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High resolution soft x-ray photoelectron spectroscopy with synchrotron radiation is used to study
the interfaces of Si02/Si( 111), SiO2/Si(100), Si(lll)/Si3N4, and Si02/Si3N4 for device-quaUty
ultrathin gate oxides and nitrides. The thin oxides and nitrides were grown by remote plasma
deposition at a temperature of 3(X) °C. Aftergrowth samples were further processed by rapid thermal
amiealing for 30 s at various temperatures fi-om 7TO to 950 °C. The Si{lll)/Si3N4 samples were air
exposed and formed a thin ~6 A SiOi layer with a Si(2/>) core-level shift of 3.9 eV, thus aUowing
us to study both Ae Si(lll)/Si3N4 and Si02/Si3N4 interfaces with a single type of sample. We
obtain band offsets of 4.54±0.06 eV for Si02/Si(lll) and 4.35±0.06 eV for Si02/Si(l(X)) with
fihn thicknesses in the range 8-12 A. The Si(lll)/Si3N4 nitrides show 1.78±0.09 eV valence-band
offset for 15-21 A fflms. This value agrees using the additivity relationship with our independent
photoemlssion measurements of the nitride-oxide valence-band offset of 2.66±0.14 eV. However,
we measure a substantially larger Si02/Si3N4 hEy value of 3.05 eV for thicker (~m A) fihns, and
this indicates substantial differences in core-hole screening for fihns of different thickness due to
Mditional silicon substrate screening in the thinner (15-21 A) fihns. © 1W9 American Vacuum
Society. [S0734-211X(99)08904-0]

I. INTRODUCTION
Interfaces of Si02/Si(lll) and SiO2/Si(100) have been
extremely well studied by photoemlssion spectroscopy'"' but
Uttle attention h^ been given to measurements of the
valence-band offsete for ultrathin oxide systems. A crucial
issue that continues to inhibit understanding of spectroscopic
measurements is sample preparation at the device-grade level
of processing such that interface details can be usefully compared to other measurements. In the present study we use
ultrathin oxides and nitrides grown on Si(lll) and on
Si(l(K)) that achieve these interface conditions. Since gate
oxide thickness used in current devices has continued to decrease in thickness with corresponding improvements in ox''Hectronic mail: jkeister@unity.nesu.edu
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ide growth, postgrowth processing and device properties, we
decided to reinvestigate the issue of the band offsets for interfaces of SiOj/SiClU) and SiO2/Si(100) using current
state-of-the-art methods of gate oxide growth. Standard interface capacitance and other electrical measurements done
on the same wafer as the electron spectroscopic experiments
independently characterized otir device-grade samples.*"*
II. EXPERIMENTAL DETAILS
A. Film pi^paraflon mefliods
Native oxide layers on Si(lll) substrates were removed
by etching in 40 wt% NH4F for 4 min and then rinsing for
20 s with deionized water. The Si(lOO) wafere were treated
with 1 wt % HF and also rinsed in de-ionized water for 20 s.
These steps produced H-tenninated Si surfaces. After this

0734-2115^/17(4)/1M1««15.00
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Step, the wafers were loaded into the vacuum chamber. The
fihns were then grown by one of three methods.
}. Method 1

Ultrathin Si02 samples were made using remote plasmaenhanced (RPE) oxidation. Wafers of Si(lll) or Si(lOO)
were heated to 300 "C and exposed to a flow of excited oxygen formed in a remote He/02 rf plasma. The He and O2
were flowed at 200 and 20 seem (cm' min"'), respectively, at
a total chamber pressure of 0.3 Torr, with the 13.56 MHz rf
plasma power fixed at 30 W. On-line (i.e., in situ) Auger
electron spectroscopy (AES) measurements characterized the
growth rate as following a power law Si02 film thickness
dependence on time: tox^Tt'^'^ (where tg^ is the Si02 thickness in A and t is plasma exposure time in minutes).' The
Si02 films reported in this study [measured by soft x-ray
photoelectron spectroscopy (SXPS) to be in the range 9-22
A] were made using exposure times of approximately 5 s to
nearly 10 min.
2. Method 2

Remote plasma-enhanced chemical vapor deposition
(RPECVD) of Si02 to produce thicker (~80 A) fihns. These
were produced by flowing dilute silane downstream from the
oxygen plasma. After passing the plasma excitation, excited
O2 flowed through a rf ring of 2% SiHj in helium. The
wafers were found to grow at ~34-40 A per minute at a
wafer temperature of 300 °C. The chamber pressure was
maintained at 0.3 Torr during growth. Flow rates were: 200
seem He, 20 seem O2, and 10 seem of the 2% SiH4 mixture.
3. Methods

RPECVD was also used to produce (hydrogen-rich) Si3N4
films ranging in thickness fi'om 10 to 80 A. Excited N2 from
the He plasma was flowed through a ring of SiH4. The wafers were observed to grow at a rate of —6-8 A/min at a
wafer temperature of 300 °C. The chamber pressure was
maintained at 0.2 Torr during growth. Flow rates were: 200
seem He, 60 seem N2, 10 seem of the 2% SiH* mixture.
When these samples were exposed to air, reaction with atmospheric water produced a native siUcon oxide overlayer
(~5-10 A thickness), presumably by the substitution reaction:
-NH-+H20-^-0-+NH,

(1)
After growth, some of the samples were subjected to ex
situ rapid thermal anneaUng (RTA) using optical heating in
an Ar atmosphere. In many cases, a single oxidized wafer
was broken ex situ and fragments were annealed at various
temperatures in the range 600-950 "C by RTA (for 30 s) in
Ar, providing a means of comparing "as grown" and annealed samples under the same oxidation conditions.
The films were transferred under air to the ultrahigh
vacuum XPS chamber of NSLS-U4A. Once in vacuum, the
samples were annealed at ~500 °C by electron-beam heating
of the metal sample holder. This removes contamination due
to weakly bonded adsorbates picked up in air. The thick
J. Vac. Sci. Techno). B, Vol. 17, No. 4, Jul/Aug 1999
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nitride films were further treated with neon ion etching (5
min at 500 eV beam energy, 3X10"'Torr chamber pressure) to remove some of the Si02 overlayer. Then, a second
~600 °C anneal was performed after the etching in order to
reequilibrate the fihn somewhat.
B. Soft x-ray photoemission spectroscopy (SXPS)
measurements

The SXPS configuration at the U4A beamline of the National Synchrotron Light Source (NSLS) includes a 6 m toroidal grating monochromator which produces a photon
beam with «0.2 eV resolution at photon energies (hv) of
10-200 eV.''° At 130 photon energy this system has -0.15
eV total resolution, photons, and electrons. The photoelectron kinetic energy (KE,) was measured with a 100 mm
hemispherical analyzer fixed at 45° to the photon beam axis.
All the spectra presented here were obtained with the sample
surface facing the analyzer at the normal emission geometry
(a=90° take-off angle). The room temperature SXPS spectra
were collected with the sample holder grounded, and the
electron analyzer was used in fixed pass energy mode with a
resolution of —0.1 eV.
The Fermi energy Ep was used as the reference energy
and was measured using a metal sample attached to the same
sample holder. The Ep threshold appeared at a kinetic energy
of 4.6 eV less than the photon energy. Valence-band offsets
were measured within each spectrum individually and were
not affected by any small offset bias appUed to the sample.
The sample Si02 film thickness was estimated from the
Si(2p) SXPS Si02 and substrate peak intensity ratio, as described elsewhere," and were consistent with independent in
situ (on-line) AES and elUpsometric measurements within
experimental uncertainties.
III. RESULTS
A. Valence-band offsets for thin SiOz films on Sl(111)
and Si(IOO)

Because of the surface sensitivity of SXPS, the Si substrate signal can be seen only for thin films. Thus, the
Si-Si02 valence-band offset AEy was measured using thin
RPE oxidation Si02 fihns of 10±2 A thickness. This film
thickness was measured from the core-level peak intensity
ratio between Si and Si02 Si(2p) peaks [binding energy
(BE, (Si) -99.3 eV)] which are distinct due to the -4 eV
chemical shift difference in BE (Si02) —104 eV. As shown
in Fig. 1, the valence band spectra for such films show the
same features despite being obtained using different photon
energies. The differences can be explained as: (i) Auger transitions which have fixed electron energies, or (ii) intensity
changes due to energy-dependent electron esc£^ depths.
These spectra are dominated by a signal attributable to oxygen atoms in the Si02 film. The 0(2^) peak at binding energy (hv-KE)—26eV can clearly be distinguished from the
0(2p) peak at 7 eV (with additional components at —11 and
14 eV). The onset of the 0(2p) signal at BE -4 eV corresponds to the valence band maximum (Ey) of the Si02 film.
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1. Typicd valence band scans for a (hin (~15 A) Si02 film grown on
Si(lll) substrate. Shown are sjwctta acquired U 130 and 150 eV photon
enei^. TTie higher energy shows more substrate signal (BE <4 eV) due to
increased electon escape depth. Hie lower energy scan shows greater scattered electron background as well as silicon Auger signal near 90 eV electron kinetic energy. The small peak near 31 eV binding enei^ is Ta(4/)
XPS signal from the tantalum wire which WM used to hold the silicon wafer
fiagment to the sample holder.

The signal at lower binding energy results from the Si
substrate, which has an onset BE of nearly zero as shown in
Fig. 1.
The difference between these two onsets corresponds directly to the valence-band offset of the interface. Tliat is,
A£jr=£y(Si)—£v(Si02). Thus, we have measured iiEy by
fitting the low-binding-energy part of the spectann with two
broadened step ftmctions. In Fig. 2 is shown the edge region
of an SXPS spectra obtained at 130 eV photon energy for a
SiOj film of 10 A thickness grown on Si(lll). We have
found that the spectrum in this region is well modeled by a
pair of Gaussian-broadened Fermi fimctions (the Fermi
width is virtaally negligible in this case compared with the
Gaussian component), with a parabolic peak added to match
the signal found experimentally just below the Si band edge.

