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The behavior of the V/Si interface has been studied under atomically clean interface conditions
for a variety of Si surfaces [Si(111)-(7X 7), Si(111)-(2X 1), and Si(100)-c(4X2)] as a function of an-

nealing used to promote the silicide formation reaction. Interface chemistry (composition, reactivi-

ty, and electronic structure) was revealed by angle-integrated ultraviolet (UPS) and x-ray photoemis-
sion spectroscopy and by Auger-electron spectroscopy (AES); transmission electron microscopy
(TEM) and low-energy electron diffraction (LEED}were used to assess interface and surface atomic
structure and microstructure; and the Schottky-barrier height Pb„was monitored by synchrotron-
radiation-photoemission measurements of Si(2p) core-level band bending. In contrast to the
behavior for near-noble metals, the interface reactivity between the refractory metal V and the Si
substrate is sufficiently low that even under atomically clean conditions no spontaneous intermixing
reaction involving atomic motion across the interface occurs at room temperature. Instead, as seen

by UPS and AES, simple chemisorption of V atoms on the Si substrate occurs, which is followed by
the growth of polycrystalline V metal at higher V coverage. As expected from previous thin-film

studies, the stable high-temperature product of the reaction at 500—550 C is identified to be VSi2 by
TEM phase analysis, by AES composition analysis, and by its characteristic UPS spectrum. How-

ever, surprising new information is obtained upon annealing at lower temperatures ((350 C):
Strong intermixing of V and Si atoms across the initially abrupt interface proceeds even through a

0

relatively thick layer (-100 A or more). This low-temperature intermixed overlayer is character-
ized by an average surface composition of VSi, by UPS spectra which are different from those of
VSi2 and unreacted V, and by the presence of the VSi2 compound phase in a matrix of V metal.
This low-temperature intermixing behavior represents a new and important aspect of the metal/Si
interfacial reaction, which has now been observed because of the high sensitivity of surface-

spectroscopy techniques and the preparation of atomically clean, well-ordered Si surfaces and inter-

faces. Its implications become even more striking in view of the observation that the Schottky-
barrier height Pb„-0.64 eV of the fully reacted VSi2/Si contact is already attained once this low-

temperature intermixing process occurs. Although the character of the interfacial reaction is more

complex in this case, it is clear that the basic interface reactivity associated with silicide-compound
formation dominates the microscopic chemistry and properties of this refractory-transition-metal/Si
interface and is strongly correlated with the Schottky-barrier electrical characteristics as well.

I. INTRODUCTION

Although the rectifying (non-Ohmic) character of
metal-semiconductor contacts has been known for over a
century, ' a fundamental understanding of the mechanisms
which determine the electrical (Schottky-) barrier height
of such contacts is still lacking. The first model, proposed
by Schottky, simply correlates the barrier height Pb„
directly with the metal work function P and seems
reasonably valid for ionic, large-band-gap semiconductors
such as ZnO, Si02, or A1203', for covalent semiconduct-
ors such as Si, Ge, or GaAs, however, Pb„ is only weakly
dependent on P~. Attempts have been made to explain
this by surface and interface electronic states, metal
wave-function tails, interface dipoles, and band-gap
shrinkage. ' " Chemical trends in the sensitivity of Pq„to
the metal work function have been assessed by introducing
an interface parameter S which quantifies this sensitivi-
ty. More recently the strong chemical reactivity of most
metal/semiconductor interfaces has been recognized in

Schottky™barrier theories which invoke chemical bonding
of bulk silicide compounds produced by interfacial reac-
tion, ' ' and in experimental observations of the conse-
quences of such interface reactivity, including compound
formation, '"' interface electronic states, ' de-
fects, ' ' ' and metal-atom impurities. '

At the same time there has been growing fundamental
interest in measuring and understanding the microscopic
properties of metal/semiconductor interfaces. Over the
past few years it has become possible to measure (1) inter-
face electronic structure and composition using surface-
spectroscopy techniques, (2) interface atomic structure by
ion scattering, channeling, and transmission electron mi-
croscopy (TEM), and (3) interface electrical properties by
photoemission core-level band bending, surface photovol-
tage, and work function at low metal coverage, as well as
by standard electric transport techniques (I V, C-V, and-
photoresponse) for bulk contacts. These results may lead
to significant progress in understanding interface charac-
teristics on a microscopic scale.
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Transition-metal/Si and silicide/Si interfaces represent
particularly attractive metal/semiconductor interfaces for
investigations of interface chemistry and Schottky-barrier
questions. This is because (1) Si technology dom-
inates the microelectronics industry, (2) the chemistry is
simplified somewhat by use of an elemental semiconduct-
or, (3) considerable information on this chemistry has al-

ready been obtained from thin-film studies of silicide for-
mation involving transition metals, (4) reacted silicide/Si
contacts produce a clean interface below the initial con-
taminated interface which has highly reproducible electri-
cal pl opcrtlcs, (5) tllcsc reacted coIltacts 11avc R hlg11

thermal stability and sometimes good resistance to oxida-
tion, and (6) available Schottky-barrier heights cover a
reasonable range, from -0.5 to -0.85 eV (of the 1.12-CV

Si band gap). Particularly for the last three reasons,
tfansltlon-metal —and sillcldc-contact IIlctallufgles have
bccoInc important in Si IrlicI'oclcctfonics technology.

