature. The different phases are now discu
in turn, starting with the alloy phase.

IV. SURFACE ALLOY PHASE

The surface alloy phase is formed either by silane ads
tion at 400 K or by silane adsorption at lower temperatu
followed by annealing of the surface to 400 K. It is know
from previous studies that silane undergoes complete
lecular dissociation on Cu~111! at elevated temperatures.6,8

TDS studies17 have shown that the desorption temperature
hydrogen on Cu~111! is ;290 K. Consequently, adsorptio
of silane on Cu~111! at 400 K results in a surface consistin
of Si and Cu atoms. However, the nature of the adsorp
process has been disputed. McCashet al.6 suggested tha
chemisorption occurred with Si atoms residing atop the
surface. In contrast, Wiegand, Lohokare, and Nuzzo8 pre-
dicted the formation of a copper silicide surface alloy.
resolve this issue we performed HAS experiments dur
and after the growth at 400 K.

Figure 2 shows the development of the specularly s
tered helium intensity during the adsorption of silane
Cu~111! at 400 K. The specular intensity decreases conti
ously from the initial value corresponding to the mirrorlik
Cu~111! surface, and saturates at approximately 0.26 of
initial intensity. The absence of oscillations and the sign
cant intensity at saturation enable us to rule out the poss
ity of layer-by-layer growth18 and the growth of three
dimensional islands,19 respectively. The most likely growth
mode is the formation of a single monolayer, after which
sticking probability for further silane molecules becom
vanishingly small. This conclusion is supported by Aug
electron spectroscopy data,6 which indicate that the satura
tion coverage was less than one monolayer.

The initial gradient in Fig. 2 gives a cross section, f
each Si atom, of approximately;10 Å2, much smaller than

FIG. 2. Specular helium scattering during silane adsorption~on
a log scale! as a function of dose, at 400 K. The lines are drawn
emphasize the deviation of the curve from straight-line behav
The angle of incidence of the helium was 30°, and the beam en
was 71 meV.
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is typical for isolated atomic or molecular adsorbates. Al
the relatively high specular intensity of the saturated str
ture indicates that the corrugation induced by Si is we
These qualitative observations are the first indication t
silicon atoms are incorporated in the overlayer rather th
adsorbed on the substrate. We now describe a quantita
structural study, which confirms that a two-dimensional~2D!
alloy phase is formed.

Helium diffraction spectra, following a saturation silan
exposure at 400 K, are shown in Fig. 3. The scans w
recorded after cooling to a surface temperature of 150 K
each scan the detector position is fixed and the surface
mal is tilted out of the scattering plane.DKy is varied at a
fixed DKx , as indicated by the vertical lines in the inset
the figure. The strongest peak in the diffraction pattern c
responds to specular scattering at a total scattering ang
60° (u i5u f530°). The sharpness of the peaks in Fig. 3~the
full width at half maximum of the specular peak is similar
that of the clean surface! and low diffuse background sug

r.
gy

FIG. 3. Measured and calculated helium-diffraction intensit
obtained from the silane/Cu~111! saturated surface, formed at 40
K. The saturated surface was cooled to 150 K before the diffrac
scans were performed. The full curves are experimental meas
ments, and the crosses (x) are calculated values after fitting to th
integrated intensities under the experimental peaks and accou
for the incoherently scattered background. The inset shows a s
matic of the (A33A3)R30° diffraction pattern with the~00! peak
indicated by a large circle. The direction, in reciprocal space,
each scan is indicated by vertical solid lines. The dotted horizo
line shows the peaks corresponding to diffraction in the plane
fined by the incident beam and detector. For all the latter pe
u i530°. The energy of the incident beam was 71 meV.
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10 822 55CURSON, BULLMAN, BUCKLAND, AND ALLISON
gests that the saturated surface is well ordered. This, in t
indicates that the reduction in specular scattering from
saturated surface in comparison to the clean Cu~111! surface
is related to an increase in surface corrugation. The diffr
tion pattern reveals the unit cell of the saturated surface
have a (A33A3)R30° symmetry, in agreement with prev
ous LEED observations.6,7