T—1—.—I—|-

10ASiO2/Si(111)
hv = 130eV

Ev(SI)

116
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2. Qoseup view of the silicon and silicon dioxide valence-band edges
measured for a 10 A SiOi film grown on Si(ll i) substrate using a photon
energy of 130 eV. The fitting functions are described in the text.
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3. Qoseup view of the silicon and silicon dioxide valence-band edges
measured for a 10 A Si02 fihn grown on Si(lOO) substrate using a photon
energy of 130 eV. The fitting fimctions are described in (he text.

Fits such as these, made using samples of sunilar thickness
and various postoxidation anneal temperatures, were used to
derive an average value for dkEy of the thin Si02/Si(lll)
interface of 4.54±0.06 eV. A£y was found to be quite constant independent of annealing. Similarly, we have fit the
valence-band edge spectra for thin Si02 films on the Si(l(X))
substrate. TTiese spectra are similar (see Fig. 3), but with two
distinct differences (i) the parabolic peak is much less for the
Si substrate, and (ii) onset for Si bulk is much broader, at
nearly twice the width of the peaks encountered so far (—1.5
eV compared to 0.7 eV), Again, the AEy values obtained
appear independent of annealing treatment, but show a distinct substrate-orientation dependence as pointed out by Alay
and co-workers." For ~10 A SiO2/Si(100) we find iiEy
=4.35±0.06eV, which is 0.19±0.08 eV lower than for
Si(lll). Quantitatively these results compare favorably with
previous work (see Table I). However, the present work is
done with better resolution and device-proven processes, so
we believe our work to be superior.
This direct measure of the valence-band offset can be
compared vrith an indirect approach as well." In particular,
this A.EY value can be used in conjimction with (Ey—Eci)
values (the electron energy difference between Si(2p) core
level peak and valence band edge) measured for thin and
thick Si02 films, in order to derive a Si-SiOa core level shift
comparable to known values.'*" The estimated A^CL value
is given by:
TABLE

I. Compared band offset measurements (values are given in eV).

My
(eV)

Eiectot>n Kinetic Energy (eV)
FIG.

124

RG.

Value

112

120

Eiecfron Kinetic Enei^y (eV)

RG.

5x10-'

116

^Reference 2.
Reference 1.
"Reference 12.
^Present work.

Si(l(K))
4.3*
4.43 wet"
4.49 Ay"
4,54±0.06 eV*

Si(lll)

ASi(100)-Si(lll)

4,5*
4.36 (dry)"

0.13"

4.35+0.06*

0.19+0.08*
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4. Valence-band scan measured at 130 eV photon energy for a ~20 A
Si3N4 film deposited on Si(lOO) using the RPECVD method. A silicon dioxide overlayer resulting fiom atmospheric exposure is the dominant feature. In addition, the Si3N4 valence-band edge appears between those of
silicon substrate and Si02. The N(2s) peak at ~106 eV kinetic energy is
evident, and resembles the (X.2s) peak at ~100 eV.
RG.

A£cL= A£v(Si/Si02) + (£v-.EcL)(Si02)
-(Ey-EcOiSi).

(2)

We can average the Si(lll) and Si(lOO) results for AEy to
give 4.44 eV, and obtain an average value of (Ey
-£'cL)(Si) of 98.52 eV by using data for the same thin (~10
A) Si02 fihn samples. For the (Ev-Eci)(Si02) value we
turn to a thick fihn of SiOa (~80 A) which yields 98.45 eV.
The derived AEQL value of 4.37 eV compares very well with
a AEcL value of 4.36 eV estimated for a 80 A film using the
core-hole screening approach."

5. Valence-band scan measured at 130 eV photon energy for a ~60 A
Si3N4 flhn deposited on Si(lOO) using the RPECVD method. This fihn is
quite thick compared to the electron escape depth (~5-10 A) so that no
substrate signal is seen. The large valence-band offset for Si02/Si3N4 measured from this spectrum differs from that measured for tfiinner fihns, in part
due to photoelectron hole screening by silicon substrate.

RG.

values measured independently for Si-Si02, Si-Si3N4, and
Si02-Si3N4 follow a simple additivity rule: i.e.,
A£v(Si-Si02)=A£v(Si-Si3N4)+A£v(Si3N4-Si02). In
this case, adding the two nitride-relative offsets 2.66 and
1.78 eV yields 4.44 eV which is precisely the average of the
AEy values for the Si02 films on the two crystal faces (4.45
±0.09 eV). However, when we measure the Si02-Si3N4
AEy value from spectra of thicker films (~60 A), we find it
much higher (see Fig. 5). The AEy value of 3.06 eV measured from the spectra in this figure may be higher due to the
screening effect difference for different oxide overlayer
thickness, as discussed below.

B. Valence-band offsets for thin Si3N4 films

We have also measured valence-band offsets for silicon
nitride films deposited on Si(lll) and Si(lOO) substrates. An
example of such valence-band data for <20 A Si3N4 films on
Si(lOO) is shown in Fig. 4. The hydrogen-rich sihcon nitride
(made by RPECVD, using N* and SiH4) is known to react
readily with atmospheric water to produce a surface layer of
silicon (di) oxide. Thus, the spectra show three distinct offsets: (i) Si substrate, (ii) Si3N4, and (iii) Si02. We have used
these data to measure AEy for the Si3N4/Si interface. Unfortunately, the overlapping spectra in this case makes the
Si3N4/Si offset AEy less clear. In addition, the Si3N4 onset
was not sharp enough to measure for many films thinner than
~16 A. From the best of such data, we arrive at an average
value for AEy (Si3N4/Si) of 1.78±0.{)9 eV for an average
total fihn thickness (oxide and nitride) of 18±3 A. We could
not find any statistically significant differences between samples of difference substrate orientation or annealing
treatment.
We can estimate the Si3N4/Si02 valence-band offset from
these data as well. Again, using a pair of broadened step
functions, we have fit the nitride and oxide onsets from the
spectra and found an average Si3N4/Si02 valence-band offset of 2.66±0.14 eV. It is comforting to find that the AEy
J. Vac. Sci. Technol. B, Vol. 17, No. 4, Jul/Aug 1999

iV. DISCUSSION AND CONCLUSIONS
The valence-band offsets for sihcon/silicon oxide and
silicon/siUcon nitride have been measured with good accuracy using soft x-ray photoemission. These values are critical
in the design of oxide-semiconductor devices. In agreement
with previous workers, we have found a difference in
valence-band offset between the Si(lOO) and Si(lll) crystal
interfaces with siUcon dioxide. This can be correlated with
the number and type of other species at the interface, such as
dangUng bond defects or hydrogen.'"* This interpretation
would suggest that the Si(lll) interfaces have less interface
H, assuming no dangling bonds. A second explanation for
the AEy difference is the orientation of the interface bond
dipoles relative to the surface normal. The interface bond
dipole is more aligned with the surface normal for the (111)
orientation and less aligned (more glancing) for the (100)
orientation. If the contribution of the interface bond dipole to
the valence-band offset (total interface dipole) follows a cosine rule, this would also explain the lower AEy for
Si(100)/SiO2 relative to Si(l 11)/Si02.
The silicon nitride valence-band edge has also been measured relative to those of Si bulk and Si02. These values
appear to be less sensitive to the underlying Si crystal orien-
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tation. The Si3N4-Si02 ^Ey has been found to be somewhat
fibn thickness dependent, increasing by —0.4 eV between 18
and 60 A fihn thicknesses. This can be explained as a result
of core-hole screening by image charge in the higher k sihcon substrate. In other words, the high dielectric constant e^pt
mismatch (A€opt= 12-2 = 10) between siUcon and the SiOj
substrate is likely to be responsible for this shift. The mismatch is about half as great in the case of screening by tiie Si
substrate of siHcon nitride (Ae^= 12-7 = 5). TMs screening effect causes lower bindmg energies for thin films and
higher binding energies in thicker films.
Ite results presented here can be used to derive values for
the conduction-band offsets as well, using the known E.
values. For example, the known SiOa gap energy of 8.95
eV" impUes a Si-SiOj Mc of 3.38 eV (using the average
AEv of 4.44 eV and Si bandgap of 1.1 eV).
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Photoelectron spectroscopy studies of growth, thermal stabiUty, and aUoyuig
for traiuiition metal-tiuipten (111) bimetaUlc systems
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High-resolution soft-x-ray photoelectron spectroscopy using synchrotron radiation is used to study latetamsition-metal films (Pt, Pd, Ir, Rh) on W(lll). It is found that the fihns grow in a layer mode at 3(» K. A
single physical monolayer (ML) of each of these metals "floats" on the tangsten substrate and, iqjon annealing
to r>700 K, the metal flhn-coated W(lll) becomes faceted, i.e., covered with three-sided pyramids exposing
{211} planes. During growth of ft, fr, and Rh fihns, at 3(» K, for coverages exceeding 1 ML, atomic mixing
at the interface is observed, driven by energy released in the adsorption process. Multilayer fthns of these
metals on W(lll), upon annealing, undergo complex transformations which include alloying, segregation,
cluster formation, and faceting of the surface between clusters. It is demonstrated that despite the unusual
complexity of the problem, soft-x-ray photoelectron spectroscopy allows for successftil investigation of fljese
transformations.
DOI: 10.1103/PhysRevB.65.075413

PACS number(s): 68.55.-a, 68.60.Dv, 64.75.+g, 81.05.Bx

L INTRODUCTION
High-resolution core-level photoemission spectroscopy is
extremely useM in sttidies of complex bimetallic systems
for which, during formation, many concurrent phenomena
such as alloying, surface segregation, cluster formation, or
surface reconstruction may occur. Despite many challenges
with data interpretation, high-resolution soft-x-ray photoelectron spectroscopy (SXPS) is a very useful technique for
studies of bimetalUc interfaces since it provides identification
of the surroundings of various atoms via measurements of
core-level shifts.
Transition metals, their alloys, and thin films have attracted much attention recently, both because they have interesting physical properties, and because of the variety of
their technological applications as catalysts, shape memory
alloys, and in new magnetic materials. As shown recently,
the atomically rough tungsten (111) surface covered with
films of certain metals (Pt, Pd, Rh, Ir, Au) and annealed to
temperatures 7{K)-800 K undergoes massive reconstruction
to form three-sided pyramids of nanometer scale dimensions
vwth {211} planes as facet sides.'-^ This evidence for instability of surface moiphology in a bimetallic system has important implications: effective control over growth and morphology of nanostructure features on surfaces is essential for
the design and operation of future generations of devices.
In previous studies we have reported on growth and alloying of late-transition-metal films on the tungsten (211)
surface.^* In the present work we focus on the growth and
thermally activated restructuring (faceting) induced by latetransition-metal films on atomically rough tungsten (HI). It
is demonstrated that the extremely complex stnictures
present on these bimetalhc surfaces may be successfully resolved and investigated with the SXPS technique.
Specifically, in the present study, we report high0163-1829/2002/65(7)/075413(12)/$20.00

resolution 4/7Q photoemission spectra from 5d- and
4</-late-transition-metal (R, Pd, Ir, Rh) covered tungsten surfaces as a function of coverage and aimealing temperature.
Where possible (R and Ir on W), admetal 4/ core-level spectra have been measured and correlated with the substrate
sjwctra.
There are several interesting findings in these studies of
metals on W(lll). First, we repoit evidence for segregation
of single monolayers of Pt, Pd, Ir, and Rh on the atomically
rough W(lll) surface upon aimealing [in contrast to reports
of surface alloys on planar W(IOO) under certain conditions;
of. Refs. 5 and 6]. Second, we find strong evidence for intermixing at the interface for multilayer deposition of several
metals (ft, Rh, Ir) on W(lll) at room temperature. This is
unexpected for the tMn-film community; it has been generally beheved that thin films of Mgh-meMng-F metals form
abrupt interfaces.
The present results have implications beyond the specific
systems studied. Rapidly developing highly accurate firstprinciples theoretical methods for solid-state energetics allow
now for precise description of bulk and surface properties of
materials (cf. Refs. 7-10). For example, a comprehensive
table of segregation eneigies for transition-metal impurity
monolayers on close-packed surfaces of transition metals has
been published recently." We beheve die time is n-^ for
carefiil examination of phenomena occurring at interfaces
and surfaces of bimetalUc systems with highly surfacesensitive techniques, in order to test and to stimulate further
theoretical work.
This paper is organized as follows. After the description
of experimental procedures we present results and data
analysis for four different metalUc overlayeis (Pt, Pd, Ir, Rh)
on W(lll); all of these metals are known to induce faceting
of W(lll) to {211}. The IVW(lll) data are described in
greatest detail to illustrate the analysis and curve-fitting pro-

65 075413-1

©2002 Hie American Physical Society

PHYSICAL REVffiW B 65 075413

KOLODZIEJ, MADEY, KEISTER, AND ROWE

Pt/W(111)

cedures. The essential features of the remaining three overlayers are presented more briefly. Rnally all of the data are
discussed to analyze the film growth, thermal stability, segregation, and alloy formation. The findings for W(lll)-based
bimetallic systems (similarities as well as strong differences)
are compared wifli the earlier study of W(211)-based
systems.

/^ = 145eV

n. EXPERIMENTAL METHODS
The experiments have been performed in a stainless-steel
ultrahigh-vacuum experimental system at the National Synchrotron Light Source of Brookhaven National Laboratory,
on beamline U4A. Details of the experimental setup are described elsewhere.'^ The total spectral resolution is ~0.2 eV
at 150 eV and below 0.1 eV at 80 eV photon energy. Typically the x-ray beam and the energy spectrometer axis form
an angle of 45° and the x-ray beam is incident at 45° onto
the sample. The photon flux is monitored and the measured
spectra are normalized to account for the slowly changing
photon flux. The tungsten (111) substi-ate is prepared by repetitive heating in oxygen (1X10"' Torr) at 1300 K, followed by an abrupt increase of substrate temperature to 2300
K for a few seconds (flash). The experimental setup contains
several metal dosers used for deposition of platinum, palladium, rhodium, iridium, and gold. Special care is taken to
outgas the dosers before their use. Dosers are shielded during
operation by cooled surfaces and the background pressure
during operation does not exceed 2X10"'° Torr. Details of
the coverage calibration have been described in Refs. 3 and
4. Sample temperature is measured by a W5%Re-W26%Re
thermocouple spot-welded to the side of the W crystal.
In order to investigate thermally activated processes occurring on overlayer films and at the interface, stepwise annealing to increasingly higher temperatures is used: after
metal deposition the sample is annealed in a sequence of
increasing temperatures ranging from 400 to 2300 K. After
each step the sample is cooled, and SXPS data are recorded.
in. RESULTS AND DATA ANALYSIS
A. Platinum
1. Film growth
In Fig. 1, a sequence of SXPS spectra associated with die
growth of a Pt film on the W(lll) surface is shown. The Pt
4/7/2 peak shape is distinctly different for coverages of 1/3,
2/3, and 1 ML [where one physical monolayer (ML) is defined as the coverage needed to shadow all substrate atoms:
~ 1.7X lO'^/cm^]. This is a simple consequence of die structure of a single pseudomorphic monolayer on bcc (111) and a
layer-by-layer film growth. The pseudomorphic layer on a
bcc (111) crystal surface contains three geometrical "layers"
containing atoms in different chemical configurations.'^ A
complete adlayer (1 ML) contains equal numbers of atoms of
all three types. We have performed a decomposition of Pt
peaks using as model functions Doniach-Sunjic (DS) line
shapes. The 4/7/2 feature, as demonstrated in Fig. 2, is
single-component at 1/3 ML, double-component at 2/3 ML,
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FIG. 1. The Pt 4/ spectral region recorded during growth of Pt
filmsonW(lll)at300K.
and triple-component at 1 ML. All components have comparable intensity. Such an evolution of tiie Pt SXPS peak evidences a layer-by-layer character of growth (in the sense of
geometrical "layers"). For higher (multilayer) coverages the
Pt 4/7/2 feature is smooth and shapeless. This is very different from the case of a pseudomorphic film on W(211) (Ref.
4) where the single DS lines could be associated with physical layers at the interface and at the surface. In contrast, for a
Pt fihn on W(l 11), tiiere are differences in positions of SXPS
lines associated with different geometrical layers within the
same physical layer at the interface and at the surface. Thus
the 4/7/2 SXPS feature for a Pt pseudomorphic film on
W(lll) is composed of slightly shifted multiple components
and unique decomposition of the 4/ feature is not possible.
This is illustrated in Fig. 2(d) where a very accurate
Doniach-Sunjic lines fit produces an unphysical surface-tobulk components ratio (approximately 1:1 is expected based
on photoelectron attenuation length). As illustrated in the inset in Fig. 3, tiie dependence of the substrate W 4/ peak
intensity on the film thickness is exponential. Since one dose
corresponds to approximately 1-ML coverage it is difficult to
judge whether the growth is a true layer-by-layer or random
("sticks-where-it-hits") growth mode. On the other hand the
low-energy electron-diffraction (LEED) image remains 1
X1 during growth but spot sharpness deteriorates with increasing coverage. These observations indicate that the Pt
deposit uniformly covers the W substrate, however, the surface of the film is not atomically flat. [In order to illustrate
the difference in attenuation of substrate signal for the flat
and the 3d growth mode we included an attenuation curve
for Fe on W(lll) growth, see the inset in Fig. 3. The Fe on
W attenuation is characteristic of 3</ growth above 2-ML
(two doses) coverage. The Pt on W attenuation is characteristic of flat growth.]

075413-2

PHOTOELECTRON SPECTROSCOPY STUDffiS OF.

PHYSICAL REVIEW B 65 075413

FIG. 2. Doniach-Sunjic (DS) Pt 4/,^ lineshape fits for a few different thicknesses of a Pt
film on W(lll): (a) for 1/3-ML, (b) for 2/3-ML,
(c) for 1-ML, and (d) for 4-ML coverage.
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A very interesting proi»rty of the Pt/W(lll) system observed during grovrth of a Pt film at room temperature is that
satelHte peaks appear in the W 4/ region after singlemonolayer coverage is exceeded. These peaks are shifted by
~1 eV to higher binding eneigy, relative to W 4/ bulk
peaks (see Fig, 3). These peaks have been previously assigned to a tungsten impurity in the Pt host (or a dilute W
alloy)* and their presence during adsorption of Pt on W(lll)
provides evidence that mixuig at the Pt/W interface occure as
a result of the adsorption process. It can be seen that for
lower coverages (2-3 ML) the satelUte W 4/7/2 peak is
sUghtly shifted relative to the dilute W in the Pt 4fj,2 peak
(the Pt fihn is too thin and the strict "dilute" situation's not
possible). Above 3-ML coverage the additional peak appears
at the exact position of the "dilute alloy" peak which is
shifted by 0.95 eV with reference to the bulk W position
(Ref. 4). The intensity of the dilute alloy peak relative to the
intensity of the substrate peak increases until a coverage of 6
ML is reached. This indicates that the mixing at the interface
continues up to 6-ML coverage.