The analysis of the diffraction data to yield a surface c
rugation was aided by the independent assignment of
saturation coverage of Si to be one-third of a Cu~111! mono-
layer, determined by Auger-electron spectroscopy.6 Determi-
nation of the surface corrugation involves the calculation
the intensity of diffraction peaks obtained from suitably ch
sen model surfaces, and then comparison of these intens
with the experimentally measured diffraction intensities. T
calculations utilized the eikonal approximation for hard-w
scattering which is valid given the high beam energy and
angle of incidence used~71 meV, 30°!.20

The hard-wall corrugation function was constructed fro
radially symmetric Gaussian functions centered on Cu s
~i.e., 23 ML of atoms! in a (A33A3)R30° arrangement. Iden
tical Gaussians were used, and this gives two adjustable
rameters ~height and radius! to fit the diffraction
intensities.20,21 A simple nonlinearx2 minimization was
used. The resulting corrugation function is shown in F
4~b!, and the corresponding surface structure in Fig. 4~a!.
The most prominent feature in the corrugation function i
small hollow of;0.07 Å depth.22,23We attribute the hollow
to Si atoms, in a 2D alloy, surrounded by a hexagon of
atoms, which have a slightly larger covalent radius.

FIG. 4. ~a! Schematic view of the Cu2Si structure where13 ML
of substrate atoms are replaced by Si atoms~darker shading! to
form a two-dimensional hexagonal surface alloy.~b! The best-fit
corrugation for the surface produced by silane adsorption
Cu~111! at 400 K, to saturation. The height scale has been exag
ated for clarity. The corrugation was obtained by representing2

3 ML
of surface atoms by Gaussian functions whose height and w
were optimized to give the best fit between experimentally m
sured and theoretically calculated diffraction intensities. The o
mized parameters of the fit were Gaussian heights of 0.07 Å
widths of 2.11 Å.
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The low surface corrugation is not consistent with an o
top adsorption system, whose corrugation would be sign
cantly greater. For example, adsorption of O2 on Ni~111!
~Ref. 24! and Pb on Cu~001! ~Ref. 25! results in corrugations
of 0.5 and 4 Å, respectively. The surface corrugation of 0
Å deduced from the present diffraction patterns is only co
sistent with a 2D surface alloy. Thus we conclude that
adsorption of silane on Cu~111! at 400 K produces a subst
tutional surface alloy with silicon atoms becoming incorp
rated into the top layer of the copper substrate. This de
mination of a 2D Cu2Si structure shown in Fig. 4~a! is
supported by the fact that the two-dimensional alloys form
by the Si/Cu~001! and Cu/Si~111! systems are also Cu2Si.

A similar corrugation function is obtained if the radia
Gaussian functions are centered on Si sites~i.e., 1

3 ML of
atoms! in the same (A33A3)R30° arrangement. Again ther
are two adjustable parameters, and the fit gives a corruga
dominated by a hollow of depth;0.07 Å. Although the
corrugation functions are very similar, the fits differ at th
99% confidence level, with the model using Cu atoms be
the better of the two. The difference between the two cor
gation functions lies in a small, but evidently significan
corrugation around the rim of the Si hollow. The corrugat
hexagonal rim of Cu atoms is clearly visible in Fig. 4~b!. The
observation of some corrugation in the metal atoms contr
with the original Cu~111! surface, which shows no corruga
tion. Significant changes in the nature of the metallic bon
ing must have taken place with the incorporation of Si ato
into the surface layer.

A comparison between the results described above
those of an earlier study of silane adsorption on Cu~001!
~Refs. 2 and 3! provides an insight into the competing pro
cesses that determine how a two-dimensional alloy overla
is accommodated on a surface. The 2D surface alloys form
by silane CVD on both Cu~111! and Cu~001! have similar
hexagonal Cu2Si structures. However, the response of t
two overlayer systems to stress within the alloy surface
quite different. Two factors determine the total energy of t
system.(1) Commensuration: The driving force for commen-
suration is the positioning of overlayer atoms with respec
substrate atoms in a way that favors optimum overlay
substrate bond formation. This bond formation lowers
total surface energy.(2). Bond length/angle deformation: A
hexagonal Cu2Si overlayer will ideally have in-plane bon
angles of 120°, and bond lengths determined by the cova
radii of the Cu and Si atoms. For these ideal values of bo
length and angle, the strain energy of the overlayer will be
a minimum. Any deformation of these lengths or ang
upon interaction with the substrate will result in an increa
in strain energy, and thus an increase in total surface ene
Alternatively the strain energy can be considered as aris
from a deviation from ideal overlayer density. As the dens
is increased~decreased! by the compression~stretching! of
in-plane bonds, then the strain energy is increased.