. ptw(iii)
o

Fe/w(iii)

Pt/W{iii;
,rtv = 145eV

2. Annealing of Pt films
The thermal evolution of the W(l 11) surface covered with
1 ML of Pt has been monitored by LEED and SXPS (see Fig.
4). Each SXPS spectrum shown in Fig. 4 is labeled with die
corresponding type of surface reconstruction as determined
by LEED. As-dosed R 4/ peaks display shoulders on the
high binding-eneigy side, resulting from their multicomponent character as discussed above. Below 500 K the film
maintains 1 X1 structure. Above 5(X) K the Pt SXPS peaks
lose then- distinct shoulders and LEED indicates a (2^3
X 2^3)^30° reconstructed surface. This configuration is

33

Energy [eV]
FIG. 3. W 4/ spectra associated with growth of a multilayer Pt
film on W(lll) at room temperature. The inset shows the height of
the W 4/7Q peak as a function of coverage. One dose corresponds
to ~ 1 ML (solid line, square points). For comparison we show the
attenuation curve for a case when the flat growth mode breaks down
at ~2-ML covera^ [case of Fe/W(211): dotted line, circle points].
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1 MLPtAA/(111)
/iv = 145eV

FIG. 4. Annealing sequence for a 1-ML Pt
film on W(lll). The Pt 4/and W 4/spectral regions are shown following annealing to the indicated temperature for 1 min. The meanings of
reconstruction labels are the following: "rec,"
(2V3X2^^)/^30^ "fac," faceted, and "coex,"
coexistence of faceted and "rec." The inset
shows a Pt 4/7/2 peak height as a function of
annealing temperature.
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stable up to a temperature of ~700 K where the faceting
surface phase transition occurs. The faceting transition can
be identified both by a change in the LEED pattern (see Refs.
14 and 15 for a description of the "faceted" LEED pattern)
and by narrowing of the Pt 4/ feature, which is an effect of
a change in the Pt peak characteristic of a planar Pt adlayer
on W(lll) (multicomponent) to that characteristic of a Pt
adlayer on W(211) (single component). (Facets are 10-100
nm in size and their edges make little contribution to the
SXPS peak intensity.) This is visualized in Fig. 4 (inset)
which shows the height of the Pt 4/7/2 peak as a function of
anneaUng temperature. The narrowing of the Pt feature results in increased height of the feature. The plateau between
700 and 1100 K is correlated with the faceted LEED pattern.
Above 1100 K the Pt 4/7/2 peak height decreases and the
LEED pattern becomes mixed [faceted and (2^3
X 2 \l3)R30°] suggesting the coexistence of faceted and planar regions on the surface. In the W 4/7/2 region no changes
in the peak shape and intensity are seen throughout the
whole anneaUng temperature range. Above the thermal-

desorption threshold for Pt, W 4/ features associated with
surface tungsten atoms appear (see also Refs. 16 and 17).
In Fig. 5, Pt 4/ and W 4/ spectra associated with annealing of a 5-ML thick Pt film on W(lll) are shown. For temperatures below 1000 K the observed peak changes resemble
those observed during annealing of the Pt/W(211) system.'*
Peaks in the W 4/ region do not change [see the W 4/7/2
dilute alloy peak formed upon Pt adsorption at the 32.35-eV
binding energy (BE) and the substrate peak at 31.4 eV] up to
an annealing temperature of 600 K. Above this temperature
the dilute alloy peak increases in intensity and above 800 K
it shifts towards the substrate peak, evidencing formation of
a saturated alloy. In the dilute alloy phase Pt 4f peaks appear
unchanging (since the number of Pt atoms in contact with W
atoms is low), but the alloy saturation is accompanied by
shifts of Pt features to higher binding energy, and by spHtting
into two separate components (at ~72.4-eV BE which we
attribute to the Pt in the PtAV alloy and at 71.5-eV BE attributed to the Pt segregated to the alloy surface). Above
1000 K there is a significant increase in the intensity
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HG. 6. W 4/7/2 SXPS spectra associated with annealing of a
1-ML Pd fihn on W(lll).
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HG. 5. Pt 4/ and W 4/ SXPS spectra associated with ttie annealing sequence for a 6-ML Pt film on W(lll). Annealing time is
1 min. The inset shows the intensity of substrate and dOute alloy W
4/7/2 peaks as a ftinction of temperature.
of the W 4/7^2 substrate peak and a decrease in the uitensity
of the Pt 4/7^2 aUoy peak at 72.4-eV BE. This peak becomes
invisible at 1500 K, i.e., -200 K below the threshold tempeiature for thermal desorption of Pt from the Pt-W aDoy.**
These observations indicate that upon annealing to T
> 1100 K the alloy film evolves into three-dimensional clusters whose are^ exposed to the SXPS probe are insignificant. The substrate surface between the clusters remains covered with a 1-ML Pt fihn as evidenced by the uitensity and
position of the surface Pt feature and the lack of W surface
peaks at temperatures IW)-17(K) K. The inset in Fig. 5
shows the intensity of W 4/ features versus aimealing temperature. The different phases of thenrnl evolution of the
Pt/W(lll) denoted on this graph have been assigned according to the above considerations.
B. PaUadiiun
Due to the limited photon enei^ range of our apparatus
(30-200 eV), the data for Pd/W could be obtained only in
the 4/7/2 region of tungsten (the 3d levels of Pd are beyond
the accessible photon enei^ range). A set of SXPS W 4/
spectra for 1-ML Pd on W(lll) recorded following anneal-

ing to increasingly higher temperatures is shown in Fig. 6. A
shift of the W 4/7/2 peak conesponduig to the faceting transition is visible at 8(X) K. The W surface peaks appear when
die sample is annealed to temperatures at which Pd desorption from the Pd/W surface becomes efficient (T
> 1300 K). The W 4/ peak shift due to faceting is caused
by a change of the Pd/W interface and Pd pseudomorphic
fihn from (111) to (211) as illustrated in Figs. 7(a)-7(c).
AnneaUng of the 1-ML fihn on W(211) does not cause a
change m the W peak shape—the Pd/W(211) system does
not undergo transformations upon annealing below Pd desorption temperatures [Fig. 7(a)]. The faceted Pd/W(lll) and
Pd/W(211) SXPS features are in fact identical, within experimental uncertainty, see Fig. 7(b). (The facet edges occupy
little surface area and do not mfluence the SXPS spectra.) A
direct comparison of the W 4/7/2 peaks for the planar and
faceted Pd-covered W(lll) surface is shown in Fig. 7(c). A
more detailed analysis of W 4/ peak shifts upon faceting can
be found m Ref. 17.
Figure 8 shows W 4/ peaks during growth of a multilayer
Pd film on W(lll). The dependence of the substrate peak
height on Pd coverage is exponential (see mset in Fig. 8)
indicating a flat form of growth. In contrast to Ft on W(lll)
(see Sec. in A 2 above), for Pd deposited on W(lll) no satellite peaks have been observed in the W 4/ region indicating no evidence of intermixing of Pd/W upon deposition.
For 10-ML coverage of Pd the W 4/ substrate peaks are
attenuated and scarcely visible (see in Fig. 9 die two lowest
spectra in the sequence). Upon annealing, the film of Pd on
W(lll) undergoes complex changes. At anneahng temperatures 450-500 K the substrate peaks increase in intensity,
indicating diat the layer is corrugated and die substrate areas
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FIG. 7. A comparison of W 4/7/2 peaks for 1-ML Pd-covered
W(211) and W(lll).
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FIG. 9. W 4/7/2 SXPS spectra associated with annealing of a
10-ML Pd film on W(lll). The inset shows the height of W 4/7/2
peaks as a fimction of annealing temperature.

Pd/W(111)
covered with a thinner film are exposed. The dilute alloy
peak appears at 550 K and increases up to 750 K. Simultaneously the substrate peak intensity is reduced back, reflecting increased attenuation of the W 4/ peak by a corrugated
alloy film (this may be an effect of the increasing alloy film
volume due to incorporation of tungsten atoms into the film).
Above 750 K the saturation of the alloy (evidenced by
broadening of the alloy W 4/ features) is accompanied by
another substantial increase in the substrate peak intensity. At
~950 K, the intensity of the alloy peak decreases, evidencing the formation of relatively large three-dimensional clusters with small effective areas seen by x-ray photoelectron
spectroscopy (XPS). [The threshold for thermal desorption
of Pd from the Pd-W alloy formed by annealing is 1200 K
(Ref. 2).] The W surface between clusters is covered with a
1-ML Pd film (no W 4/ surface features are visible) and is
faceted, as evidenced by the SXPS W peak position. The
intensity of the substrate W 4/ features vs annealing temperature is plotted in the inset in Fig. 9. The evolution phases
of the PdAV(lll) system are denoted on this graph.
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FIG. 8. W 4/ spectra associated with growth of a multilayer Pd
film on W(lll) at room temperature. The inset shows the height of
the W 4/7/2 peak as a function of coverage; one dose corresponds to
~1 ML.

C. Indium
The 4/ SXPS spectra associated with the growth of
multilayer Ir on W(lll) are shown in Figs. 10 and 11. Previously it has been found for IrAV(211) that Ir SXPS 4/
peaks are not shifted if the Ir neighbor atom is exchanged by
a W atom.^ Such stability of the Ir atom electronic structure
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HG. 10. An Ir 4/ spectral region recorded during growth of an
IrfllmonW(lll)at300K.
is also evident for the Ir/W(lll) system, see Fig. 10, where
in contrast to Pt/W(l 11), there is little variation of the Ir peak
shape in the submonolayer coverage regime. The feature is
clearly multicomponent but the different Unes are <hie to rt-
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32.0

31.0

3

o
o

aas

r* ' I ' I
32.5

31.5

oms with different cooidination numbers rather than due to
atoms at the interface experiencing different chemical inter^tions with the substrate (which was the case for Pt/W). At
4 ML the "surface" shoulder on the low BE side is much
less intense than for Ir/W(211) mdicating that it may be associated with the top geometrical layer rather than with a top
physical layer [which was the case for W(211)-b^ed systems].
The dependence of the substrate XPS peak intensity on
the film thickness is exponential, see the ir^et in Fig. 11.
This indicates that the growth proceeds in a flat mode. (The
small deviation of experimental data from the straight line in
Hg. 11 is assigned to increase in deposition rate arising ftom
gradual thinning of the Ir whs which is the source of Ir
atoms.) For coverages greater than 2 ML additional peaks
appear in the W 4/ region evidencmg an interface miring
similar to the one observed for Pt/W(l 11) (Sec. Ill A). These
peaks are shifted by 0,5 eV to higher BE, and we assign
these peaks to a W impurity in an Ir host (or dilute W in an
Ir alloy, cf. Ref. 4).
The annealing sequence for 1 ML of Ir/W(lll) is presented in Fig. 12. At different phases of annealing the W 4/
spectra show rather complex behavior. As shown by LEED
the "as-dosed" fitei surface has a (2#X2#)«30° structure and the SXPS Ir 4/7/2 feature displays a shoulder on the
high binding-energy side of the SXPS p^ Upon heating to
500 K the LEED pattern changes to (#X ^/3)«30° md a
shoulder appears on the high BE side of the W 4/ feature.
Above 800 K the W 4/7/2 peak becomes single-component
and the LEED pattern changes indicating a faceting of the Ir
film covered surface to (211). Upon further heating LEED
shows coexistence of faceted and (%j3Xyj3)R30° reconstracted regions. The shoulder on the high BE side of the Ir
peak reappears and the 4/ feature resembles closely that before the faceting transition. These observations indicate that
the surface has been converted partially to a planar one.
Above 2100 K the monolayer desorption threshold is
reached and the surface W 4/ components are finally seen on
the low BE side (Fig. 12).
In Fig. 13 an annealing sequence for ~7 ML of Ir on
W(lll) is shown. Dilute alloy peaks are present in the W 4/
region for aimealing temperatures up to IWX) K. Within this
temperature range Ir 4/ peaks show httle variation. Above
1IW) K the W 4/ alloy peaks shift to lower BE and broaden
indicating the formation of a saturated alloy film. At 1000 K
the Ir 4/ features change; the bulk Ir peak decreases in
height, which reflects the decreased content of Ir in the bulk
of the film. Withm the range 1300-1700 K the system does
not undergo further transformations m evidenced by constant
SXPS shapes and intensities. This is illustrated in the inset in
Fig. 13, Around 2(XX) K the Ir bulk alloy 4/ components
disappear m a resuh of thermal desorption of the Ir-W alloy.

30-5

Binding energy [eV]

D. Rhodium

HG. 11. W 4/ spectra associated with growth of a multilayer Ir
film on W(lll) at room temperature. The inset shows the height of
the W 4/7/2 peak as a function of covera^; one dose corresponds to
~1-ML coverage.

For rhodium (a 3d metal), the data are Mmited to the 4/
levels of the W substrate. During the growth of Rh films on
W(lll) the attenuation of substrate W 4/ features is exponential as a fiinction of coverage, evidencing a flat form of
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/TV = 80 eV

1 MLIr/W(111)

FIG. 12. IT 4/7/2 and W 4/7/2 SXPS spectra
associated with the annealing sequence for a
1-ML Ir film on W(211). Annealing time is 1 min.
The meanings of the reconstruction labels are the
following: "reel.," (2V3X2^/3)/^30^ "rec2.,"
(^/3X^/3)/^30^ "fac," faceted, and "coex.,"
coexistence of faceted and "rec2."

62.0

T—'—I—'—I—'—I—'—I—•■ r
61.5 61.0 60.5 60.0 59.5 32.0

31.5

31.0

Binding energy [eV]

growth of Rh on W(lll), see the inset in Fig. 14. For coverages higher than 1 ML additional peaks characteristic of a
Rh impurity in the W host appear (see Fig. 14) shifted by
~0.5 eV to higher BE indicating adsorption-triggered interface mixing similar to that observed for Pt and Ir/W(lll)
(discussed in Sees. Ill A and III C).
An annealing sequence for ~8 ML of Rh on W(lll) is
shown in Fig. 15. The as-dosed spectrum show peaks due to
the attenuated W substrate and dilute W in Rh. Above 500 K
the two peaks increase concurrently. Above 650 K the dilute
alloy Rh peak increases fiirther while the substrate peak decreases, similar to PdAV(lll) (Sec. IIIB). The dilute Rh-W
phase exists below an annealing temperature of 850 K. At
900 K the alloy peak broadens and shifts to lower binding
energy. Simultaneously the substrate peak increases its intensity. Above 1000 K the alloy-related feature is almost invisible suggesting that the alloy forms large three-dimensional
clusters. Around 2000 K the W surface peaks appear as a
result of thermal desorption of Rh from the surface.

IV. DISCUSSION
A. Sii^e monolayer films on W(lll)
In general the deposition of metal on metal at room temperature leads to a metastable configuration. This configuration reflects the kinetics of deposition, diffusion, and growth
processes, and the existence of diffusion (reaction) barriers.'
This metastable state can survive in a limited temperature
range. Annealing causes the energetic barriers to be overcome and the system lowers its free energy through intermixing and modification of the surface structure. Finally if the
annealing temperature/time is sufficient the system may approach the global energy minimum.
Bimetallics involving transition metals are often extremely complex and synchrotron-radiation-based soft-x-ray
photoelectron spectroscopy is a technique of choice for
studying these systems. However, recent advances in accurate first-principles computational techniques have made it
possible to calculate reliable segregation energies for a large
number of close-packed transition-metal alloy surfaces.''
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FIG. 13. Ir 4/ and W 4/ SXPS spectta associated with the
annealing sequence for a 7-ML Ir film on W(l 11). Annealing time is
1 min.
Such complete data arrays are extremely helpful in understanding and analyzing exjwiimental data.
During annealing, if the segregation energy is negative, a
metastdile film of metal on a metal substrate will eventually
dissolve into the bulL If the segregation energy is positive,
die metal tends to stay in the surface layer. However, the
entropy factor in the free enei^y always favors an intermixed
system and due to this factor at temperatures high enough to
overcome diffusion barriers, the deposit may be slowly lost
into the bulk.
Segregation energies for transition metals on the closepacked (110) surface of W have been calculated by Ruban
etal. Although in extreme cases the surface segregation
energy may reverse its sign depending on the crystal face
(for example, the PtNi alloy'') usually it is reasonably well
described by a bond breaking model, from which it is assessed that the segregation energies scale by a factor up to
1.7 going fi»m close-packed to open surfaces?" Based on the
calculation of Christensen et al.^ it is expected that aO metals reported here stixjngly segregate from a W host on both
(211) and (111) crystal faces. This is indeed seen in our
experimental data; a single physical monolayer of deposited
metal (Ft, Pd, Ir, Rh) ten<b to remains on top of W(lli).
These findings are also consistent with previous data obtauied by low-enei^ ion scattering,^* and Auger electron

FIG. 14. W 4/ spectra associated with the growth of a
multilayer Rh film on W(lll) at room temperattire. Inset shows the
height of flie W 4/^ peak as a function of coverage; one dose
corresponds to ~ 1 ML.
spectioscopy (AES)."" Similar sep-egation phenomena
have been seen on W(211) wifli our previous SXPS studies.'*
For 1-ML Ir on W(l 11) annealed to r= 60) K die change in
the LEED pattern and the additional shoulder in die W 4/
spectrum indicate formation of an ordered surface alloy
phase.
Planar W(lll) covered with 1 ML of Pt, Pd, Ir, and Rh is
unstable upon heating, and a massive reconstruction occurs if
the surface is heated above 7(K) K. As a result the surface is
covered with pyramidal facets exposing {211}-tyi« planes.'
Following this transformation a monolayer of deposited
metal still "floats" on the substrate.
For W covered with a single-monolayer metal film its W
4/ SXPS peaks are composed of bulk and interface components. As a result of the faceting reconstruction the interface
is converted fi»m a (HI) to (211) type, and die interface
component of die SXPS featiires changes. This change is
most apparent for die Pd/W system; for otiier systems stadied die change is small (see also Ref. 17). An effect of faceting is also visible in the changing shape of overlayer metal
(Pt and Ir) 4/ SXPS peaks; faceted surfaces which expose
{211} planes covered by 1-ML films produce singlecomponent 4/ features, as opposed to planar (HI) surfaces
which produce 4/ features tiiat cannot be described by single
DS hne shapes.
As evidenced by LEED, ultrathin late-transition-metal
films on W(lll) grown at room temperature are pseudomor-
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(or IT) into the bulk driven by the entropy factor in the free
eneigy. It may be deduced fix>m binary-alloy phase
diagrams"'^^ that each of the metals studied in this work has
low solubility in a tungsten matrix, however, the solubility of
Pt and IT is significantly higher than that of Pd.
B. Multilayer films on W(lll)

Bc
3

o
O

34

33

32

31

Binding energy [eV]

FIG. 15. W 4/7/2 SXPS spectra associated with the annealing
sequence for a ~7-ML Rh film on W(lll). Inset shows the substrate and dilute alloy W 4/7/2 Peak intensity vs coverage.
phic. Results obtained for PtAV(lll) indicate that for coverages less than a single physical monolayer the growth has a
well-defined layer-by-layer character. Distinct SXPS peaks
for different geometrical "monolayers" in the pseudomorphic (111) bcc layer indicate that each lower layer is completed before the next one starts to grow. This is an important
observation which helps in understanding the faceting surface phase transition. As shown in Ref. 22 the driving force
for the transition is a surface energy difference between film
covered W(lll) and W(211) surfaces. The critical coverage
for faceting to occur is 1 ML. Locally the coverage may
reach 1 ML (in 2d islands) if the average coverage exceeds
2/3 ML. Such faceted 2d islands on a W(lll) surface have
been indeed revealed in recent LEEM and scanning tunneling microscopy (STM) studies.^^"^ In the present work the
faceting transition has been observed on fully covered
W(lll) surfaces for annealing temperatures greater than 700
K for Pt, Pd, and Ir films. Interestingly the Pd-covered faceted surface is the most stable. Annealing the Pd-covered
faceted W(lll) surface causes an increase in the facet size
but the overall character of the surface does not change. In
contrast Pt- and Ir-covered faceted surfaces undergo further
transformations upon annealing to temperatures ~ 1000 K;
the surface is partially converted back to a planar one. This is
evidenced by LEED patterns and by Pt and Ir 4/ SXPS peak
shapes. For the PtAV system STM images of partially faceted
and partially planar surfaces have been also published.''* This
phenomenon is likely to be associated with the decreasing
amount of the overlayer material at the surface. Since the
loss of facets occurs below the desorption threshold of Pt or
Ir from W, the reason behind this could be the diffusion of Pt