The Cu~111! and Cu~001! surfaces provide hexagonal an
square meshes, respectively, for silane adsorption. In
case of Cu~111! the outermost layer of Cu atoms has t
same basic structure~hexagonal! as the Cu2Si overlayer. Al-
though the density of the ideal 2D Cu2Si layer is greater than
that of the substrate~the Si covalent radii is;10% smaller
than that of Cu!, the mismatch is insufficient to generate
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55 10 823INTERACTION OF SILANE WITH Cu~111!: . . .
reconstruction, and a commensurate structure is obser
The energy gain from commensuration outweighs the
crease in strain energy caused by stretching of the in-p
bonds and by the decrease in overlayer density.

Graham and co-workers2,3 found that silane adsorption o
the square mesh of the Cu~001! surface produced an incom
mensurate Cu2Si overlayer whose registry with the substra
was complicated. For the Cu2Si/Cu~001! adsorption system
the minimum surface energy is obtained by the retention
near-ideal in-plane bond angles within the Cu2Si overlayer,
and by the increase of the Cu2Si overlayer density, at the
expense of the loss of overlayer registry with the substr
The structure of the incommensurate system has some s
larities with the surfaces of Pt~001! and Au~001!, which also
reconstruct to give quasihexagonal overlayers. The co
sponding hexagonal surfaces of Pt~111! and Au~111! are
known to reconstruct;26 however, there is no correspondin
analogy with the case of the Cu2Si/Cu~111! system, since
the surface stress in the latter system is not enough to
erate a reconstruction.

V. MOLECULAR CHEMISORBED PHASES

This section describes our investigation into silane
sorption on the Cu~111! surface in the three temperature r
gimes below 230 K, identified in Sec. III, i.e.,,165 K,
165–207 K, and 207–230 K. The possible adsorbates
clude silyl fragments and atomic hydrogen. Our investigat
of the molecular chemisorbed phase places most emph
on the structures occurring at 150 K, where partial molecu
dissociation of the silane molecules has been predicted,
where the degree of dissociation has been the cause of s
dispute.6–9

Figure 5 shows the specular helium intensity during
adsorption of silane on Cu~111! at 150 K. The equivalen
curve for the surface alloy phase is shown for comparis
although it should be noted that for adsorption at 400 K
surface is not saturated after a dose of 12 L~Fig. 2 shows the
complete 400-K uptake curve!. The intensity decrease upo

FIG. 5. Specular helium scattering during silane adsorption
Cu~111! at 150 K ~lower curve!. The partial pressure of silane ga
was 131028 mb. The corresponding uptake curve for adsorption
400 K is also shown, although in this case the surface does
saturate until approximately 30 L. The angle of incidence of
helium was 30°, and the beam energy was 71 meV.
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adsorption and the subsequent saturation of the surface
adsorption at 150 K, occur over a much shorter time sc
compared with adsorption at 400 K. The rapid initial d
crease in specular intensity shows that the scattering c
section of the adsorbed species is larger at 150 K, i.e., s
moieties are adsorbed as opposed to Si atoms. The sh
time to saturation shows that the sticking coefficient
greater at 150 K, and/or the saturation coverage is lower

Another interesting difference between the two grow
curves in Fig. 5 is the form of the curves at low coverag
The 400-K uptake curve closely conforms to the expon
tially decreasing behavior expected for the adsorption
noninteracting adsorbates27 ~up to an exposure of 20 L!,
whereas for adsorption at 150 K the decrease in spec
intensity soon becomes more rapid than that of an expon
tial decay. The most likely explanation for this change
slope is the existence of a repulsive interaction betw
adsorbates,27 causing the adsorbates to occupy a maxim
surface area and consequently minimizing their scatte
cross-section overlap. This explanation, which is evidence
adsorption on top of the surface, is strongly supported by
coverage-dependent diffraction scans presented later in
paper.