Previous studies of multilayer R film growth on W(lll)
by AES and LEED (Ref. 14) indicated that the growth is
pseudomotphic, but not in a perfect layer-by-layer mode. In
the present experiment this is confirmed for all four admetals
stuped since the attenuation of the substrate feature during
growth is exponential and the LEED pattern remains (1
XI) during growth but its sharpness deteriorates with increasing coverage. We conclude that the overlayers studied
fully cover the substrate although their surfaces are not
atomically flat. The growth proceeds in a random mode
(similar to a "sticks-where-it-hits" mode). The 4/ SXPS features (Pt and Ir) originating from multilayer films include the
bulk feature and several components associated with different geometrical monolayers at the surface and at the interface. These multiple components appear at slightly different
positions; their superposition forms a smooth curve which
cannot be decomposed uniquely.
An interesting property of Pt, Rh, and Ir on W(lll) is the
mixing at the interface observed during deposition of overlayers at room temperature. Although the Pd/W system is
chemically similar to the other systems studied, interface
mixing does not occur for this case. In no case does the
intermixing occur when the coverage is less than 1 ML. At
2-3-ML coverage the "intermixed" W peak is akeady
clearly visible. The position of the peak corresponds to dilute
W in a Pt (Ir, Rh) host. As indicated by the intensity of the
"intermixed" peak, relative to the substrate peak, the mixing
stops at 6-7-ML coverage. A very interesting aspect of this
observation is that the adsorption of a metal atom at the film
surface can trigger the site exchange process at a remote
interface.
Recently Sprague and Gilmore^' have shown by
molecular-dynamics simulations that inelastic processess initiated by an atom impact on the surface can lead to interface
mixing. In particular for Pt deposited on a Cu substrate a
mixing has been found for thermal Pt energies. Interface
mixing caused by electronic excitation has been reported
also for a NiTi interface bombarded by GeV heavy ions.^* It
has been concluded that the mixing is caused by a short-lived
lattice excitation in the immediate vicinity of an atom impact. The W/Pt (IT, Rh) interface mixing observed in the
course of our experiments can be described by similar words,
although the exact nature of the phenomenon is not yet clear.
The energetic barriers for intermixing are similar at all four
interfaces studied (as indicated by similar thermal thresholds
for mixing ~600 K, see the discussion below). The process
is clearly driven by a release of energy upon adsorption of a
metal atom on the film surface. Cohesive energies of metals
studied have been compared in Table I. The energy for Pd is
considerably smaller than for other metals and the presence
of intermixing may be correlated with the value of the cohesive energy.
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TABLE I. Relationship between cohesive energies and interface
mijdng during deposition of oveilayers on a W substrate at 300 K.
Metal
Ir
Pt
Rh
Pd

Cohesive energy (eV/atom)

Mixing

6.95
5.85
5.76
3.9

yes
yes
yes
no

strate between clusters. Despite their chemical similarity, Ir,
Pt, Pd, and Rh multilayer fihns exhibit different detailed behavior during annealing. The complexity in the electronic
structure of transition-bimetallic systems meam that the detailed structore and thermal transformations of a particular
system cannot be predicted in a simple way. As discussed in
Ref. 4 the observed SXPS peak shifts have no transparent
relationship to alloy chemistry since the photoelectron peak
shifts for transition metals are influenced by several com^ting effects; initial-state charge transfer tends to be rather
small as the localized d ori>ital charge transfer is compensated for by a firee s-, p-Iite chaige. Other effects include
final-state screenmg changes, intia-atomic shifts in valence
level populations (rehybridization), or reference level
changes.^ ITie mterplay of these many subtle effects is also
impossible to predict in a simple way. Despite these difficulties, based on relative intensities of SXPS peaks, tiieir order
of appearance during growth, and their anneahng behavior, it
is possible to identify the chemical configuration of atoms
emitting photoelectrons in particular SXPS lines and to successftJly investigate the structure and transformations of the
bimetallic system.

An interface between two metals formed at room temperature is typicaUy metastable since interface diffusion barriers hinder intermixing. However, the mixing is likely to
occur during annealing. In general there are several possibilities: e.g., for an AIB interface, A and B may preferentially
remain in separate phases, or they may mix mutually, or A
preferentially diffuses into B, or vice versa. In particular, if
the deposited metal diffiises (dissolves) in the substrate, an
ultrathin ilm of such a metal would, upon anneaUng, disappear from the surface, forming a dilute alloy with the substrate. However, if the deposited metal is not allowed to difflise into the substrate it may stay on the surface as is, or
form clustere, a surface alloy, or alloy clusters. Relevant examples, as seen by SXPS, have been demonstrated in our
previous paper"* for Pt, Pd, Ir, Rh, and Au on W(21I). Fihns
of Pt, Pd, Ir, or Rh on W(211) are transformed into flat aUoy
films upon annealing; a dilute alloy phase is observed below
9(X) K for Pt and Pd and below 14(X) K for Ir and Rh. For
higher anneaUng temperatures (r>14a) K) saturated alloy
films are formed. Following SXPS peak assignments fix>m
Ref, 4 we are able to analyze the thermal evolution for more
complex W(lll)-based bimetallic systems. Ir on W(lll) resembles closely Ir/W(211); initially a dilute W in the Ir alloy
film is formed (6(M)-1(XX) K). Above 12(X) K a fibn of a
saturated Ir-W alloy covers the W substrate.
Phenomena induced by heating R, Pd, and Rh films on
W(lll) are mote diverse. Pt on W(lll) resembles R on
W(211) only during the dilute alloy phase at «)0-9(X) K. In
the case of Pd on W substantial corrugation of the film occurs before a dilute alloy is formed. For Rh fihns dilute aDoy
form^on and initial film corrugation occur simultaneously.
Since W atoms preferentially diffuse into Pt, Pd, and Rh the
alloying process continues after formation of clustere. A
common feature resulting from strong segregation trends
(see Sec. IV A) is observed for all systems studied; a monolayer of late-transition metal always covers the tungsten sub-
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We report evidence in several experiments for nanometer-size
effects in surface chemistry. The evidence concerns bimetallic
systems, monolayer films of Pt or I'd on W(111) surfaces. Pyramidal
facets with {211} faces are formed on annealing on physical
monolayer of Pt, Pd on a W(111) substrate, and facet sizes increase
with annealing temperature. We used synchrotron radiation-based
soft x-ray photoemission to show that monolayer films of Pt, Pd,
on W "float" on the outer surface, whereas multilayer films form
alloys on annealing. Acetylene reactions over bimetallic planar and
faceted Pd/W surfaces exhibit size effects on the nanometer scale,
that is, thermal desorption spectra of reactively formed benzene
and ethylene (after acetylene adsorption) change systematically
with facet size. In the second case, the decomposition of C2H2 over
planar and faceted lr(210) surfaces also exhibits structure sensitivity; temperature programmed desorption of H2 from C2H2 dissociation depends on the nanoscale surface structure. Finally, we have
characterized interactions of Cu with the highly ordered S(4 x
4)/W(111) surface. The substrate is a sulfur-induced nanoscale
reconstruction of W(111) with (4 x 4) periodicity, having broad
planar terraces (=»30 nm in width). Fractional monolayers of vapordeposited Cu grow as threedimensional clusters on the S(4 x 4)
surface over a wide coverage range. At low Cu coverage {< 0.1 ML),
Cu nanoclusters nucleate preferentially at characteristic 3-fold
hollow sites; we find a clear energetic preference for one type
of site over others, and evidence for self-limiting growth of
nanoclusters.

An important issue in surface chemistry and catalysis is how
surface structures and features with nanometer dimensions
affect reactivity in heterogeneous systems (1-3). The focus of our
work has been on several aspects of nanoscale phenomena that
influence surface chemistry, including faceting of metallic and
model bimetahic catalyst surfaces, and nucleation of subnanometer metallic clusters on sulfided surfaces. We study atomically
rough substrates [bcc (111) surface of W, and fee (210) surface
of Ir] that are morphologically unstable, that is, the initially
planar substrate becomes covered with nanoscale facets when
covered with monolayer films of gases or other metals, and
heated to elevated temperature. Major objectives of this work
have been (i) to determine how the surface transition from
planar to faceted affects the surface reactivity of metallic and
bimetallic systems, and («') to characterize the nucleation and
growth of metals on sulfided W surfaces. The three main
components of this effort are surface structure, surface chemistry, and surface electronic properties.
The importance of bimetahic catalysts based on Pt-group
metals has been increasing in recent decades (4, 5). These
catalysts display important advantages over classical reforming
catalysts, including better stability, as well as improved activity and selectivity. In particular, refractory metals (W, Mo,
Re,...) in combination with Pt-group metals are active catalysts
for hydrogenation and hydrogenolysis reactions (6-9).
www.pnas.org/cgl/doi/10.1073/pnas.062536499

Our previous work in the area of bimetallic surfaces is
summarized in two review articles (10, 11). In brief, morphologically unstable W(lll) and Mo(lll) coated with a single
physical monolayer (ML) of certain metals or other elements
(Pd, Rh, Ir, Pt, Au, O) undergo massive reconstruction from a
planar morphology to a microscopically faceted surface on
heating to T > 700 K. Three-sided nanometer-sized pyramids
form in which the facet sides are mainly film-covered {112}
facets. The faceting transition in these systems is believed to be
thermodynamically driven but kinetically limited: annealing is
needed to achieve sufficient surface atom mobility for mass
transport. The overlayer film increases the anisotropy in surface
free-energy and enhances the relative stability of the faceted
morphology. Striking evidence for structure sensitivity is seen in
catalytic hydrogenolysis of butane over planar and faceted Pt/W.
Recent synchrotron radiation studies using soft x-ray photoemission spectroscopy (SXPS) have provided insights into the electronic properties and thermal stability of the bimetallic systems.
In the following paragraphs, we describe recent results and
focus on three main aspects of the studies: surface structure and
morphology, surface chemistry, and surface electronic properties. We begin with atomistic studies of faceting and reconstruction in bimetahic systems based on W(lll) and discuss evidence
that acetylene reactions over Pd/W(lll) surfaces exhibit size
effects on the nanometer scale. We use SXPS to show that
interfacial mixing, even at 300 K, is observed for multilayers of
Pt, Rh, Ir on W(lll), whereas monolayer films are stable at high
T. We report the oxygen-induced faceting of Ir(210), and
describe structure sensitivity in C2H2 chemistry over clean planar
and clean faceted Ir(210). We describe studies of metals on
sulfided W(lll), including self-limiting growth of Cu nanoclusters on specific surface sites.
This program includes detailed microscopic studies of faceting
of metal substrates induced by monolayer overlayer films. We
believe the results of these studies are important in understanding the mechanisms of possible dynamic structural rearrangements at the surfaces of high area metallic and bimetallic
catalysts under high-temperature operation.
Methods

In this work we have used an array of ultrahigh vacuum surface
science methods, including high-resolution scanning tunneling
microscopy (STM), low energy electron diffraction (LEED), and
This paper results from the Arthur M. Sackler Colloquium of the National Academy of
Sciences, "Nanosclence: Underlying Physical Concepts and Phenomena," held May 18-20,
2001, at the National Academy of Sciences In Washington, DC.
This paper was submitted directly {Track II) to the PNAS office.
Abbreviations: ML, monolayer; TPD, temperature programmed desorption; STM, scanning
tunneling microscopy; LEED, low-energy electron diffraction; LEEM, low-energy electron
microscopy; SXPS, soft x-ray photoemission spectroscopy; HRSXPS, high-resolution SXPS;
L, Langmuir.
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Fig. 1.
STM image of fully faceted W(111) surface: Pt coverage is ""LI
pliysical IVIL, annealed at 1,200 K for 1 min. Field of view is 2,000 A x 2,000 A.
Sample bias: +1.5 V, tunneling current: 1.5 nA. STM images of Figs. 1 and 2 are
displayed in XSLOPE mode, which gives a three-dimensional top view perspective of the pyramids with {211} facets. [Reproduced with permission from
ref. 13 (Copyright 1999, World Scientific).]