Further evidence of a fundamental difference in the
sorption processes of the molecular chemisorbed and sur
alloy phases is highlighted by the fact that the 150-K upta
curve goes through a minimum before saturation coverag
reached. This minimum indicates that during growth the s
face reaches a maximum state of disorder~at the minimum!,
and then abruptly reorders to form the saturated surface.
origin of the reordering process is discussed in more de
later.

As with the surface alloy phase, the fact that the specu
intensity approaches a constant final value suggests tha
surface at 150 K has become saturated. Again there is
evidence of layer-by-layer or three-dimensional isla
growth. However, the growth curve at 150 K shows a co
siderably lower saturated intensity than at 400 K, with t
specular intensity falling from the clean surface value
96% compared with 73% at 400 K. Diffraction scans tak
from the 150-K saturated surface and shown in Fig. 6~a!
indicate that the quality of surface order~determined by
comparison of peak widths and diffuse background! is simi-
lar to that of the 400-K surface. However the scans in F
6~a! have significantly larger rainbow angles and grea
I diff /I spec ratios than those of Fig. 3, demonstrating that t
corrugation of the surface after adsorption at 150 K is inde
significantly greater than after adsorption at 400 K, suppo
ing our assignments of molecular chemisorbed and sur
alloy phases, respectively.

Figure 6~b! shows a composite view of the intensities a
positions of the diffraction peaks in Fig. 6~a!. Each spot in
the diagram represents a diffraction peak, and the are
proportional to the integrated intensity of the peak. Inform
tion obtained from the peak intensities is discussed bel
The positions of the diffraction peaks in reciprocal spa
reveal a 333 diffraction pattern. The surface periodicity ob
served by helium-atom scattering is different from t
(A33A3)R30° diffraction pattern observed by two indepe
dent studies6,7 using LEED. The observation of differen
LEED and HAS diffraction patterns from the same surfa
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10 824 55CURSON, BULLMAN, BUCKLAND, AND ALLISON
structure is not uncommon,21 and originates from the fac
that helium atoms diffract from the outermost charge den
of a surface, whereas electrons diffract from the heavy
cores of atoms in the first few layers of a surface. One c
sequence of the fundamental difference in scattering p
cesses is that LEED is only weakly sensitive to hydrog
atoms~whether directly bonded to the surface or present

FIG. 6. ~a! Measured helium-diffraction intensities obtaine
from the silane/Cu~111!-saturated surface, formed at 150 K. Th
scattering geometry is the same as in Fig. 3. Shaded peaks
been scaled down as indicated.~b! HAS diffraction pattern con-
structed from the scans shown in~a!. Each spot represents a diffrac
tion peak with the area of the spot proportional to the integra
intensity of the peak. The dotted line indicates scattering in
plane defined by the incident beam and the detector.
y
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the surface as part of a molecule!, whereas the sensitivity o
HAS to hydrogen will depend on the extent to which t
hydrogen atoms contribute to the corrugation of the surf
charge density.21

For silane adsorption on Cu~111! at low temperature, the
superlattice peaks observed by LEED will originate prim
rily from the scattering of electrons from an ordered arran
ment of silicon atoms. Hydrogen atoms will contribute si
nificantly less intensity. The silicon atoms could b
components of silyl fragments or individual silicon atoms.
all these silicon containing species were identical, then
HAS diffraction pattern would also be (A33A3)R30°; how-
ever, the fact that the HAS pattern is of higher order~i.e.,
333) than the LEED pattern shows that not all the silico
containing species are the same. Figures 7~a! and 7~b! show
the unit cells indicated by the LEED and HAS results, r
spectively. As Fig. 7~b! shows, the silicon-containing specie
at the corners of the 333 unit cell must be identical to
satisfy both LEED and HAS results. The other two silico
containing species within the 333 unit cell must be different
to the first in a way that HAS can distinguish but LEE

ve

d
e

FIG. 7. Schematic diagram showing positions of adsorbates
quired to produce~a! a (A33A3)R30° LEED diffraction pattern
and ~b! both a (A33A3)R30° LEED diffraction pattern and a
333 HAS diffraction pattern. Adsorbates marked with the cro
must scatter electrons in the same manner as the other adsor
but appear different when scattering helium atoms.
(A33A3)R30° unit cell is outlined in~a!, and a 333 unit cell is
outlined in ~b!.
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55 10 825INTERACTION OF SILANE WITH Cu~111!: . . .
cannot. It naturally follows that the difference between s
cies within a unit cell is a difference in the nature of t
hydrogen atoms which are part of those species, i.e., t
must be different silyl moieties within a unit cell~the species
differ in the numbers of hydrogen atoms they conta
n50–3! or there could be the same silyl moieties but w
different rotational orientations or a combination of both d
ferences.