Fig. 2. STIVI image (5,000 A x 5,000 A) of a partially faceted surface. Pt
coverage Is ~0.8 physical IVIL, annealed at 1200 K for 1 mIn. Relatively large
pyramids (200-700 A in size) are scattered on the otherwise smooth planar
surface, sometimes standing individually, sometimes forming large clusters
that are several thousand Angstroms in extent. [Reproduced with permission
from ref. 13 (Copyright 1999, World Scientific).]

low-energy electron microscopy (LEEM) for structure and
morpliology; temperature-programmed desorption (TPD) for
surface chemistry; and liigh-resolution SXPS (HRSXPS) using
synchrotron radiation for electronic properties.

smaller size satellite pyramids. LEEM and STM prove to be
excellent complementary microscopic techniques in the study of
faceting. STM provides structural information down to atomic
scale. Although the resolution of LEEM does not match that of
an STM, LEEM has several advantages that make it a most
useful tool in studying the kinetics of large scale morphological
transformations: it is capable of imaging surfaces at very high
temperatures, and the surface is easily observed during metal
deposition.
There is ample documentation that the atomically rough
W(lll) surface develops nanometer-scale facets with W{211}
orientation when covered by 1 ML films of Pd, Pt, Rh, or Ir,
followed by annealing (10, 11). In recent experiments, we have
found that the metal film-covered W(211) surface itself may
undergo a faceting transition (14). A W(211) surface covered
with a thin film (between 0.5 and 1 physical monolayer) of Rh,
Pt or Pd is found to exhibit an n X 1 superstructure when
annealed above a threshold temperature of «900 K (500 K for
Pd). The superstructure is observed by using low-energy electron
diffraction: phase diagrams have been measured to indicate the
coverage range and the temperature threshold where the new
structure appears. Scanning tunneling microscopy results indicate that in the case of Pd/W(211) the superstructure phase is
caused by missing overlayer rows (Fig. 3), but in the case of
Rh/W(211) it is more likely caused by a microfaceting of the
surface into {110} faces (14). Overlayer coverages >1 ML are
thermally unstable, and form ultrathin alloy films on annealing.
Alloy formation for thermally annealed multilayers of Rh, Pd, Pt
on W(211) is confirmed by synchrotron radiation studies (see
below).
To provide guidance for future faceting studies of planar
surfaces, we have been collaborating with the group of R.
Blaszczyszyn to conduct field-emission microscopy studies (15).
In this work, a nearly hemispherical emitter tip, coated with
metallic overlayers, develops facets on annealing. The typical

Results and Discussion

Faceting of W(111) Induced by Ultrathin Metal Films. We have used
two microscopic methods to provide insights into the mechanism
of metal film-induced faceting of bcc(lll) surfaces, and have
found evidence for the nucleation and growth of faceted regions
(12, 13). LEEIVI and STM have been used to investigate the
faceting of W(lll) as induced by Pt. The atomically rough
W(lll) surface, when fully covered with a monolayer film of Pt
and annealed to temperatures higher than «=750 K, experiences
a significant morphological restructuring: the initially planar
surface undergoes a faceting transition and forms three-sided
pyramids with {211} faces as seen clearly in the STM image of
Fig. 1. In complementary studies, LEEM can distinguish between planar and faceted surfaces based on the different types
of diffraction of low-energy electrons on surfaces with different
morphologies, with up to '=»70-A lateral resolution. LEEM
measurements (12, 13) of Pt/W(lll) demonstrate that the
transition from planar to faceted structure proceeds through the
nucleation and growth of spatially separated faceted regions.
The surface remains planar for Pt coverages less than % ML (1
ML = 1.7 X 10'^ atoms per cm^). As the Pt coverage increases
above % ML on the heated W surface, local islands of Pt with
coverage of 1 ML are able to nucleate, and it is there that facets
form. When the entire surface has a coverage of 1 ML, the
surface is fully faceted.
STM data (Fig. 2) confirm the LEEM observations that a
partially faceted Pt/W surface is a combination of large planar
regions with scattered faceted regions. The faceted regions
include pyramids of two distinct size distributions (Fig. 2): large
individual pyramids or clusters of large pyramids, surrounded by
6504 I wnA™v.pnas.org/cgi/doi/10.1073/pna5.062536499
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Fig. 3. STM scan «>0.8 ML of Pd on W(211), annealed at 1000 K (1,000 A x
1,000 A). Dark vertical lines are identified as missing rows of Pd atoms; bright
spots decorating the missing rows are attributed to adsorbed background
gases. The average separation between missing rows is ««50 A, consistent with
the «= (11 XI) superstructure seen using LEED. [Reproduced with permission
from ref. 14 (Copyright 2001, Am. Chem. Soc.).]

emitter has a diameter of =200 nm; the shape and dimensions
are a good approximation to a single catalyst particle, although
a bit larger. Recent studies have focused on ultrathin films of Pt
on W, Pt on Ir, and Pd on Mo (16). In general, on annealing the
metal film-covered emitter tip, the shape changes from nearly
hemispherical to more polyhedral. The faceting effect, i.e.,
growth of facets, is particularly pronounced for the Pt/W and
Pd/Mo systems, and less so for Pt/Ir [consistent with the fact
that we have not yet found evidence for metal-induced faceting
of planar Ir(210); see below]. The facets that form on bcc W and
Mo are {112}, {123} and {178}, whereas {116} and {115} grow
on fee Ir.
Surface Chemistry of Bimetallic Pd/W. The surface chemistry of
small hydrocarbons on transition metal surfaces is relevant to
many important catalytic processes. We focus here on acetylene
chemistry, for which reaction pathways are known to be sensitive
to surface structure (ref. 17; for a review see ref. 18). Acetylene
cyclization, 3C2H2 -^ CeHe, is catalyzed by palladium and has
been studied extensively on clean and modified surfaces, under
ultrahigh vacuum as well as high-pressure conditions. Acetylene
cyclization is extremely structure-sensitive, so it is an ideal
reaction for probing the effects of surface electronic and geometric structure. Isotopic studies indicate that benzene forms
from acetylene in a stepwise fashion on Pd(lll) and Cu(llO);
the reaction proceeds via a C4 intermediate species, and the
reactants do not undergo C—-C or C—H bond scission (17-19).
Bimetallic systems can improve both activity and selectivity.
For example, we have shown in a combination high-resolution
electron-energy-loss-spectroscopy (HREELS) and TPD study
that a single ML of Pd on W(211) decreases the high reactivity
of W for C2H2 decomposition, and catalyzes self-hydrogenation
of C2H2 to C2H4 and cyclization of C2H2 to CeHe (20). Evidence
for finite size effects in benzene formation has been reported by
Goodman et al. (21) for Pd clusters supported on alumina films;
Madey et al.

Lambert etcd. (22) hive shown that there is a minimum ensemble
on Pd(lll) («7 atoms) necessary for benzene formation. Although it is clear that electronic structure plays an important role
in the cyclization reaction, these studies suggest questions: can
electronic structure alone be responsible for these known size
effects? What are the effects of geometrical parameters, e.g., size
and shape?
Zhdanov and Kasemo (3) have recently performed Monte
Carlo analyses on the model catalytic reaction 2A + 2B -> 2AB,
which indicate that the reaction kinetics on a faceted nanocrystal
can be different from those on a single crystal surface. The
simulations have identified a kinetic "structure gap" not associated with special electronic effects or properties of small
particles, but with their size and shape. They argue that geometric structure alone can play an important role in reaction
kinetics. It is this idea that we are testing.
We have found that acetylene reactions over Pd/W(lll)
surfaces exhibit size effects on the nanometer scale (23). In these
studies, we have characterized the self-hydrogenation of C2H2 to
form C2H4 and cyclization of C2H2 to form CeHg on planar and
faceted Pd-covered W(lll) and on Pd-covered W(112). The
substrates ranged from 1 ML of Pd on planar W(211), to faceted
Pd/W(ll 1) surfaces containing different facet-size distributions.
The goal is to probe the influence of facet size on reactivity.
Below ==700 K annealing temperature, the Pd/W(lll) surface
remains planar. Above ««700 K, Pd-covered W(112) facets are
formed, which grow in size with increasing annealing temperature. We have measured TPD spectra for self-hydrogenation of
adsorbed C2H2 to form C2H4 product (Fig. 4). The ethylene TPD
spectra for Pd/W(lll) evolve in a systematic fashion as the
surface is thermally converted into a faceted substrate, and the
facets grow in size. For the largest facets (annealing T =» 1,000
K), the ethylene TPD spectrum is similar to that for C2H4
formation over planar Pd/W(112) (Fig. 4 Upper). Similar facetsize effects are seen for acetylene cyclization to form benzene
(Fig. 4 Lower). The data provide clear evidence that size effects
at the nanometer scale (3) should be considered in evaluation of
reactivity data for faceted bimetallic surfaces.
Synchrotron Radiation Studies of Metals on W. During the last
several years, we have found that certain ultrathin films («»1
physical ML) on W(lll) and Mo(lll) substrates can induce
faceting (e.g., Rh, Pd, Ir, Pt, Au, as well as O, Cl), whereas others
do not [e.g., Ti, Co, Ni, Cu, Ag, Gd (10, 11)]. We noted a
correlation, namely, that the elements that cause faceting have
Pauling electronegativity >2.0, whereas the elements that do not
cause faceting have electronegativities <2.0; W and Mo each
have negativity = 1.7. This observation suggested that electronic
structure plays a role m faceting. To search experimentally for
possible electronic factors that influence faceting, we use
HRSXPS based on synchrotron radiation. We study (mainly) the
sharp W 4f, Pt 4f, Ir 4f, etc., and measure surface core level shifts
(SCLS). Based on an extensive set of measurements, we can draw
a number of conclusions.
(i) Although the SCLS is an extremely sensitive and useful
indicator of interface formation, there is no clear correlation
between Pauling electronegativity and surface or interfacial Ai^r2
binding energies (24). This finding was not unexpected, because
the Pauling electronegativity is a measure of initial-state charge
transfer effects, whereas the measured 4f-binding energies are
influenced by a combination of initial and final-state effects.
(K) Metals with the highest heats of adsorption (e.g., Pt, Pd),
and the highest W4f interfacial binding energies are those which
cause faceting (24). This finding is consistent with a firstprinciples theory that indicates that a higher heat of adsorption
provides both a strong thermodynamic driving force for faceting
and a lower kinetic barrier to faceting (25, 26).
{in) For most systems studied [Cu, Ni, Rh, Pd, Ir, Pt, Au on
PNAS I April 30,2002 | vol. 99 | suppl. 2 | 6505
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Fig. 4. (a and fa) Surface chemistry of acetylene on planar and faceted Pd/W
surfaces. (Top) TPD spectra for C2H4 reactively formed after adsorption of a
saturation coverage of C2H2 at 100 K onto Pd-covered W (C2H2 exposure ="3 x
10"^ torr-s). In each case, the metal is precovered with 1 ML of Pd and annealed
to the indicated temperature, before deposition of C2H2. The sizes of {211}
facets increase with annealing temperature >700 K. (Bottom) TPD spectra for
CsHe reactively formed after adsorption of C2H2 on Pd/W surfaces, as in a.