Previous studies of silane adsorption on Cu~111! have
failed to agree on which silyl moieties reside on the surfa
in the low temperature regime. The RAIRS spectra obtai
by McCashet al.6 contained relatively few adsorption pea
indicating that only one silyl species was present on the
face at 101 K. The results~along with EELS data! were
interpreted as providing evidence for either SiH2 or SiH3
adsorption. It was concluded by McCashet al. that SiH3 was
the most likely adsorption species by comparison with me
ane adsorption on metal surfaces.

A significantly different conclusion about the low tem
perature silane/Cu~111! surface has been proposed by W
gand, Lohokare, and Nuzzo8 on the basis of Fourier
transform infrared spectroscopy~FTIRS! and temperature
programmed reaction spectroscopy~TPRS!. The FTIRS
spectra contained more peaks at saturation than were se
the RAIRS spectra of McCashet al. and some of the peak
were assigned to different vibrational modes. In Ref. 8 it w
concluded that the surface consisted of SiH moieties at
coverage and SiH and SiH2 moieties at saturation coverag

Important clues to the surface structure can be obtai
from a consideration of the symmetry features in the
served diffraction pattern. In particular we note the abse
of any mirror plane in Fig. 6~b!. The fact that the HAS dif-
fraction pattern was obtained using a non-normal incide
beam (30° in this case! means that the perpendicular m
mentum transfer will vary in the plane of the incident bea
The intensity of two symmetrically equivalent peaks w
only be the same when the value of the perpendicular
mentum transfer of the incident atoms is the same for b
peaks. Thus the only mirror plane expected is that contain
the scattering plane and the surface normal, as indicate
the dotted line in Fig. 6~b!. Peaks such as~10! and ~01!, or
~ 13 0! and~0 1

3!, demonstrate clearly the absence of this mir
plane. Note that peak intensities are proportional to are
the spots in Fig. 6~b!; thus the difference between the~01!
and~10! intensities corresponds to a factor of approximat
3. We conclude that the surface does not have sixfold s
metry. Either the surface consists of a single domain w
threefold symmetry, or there are three unequal domain
P1 or P3 symmetry. We rule out the possibility of thre
unequal domains on the basis of the very strong asymm
in intensities across the scattering plane. Only three of
diperiodic space groups remain to be considered:28 DG65
(P3), DG69 (P3m1), or DG70 (P31m) symmetry. Of
these, theP31m symmetry can be ruled out because of t
missing mirror plane.

The fact that the symmetry of the surface structure
P3 or P3m1 allows us to rule out immediately one of th
proposed structural models for the 150-K saturated
lane/Cu~111! surface. The surface must contain elements
threefold point-group symmetry~to generate a single-domai
surface of threefold symmetry!. The model of Ref. 8 consist
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of SiH2 and SiH moieties. An ordered arrangement of Si2

and SiH moieties, with their Si atoms positioned within t
requirements of Fig. 7, cannot from a threefold structure.
contrast, McCashet al.’s prediction of a surface consistin
of SiH3 moieties~which have threefold point-group symme
try! is not ruled out.6

We have analyzed the diffraction pattern starting w
trial surface corrugations. Since there were several poss
adsorption species~i.e., SiHn with n51–3, Si, and H! and
many combinations of these species, our objective has b
to gain quantitative information about the position and m
lecular orientation of the silyl fragments rather than obtain
complete structural model. For this purpose we have m
use of Patterson synthesis, which emphasizes particular
sitional correlations. The generation of structural models w
based on strong features in the experimental Patterson f
tion. Trial corrugations were subsequently generated as
scribed in Sec. IV and their HAS diffraction intensities we
calculated exactly.29,30 For the modeling of silyl moieties, it
was the hydrogen atoms of these molecules that were re
sented by Gaussians, since the hydrogen atoms extend
wards from the surface and away from the silicon atoms
which they are bonded. The H-H distances within the s
moieties were estimated from typical Si-H bond lengths.31

A modification of the method of Patterson synthesis~nor-
mally used for x-ray diffraction! can be applied to HAS be
cause of the close relationship between the structure facto
kinematic diffraction theory in standard three-dimension
crystallography and the eikonal approximation used
atomic beam diffraction from surfaces.32 The conventional
Patterson function gives a correlation function of electr
density while, in the case of helium scattering, the Patter
function we determine from the data is a correlation funct
of scattering phases. Within the hard-wall approximation
Patterson function is equivalent to a correlation function
surface heights in the surface electron density. The cont
ous distribution of the scattering centers seen by HAS
responsible for the fact that HAS yields Patterson functio
with less intense peaks and higher background than in c
ventional x-ray diffraction.

Figure 8~a! shows the Patterson function obtained fro
the experimentally determined diffraction intensities@Fig. 6#.
Figure 8~b! shows the Patterson function obtained from t
diffraction intensities calculated from the best-fit corrugati
that the trial corrugations produced. The structural mo
corresponding to the best-fit corrugation is shown in Fig.
The Patterson functions show trivial origin peaks at the c
ners of the primitive cell, and a number of other distin
Patterson peaks which are labeled 1–6. Each of the o
peaks is symmetrically equivalent to one of the labe
peaks. Figure 8~c! demonstrates where the peaks in Figs. 8~a!
and 8~b! originate by showing the interatomic vectors th
exist in a primitive unit cell of the proposed structure. T
numbers shown next to the vectors in Fig. 8~c! indicate the
correspondence between peaks shown in Figs. 8~a! and 8~b!.

A number of trial structures were modeled and test
including all possible structures inferred from previo
work.6–9 Figure 9 shows the only model structure who
Patterson function reproduced the Patterson function
tained from experimentally measured diffraction intensiti
The structure in Fig. 9 consists of two SiH3 moieties with
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10 826 55CURSON, BULLMAN, BUCKLAND, AND ALLISON
the same rotational orientation, and one other moiety whi
has aC` point group. This second moiety could be element
silicon or SiH, but atomic hydrogen is ruled out on the bas
of LEED data, as discussed above. The structure was m
eled with the SiH~or Si! atoms and the hydrogen atoms o
the SiH3 moieties represented by Gaussians of height 0.25
and width 1.5 Å.

The space group of the proposed structure isP3m1. Re-
lated models withP3 symmetry~i.e., with low symmetry
configurations for the SiH3 features! do not generate Patter-
son functions that are consistent with the experimental da
The proposed structure maximizes the distances between
drogen atoms, suggesting a repulsive H-H interaction. It
assumed that all Si atoms in the unit cell have the sa
adsorption site in order that the (A33A3)R30° LEED pat-
tern is satisfied. However, that site cannot be an on-top s
or a bridge site. It if were, then several domains of the stru
ture shown in Fig. 9, with different SiH3 orientations, would
exist on the surface. A combination of these domains wou
yield a diffraction pattern with higher symmetry, at varianc
with the observed HAS diffraction intensities. An overlaye

FIG. 8. ~a! and ~b! show the Patterson functions obtained from
the experimentally determined diffraction intensities and from th
diffraction intensities calculated from the model surface of Fig.
respectively. The areas of~a! and ~b! correspond to the primitive
unit cell shown in Fig. 9. The Patterson functions show trivial or
gin peaks at the corners of the unit cell. Other distinct Patters
peaks are labelled 1–6. Vectors corresponding to each peak
shown in~c!. Unmarked peaks are symmetrically equivalent to on
of the labeled peaks.
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consisting of a single domain of the proposed structure~i.e.,
with SiH3 triangles only pointing in one direction! can be
rationalized only if the SiH3 moieties are adsorbed on thre
fold hollow sites, as shown in Fig. 9. It can be seen that if
SiH3 moieties are rotated by 30°~so the triangles are point
ing upwards! then the hydrogen atoms will be positione
above atoms from the Cu top layer instead of above three
hollow sites. It is reasonable to assume that one of these
orientations is energetically favorable, so a unique orien
tion exists ~giving the surface a threefold symmetry!. Our
results require a unique three-fold site but cannot distingu
between hcp or fcc adsorption. A very recent EXAFS stu
of the low-temperature molecular phase concludes that th
atoms bond in hcp sites, and supports our conclusions b
on the symmetry of the diffraction pattern.9