W(lll) and W(112); refs. 27-29], we find evidence that a 1 ML
of overlayer metal is thermally stable, and floats on the outer
surface without significant alloy formation, for all temperatures
up to the onset of desorption. For all systems except Au/W, we
find that multilayer films form alloys on annealing: invariably, W
atoms from the substrate diffuse into the overlayer film, rather
than vice versa. In certain cases (Pt/W, Ir/W) we can measure
sharp 4f levels of both overlayer and substrate, and find evidence
for alloy formation in multilayer films (Fig. 5). In general, the
alloying behavior of the bimetallic systems investigated here is
consistent with the known bulk-phase diagrams (e.g.. Ft is not
soluble in W, but W is soluble in Ft to a maximum of '=»60% W).
Moreover, we have used Born-Haber cycles and the equivalent
core approximation to extract thermochemical data concerning energetics of adhesion, segregation and alloying in these
systems (28).
(iv) We find evidence for intermixing at the interface for
multilayer deposition of several metals (Ft, Ir, Rh) on W(lll) at
room temperature (29)! This finding is surprising to those in the
thin film community (e.g., for those studying magnetic thin films)
who generally believe that thin films of high-meltingtemperature materials form abrupt interfaces.
Faceting and Surface Chemistry of lr(210). As part of a larger effort
to study the morphological stability of adsorbate covered metallic surfaces, we have investigated the influence of various
adsorbates on fee Ir(210). The structure of the atomically rough
Ir(210) surface is similar to that of bcc W(l 11), but with reduced
6506 I www.pnas.org/cgi/doi/10.1073/pnas.0S2536499
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Fig. 5. Evidence for formation of interfacial alloy in Pt 4f and W 4f SXPS
spectra associated with an annealing sequence for an 8 ML Pt film on W(211).
Annealing time is 1 min at each temperature. Features on high binding energy
sides of each 4f peak indicate that W atoms diffuse through the interface to
form a Pt-W alloy film. [Reproduced with permission from ref. 28 (Copyright
2000, Am. Phys. Soc.)]

symmetry (2-fold). Based on studies using LEED and STM, we
find that oxygen overlayers induce substantial facets on Ir(210),
whereas the metal overlayer studied to date (Au) does not cause
faceting.
When Ir(210) is exposed to more than «0.9 L (1L = 1 X 10"^
torr-s; 1 torr = 133 Pa) of oxygen and annealed to T > 600 K,
it experiences significant morphological restructuring: nanometer-scale pyramid-like structures (facets) are formed on the
initially planar surface (I.E., K.P., and T.E.M., unpublished
data.). LEED measurements show that the pyramids have three
sides with mirror symmetry (two {311} facets and one {110}
facet), and that the faceted surface exhibits a quasi-reversible
behavior on annealing to higher temperatures. The surface
reverts to its planar state at temperatures above 850 K but,
provided the maximum annealing temperature is below the
desorption temperature of oxygen, facets reappear on cooling to
temperatures below 800 K. Furthermore, we are able to remove
the oxygen from the surface by means of catalytic oxidation of
CO at <580 K or by means of the H2 + O reaction at <400 K,
while preserving the faceted structure. TPD and Auger electron
spectroscopy have shown that residual adsorbed O and CO (or
H) are negligible after this procedure. The faceted clean surface
is stable up to 600 K, but irreversibly reverts to the planar state
above 600 K. These experiments indicate that the clean, faceted,
metastable Ir(210) surface provides an ideal substrate to study
thermal relaxation of nanometer-scale surface features.
In a previous section we reported that C2H2 reacts on planar
and faceted Pd/W to form C2H4 and CgHe products. In contrast,
the clean Ir(210) surface is considerably more aggressive in
Madey ef al.
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Fig. 6. TPD spectra for Ha reactively formed after adsorption of a saturation
coverage of C2H2 onto planar lr(210) (curve a) and onto the clean, faceted
lr(210) surface (curve b). In each case, the C2H2 dose is =3 x 10"' torr-s (3 L)
onto the substrate at 300 K. The differences in the TPD spectra illustrate the
structure-sensitivity of C2H2 surface chemistry.

dissociating C2H2 than the Pd/W surfaces. We find that adsorption of C2H2 on Ir(210) at either 100 K or 300 K leads to
dissociation when the surface is heated, and that the dominant
desorption product (>99%) in TPD spectra is H2. Traces of
C2H4 are seen at low temperature in TPD.
TPD spectra for desorption of H2 from hydrogen-dosed
Ir(210), and desorption of H2 from acetylene-dosed lr(210)
exhibit differences that indicate clearly that desorption of
H2 from C2H2-dosed Ir is reaction-rate limited (W.C, I.E.,
Q.W., and T.E.M., unpublished data). This reactivity is almost
certainly caused by formation of intermediate fragments (30,
31) that may dissociate in a stepwise fashion on heating
(-CCH? -CCH3?).
Fig. 6 provides vivid evidence for structure sensitivity in C2H2
decomposition over Ir surfaces. Here, we compare TPD spectra
of H2 after C2H2 deposition on clean planar Ir(210) and on clean
faceted Ir(210); the clean faceted surface was prepared as
described above. There are strilcing differences in the TPD
spectra that arise from the nanoscale surface structure on the
faceted surface. We are using HREELS and HRSXPS in an
attempt to identify the stoichiometry and concentration of the
intermediates on the planar and faceted surfaces.
Nucleation of Nanoscale Clusters of Cu on S(4 x 4) W(111). Studies of
sulfided surfaces of W may have interesting implications for
hydrodesulfurization (HDS) catalysis, a process of great importance for removing S-impurities from petrochemicals. The HDS
process is typically catalyzed by Mo or W sulfides that are
promoted with group VIII transition metals.
In earlier studies of the sulfided W(lll) surface, we found that
S induces an unusual reconstruction with (4 X 4) periodicity
(32). The sulfur-covered W(lll) surface (S(4 X 4)/W(lll) is
characterized by broad, planar terraces ==30 nm in width. We
recognized the possibility that this highly corrugated sulfided
surface might offer the opportunity for site-dependent nucleation of metal nanoclusters; such arrays of nanoclusters may, in
turn, have unusual chemical properties.
We have now studied the interactions of vapor-deposited Cu
with the highly ordered S(4 X 4)/W(lll) surface, by means of
STM, LEED, and Auger electron spectroscopy (33). We found
that fractional monolayers of Cu grow homogeneously as clusters
on S(4 X 4)/W(lll) over a wide Cu coverage range. At low Cu
Madey et al.

Fig. 7. STM image (100 A X 100 A) of 0.05 ML of Cu on S(4 X 4)/W(111).
I^lanoclusters with uniform size are found to nucleate preferentially In characteristic 3-fold hollow sites. Nanoclusters are estimated to be «<5 A in diameter; a few examples are highlighted with circles in the image.

coverages (<0.1 ML), Cu nanoclusters are found to nucleate
preferentially at characteristic 3-fold hollow sites on the sulfided
surface; there is a clear energetic preference for one type of site
over others (Fig. 7). The formed Cu nanoclusters are uniform in
size as coverage increases, indicating self-limiting growth (the
clusters are -^O.S nm in diameter, and contain ^3 atoms). The
self-limiting growth may be attributed to a repulsive interaction
between diffusing Cu atoms and stable nanoclusters arising from
lattice mismatch between the Cu metal and the sulfided substrate. As Cu coverage increases sO.l ML), cluster formation
and growth occur without limitation on other adsorption sites
(atop and vacancy).
The observation of unusual growth for a metal on sulfided
W(lll) is an impetus for further studies of catalytically active
metals (Co, Ni) that have direct relevance to the fundamentals
of hydrodesulfurization catalysis.
Concluding Remarks. The main factor that distinguishes this work
from other studies of model bimetallic and sulfide catalysts is
our emphasis on atomically rough, high-surface-energy surfaces that may be morphologically unstable during reaction
conditions. For example, the observation of faceting demonstrates that the surface is not a rigid template, but it may
undergo massive structural rearrangements when covered by a
metallic film under reaction conditions. The exposed surfaces
may be quite different from those present in the absence of the
overlayer metal. We believe that these results are important
for understanding dynamic structural rearrangements at the
surfaces of high area bimetallic and sulfide catalysts, and in
clarifying the role of nanometer-scale size effects in surface
reactions.
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