So far, results concerning the adsorption of silane
Cu~111! at 150 K have concentrated on the saturated surfa
It was noted from Fig. 5 that during growth there was e
dence of surface reordering near saturation coverage. To
vestigate this observation further, a number of out-of-pla
diffraction scans were obtained during growth. Each sc
was taken through the same portion ofK space, but for a
different coverage. Thus the development of a number
diffraction peaks was monitored during growth. Figure
shows three diffraction scans obtained at different covera
as saturation coverage was approached. The magnified
tion of the uptake curve shows the stage of developmen
the surface when the scans were obtained. In the first sca
the lowest coverage, only the specular and (1,̄1) peaks are
visible. The onset of the (1̄,1) peak occurred after approx
mately one-third of the time it took to form the saturat
surface, and the intensity of the peak then gradually
creased with coverage. The13- and

2
3-order peaks appeared a

the uptake curve passed through the minimum, i.e., jus

e
,

n
are
e

FIG. 9. The proposed structural model for the saturated
lane/Cu~111! surface, formed at 150 K. The structure consists
two SiH3 moieties per unit cell~shown black! with either SiH or
elemental silicon~dark shaded circles! at the corners of the primi-
tive unit cell. A primitive unit cell is highlighted by the full lines
The structure hasP3m1 symmetry, and the structure maximizes t
distance between hydrogen atoms.
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the surface began to reorder. The most striking feature
Fig. 10 is the abruptness of the development of the fractio
order diffraction peaks. The fractional order peak intens
increases from zero to maximum~i.e., to saturation of th
peak intensity! in only 23% of the time that it took the
(1̄,1) peak to go from zero intensity to saturation. Thus
process associated with the formation of the fractional or
peaks occurs over a much more compressed coverage r
than the process associated with the formation of the (1,̄1)
peak. The other interesting feature highlighted by the d
gram is the fact that the formation of the fractional ord
peaks is associated with the onset of saturation, whereas
is not the case for the (1̄,1) peak.

The fact that a (1̄,1) diffraction peak is seen at submon
layer coverages suggests that the adsorbed species oc
equivalent sites. It is likely that at coverages well belo
saturation the adsorbed species form a ‘‘lattice gas,’’ w
equivalent sites being occupied but with no particular ord
ing of the species. The abrupt formation of fractional ord
peaks at saturation implies that the final structure is form
by a sudden ordering of species already present on the
face, rather than the gradual development of areas of the
structure until these areas cover the whole surface at sa
tion. The sudden ordering of the surface would be consis

FIG. 10. Diffraction scans obtained for different coverages, d
ing the formation of the silane/Cu~111! surface at 150 K, as satu
ration coverage is approached. The inset shows a magnified se
of the 150-K adsorption uptake curve shown in Fig. 5.
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with the hindrance of rotational motion and/or the removal
rotational disorder within the SiH3 molecules of the pro-
posed surface structure~Fig. 9!, as the surface densit
reaches its saturation value.

The structural investigations of the molecular chem
sorbed phase described above were performed at 150
which is the lowest surface temperature investigated. Ho
ever, it was concluded in Sec. III that the heating of t
surface after silane adsorption at 150 K~or silane adsorption
at higher temperatures! could result in the formation of one
of two other molecular chemisorbed structural regimes;
Fig. 1. A limited number of diffraction scans were obtain
from these two additional structural regimes. The scans w
obtained after producing a saturated surface at 150 K,
then raising the surface temperatureTs to a particular value
for 10 s, before cooling the sample back down to 150 K
was found, in agreement with the temperature-programm
scan of Fig. 1, that structural phases existed in the temp
ture ranges~a! Ts,165 K, ~b! 165 K,Ts,207 K, and~c!
207 K,Ts,230 K. Phase~b! had a 434 structure, and
phase~c! a 333 structure. As with regime~a!, described
earlier in this section, the qualitative features of the diffra
tion scans from regimes~b! and ~c! provided clear evidence
of adsorption of species on top of the surface, confirm
these regions to be part of the molecular chemisorbed ph
in agreement with the conclusions from Fig. 1.

The RAIRS/EELS data of McCashet al.6 indicated that
the silyl species formed in the lowest-temperature phase
sociates completely at 180 K, leaving ordered atomic hyd
gen and disordered elemental silicon bonded to the surf
The hydrogen was thought to desorb at 273 K, leaving
silicon to rearrange into the (A33A3)R30° structure. In
contrast, the results of Ref. 8 suggested that in the inter
diate temperature range (;180–250 K!, SiH and H were the
species present on the surface. EXAFS data, in this temp
ture regime, have been interpreted as arising from
clustering.9 At present there are insufficient HAS data to pe
form a full structural analysis of the intermediate phas
however, the LEED experiments of McCashet al. allow
some comparison with the HAS data. The LEED data a
show the structural phases outlined by Fig. 1, although
precise transition temperatures between phases differ b
few K. There are differences between the structures de
mined by LEED and HAS. The difference in diffraction pa
terns observed atTs,165 K (,180 K measured by McCas
et al.! for LEED and HAS has already been discussed. In
165–207 K regime, McCashet al.’s tentative assignment o
a fourfold diffraction pattern is confirmed by HAS, whic
observes a clear 434 pattern. However, in the 107–230
regime there is disagreement. Figure 11 shows a compo
pattern from four, out-of-plane, HAS diffraction scans o
tained after the Cu~111! surface was exposed to silane
saturation at 150 K, and then annealed to 210 K for 1
before cooling back down to 150 K. The HAS pattern clea
has 333 symmetry, in contrast to the observation of M
Cashet al., who described their LEED pattern as 331. Even
with three domains of a 331 structure, the~13,

1
3!, ~13,

2
3!, and

~23,
1
3! peaks, seen in Fig. 11, would not be expected in

diffraction pattern. This difference, like that of the 333
phase, may be due to the existence of surface hydrogen
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10 828 55CURSON, BULLMAN, BUCKLAND, AND ALLISON
present the structures cannot be identified precisely, and
ther experimental data are required.

VI. CONCLUSIONS

Helium-atom scattering has been used to probe the v
ous temperature regimes of the silane/Cu~111! system. It is
found that growth at 400 K results in the formation of
surface alloy phase, whereas for growth below 230 K a mo-
lecular chemisorbed phase is formed. A gradual transi
from the molecular chemisorbed phase to the surface a

FIG. 11. Helium-atom-scattering diffraction pattern obtain
from a Cu~111! surface after exposure to a saturation coverage
silane at 150 K, followed by annealing to 210 K for 10 s. T
scattering geometry is the same as in Fig. 3, and the area of the
is proportional to the integrated intensity of the diffraction peak
represents. The angle of incidence of the helium was 30° a
points along the dotted line, and the beam energy was 71 meV
N

n

ur-

ri-

a

on
loy

phase occurs above 230 K. The surface alloy phase exh
a (A33A3)R30° helium diffraction pattern, and has a rel
tively small corrugation. It is concluded that this phase
formed by the complete molecular dissociation of silane, f
lowed by the desorption of hydrogen and the incorporat
of silicon into the surface to give a two-dimensional hexag
nal surface alloy~Cu2Si!. The formation of this surface
structure is maintained by interlayer bonding, which a
commensurate despite the stretching of in-plane Cu
bonds. In contrast, Cu2Si formation on Cu~001! favors over-
layer compression and strong intralayer bonding, and is
commensurate. The competitive energy minimization p
cesses of commensurate and ideal bond length and a
formation associated with the silane/Cu~111! and si-
lane/Cu~001! systems make them interesting candidates
theoretical study.

The molecular chemisorbed phase of the silane/Cu~111!
system has three structural regimes. The temperature re
below 165 K exhibits a 333 helium diffraction pattern@in
contrast to the (A33A3)R30° structure seen by LEED# with
a threefold rotational symmetry. The results indicate that p
tial molecular dissociation of silane produces ordered s
moieties, and confirms the presence of SiH3 on the surface.
A P3m1 structure with two moieties in the unit cell is con
sistent with the experimental data. During growth in this
gime, ordering of the overlayer into the final surface stru
ture occurred suddenly, at near-saturation coverage. S
behavior is consistent with rotational ordering of SiH3 mo-
lecular fragments when the overlayer density reaches a c
cal value. The structural regimes at 165–207 and 207–23
exhibit 434 and 333 HAS diffraction patterns respectively
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