To date, experimental investigations using the new tech-
niques have concentrated primarily on the near-noble
transition metals, ' especially Pd, Ni, and Pt. Here we
present the results of the first detailed study of the chem-

istry and Schottky-barrier properties of V/Si as a
representative of the refractory-transition-metal/Si inter-
face; some preliminary results of this study have been
summarized previously. 29

Only one stable V silicide compound, VSi2, is known to
form by contact reaction at the clean V/Si interface.
Although bulk VSiI formation is energetically very favor-
able (heat of formation hH-25 kcal/g-at. ), it has previ-
ously been observed only at relatively high temperatures
( 500 C) duc to R fall'ly large Rctlvatlo11 c11c1gy fol tlM

silicide-formation process (-2.9 and 1.8 eV for the t and
v t growth behaviors, respectively). As a result, dif-
ferent kinetic behavior is expected, and observed, com-
pared to that for the near-noble transition metals. Other
manifestations of the different character of refractory-
transition-metal versus near-noble transition™metal atoms
in their silicide properties include a tendency for forma-
tion of S1-rich fathcf than metal-rich s111cldc phases, , as
well as lower (n-type) Schottky-barrier heights Ps„(i.e.,
Pb„Ec EF, wher——e Ec—is the energy of the conduction-
band minimum and Ez is the Fermi energy). For studies
of interface electronic structure, it is important to note
that Auger-electron spectroscopy (AES) spectra for the Si
1.23VV transitions, associated with the Si valence elec-
tronic structure, are not greatly modified by refractory-
metal silicide formation (compared to the near-noble-
metal case), so that correspondingly greater reliance
must be made on photoemission studies of the valence
electronic structure and density of states.

To evaluate the chemistry, electronic properties, and
1111cl'ostlllctlllc of tllc interface Rnd tllc11' coll'clat1011 wltll
the Schottky-barAcf height) It ls necessary to combine
several different experimental techniques. Detailed
ultraviolet-photoemission-spectroscopy (UPS) and AES
studies) accompanied by some x-fay-photocmlssIon spec-
troscopy (XPS) measurements, were employed to deter-

mine interface electronic structure, composition, and reac-
tivity. These surface-spectroscopy techniques were com-
plemented by in situ low-energy electron diffraction
(LEED) observations of surface atomic order. Interface
and overlayer lattice structure (silicide phase) and micro-
structure were analyzed by TEM studies on samples after
removal from vacuum. Schottky-barrier-height measure-
ments were made at low metal coverages using
synchrotron-radiation-photoemission observations of
shifts in Si(2p) core-level binding energies, which give
changes in the Si band bending and barrier height at the
111terfRCC.

The surface-spectroscopy experiments (UPS, AES,
XPS, Rnd LEED) wclc made 111 a (ultralllgll-vacullnl)
(UHV) chamber with an operating pressure of
—1—2 g 10 ' Torr. The primary sample-rneasurernent
position was at the focus of a large (-10-in.-o.d.) double-
pass cylindrical-mirror a,nalyzer (CMA). The CMA in-
cluded an 8-keV internal electron gun for AES. Other fa-
cilities at this sample position included a differentially
pumped rare-gas discharge lamp to produce ultraviolet
light for UPS, a twin-anode differentially pumped x-ray
source for XPS, a sputter ion gun for sputter-cleaning the
sample in situ, and evaporation sources for the in situ

deposition of metal overlayers. A four-grid LEED system
was located at a second sample-measurement position for
observation of long-range surface order. The sample was
mounted on a large-stroke manipulator so it could be
Irlovcd bctwccn these tw'o positions as well as tfanslated in
the two orthogonal directions and rotated about two axes.

Si samples were prepared from n-type wafers (10 Qcm
resistivity, and 0.010 in. thick) with (111)and (100) orien-
tations. To achieve uniform and reproducible sample
heating both for annealing after sputter-cleaning and for
thermal processing of the interface, a thin Ta layer
( —1000—2000 A) was first deposited on the back side of
the wafers. The wafers were then cut into rectangular
shapes measuring 0.75&0.25 in. Clearance holes were
then ultrasonically drilled in each end of the samples to
accommodate Ta screw-and-nut assemblies used as high-
temperature mechanical contacts. Ta wires (0.015 in.
diam) were spot-welded to these assemblies to mechanical-
ly support the samples, which could thus be annealed to
greater' than or equal to 1000'C by direct resistive heating.
Vhth this arrangement, uniform heating to within
—+50'C was attained even at high temperatures over the
entire region (-0.25X0.40 in. ) between the screws, and
the electrical resistance of the sample package was quite
reproducible. The temperature of the sample was moni-
tored by a Chromel-Alumel therrnocouple spot-welded to
one of the Ta screw contacts, and the actual sample tem-
perature was then calibrated with a standard optical py-
rometer at higher temperatures (& 600'C) and an infrared

pyrometer in the range 200—600 C.
The Si-sample surfaces were cleaned by in situ Ar+

sputtering (500 eV) and consequent annealing to -950'C
to restore the ordered crystal structure of the surface. For
the Si(111)surface this gave the well-known Si(111)-(7X 7)
LEED structure, while for the Si(100) surface it gave a
(2)&1) LEED rex:onstruction with faint (4&&2) spots, i.e.,
the Si(100)-c(4X2) structure. Surface cleanliness was as-
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sessed by AES, which showed no contaminants (C, 0, etc.)

to a sensitivity -0.2% of the Si LVV intensity; under
these conditions the UPS spectra (Hel, hv=21. 2 eV) re-
vealed clearly the detailed intrinsic surface-state features
previously documented.

Initially, thin V overlayers (0.1—20 monolayers) were
dcpos1tcd by dlrcct subhmat1on froIIl a puI c, rcslstlvcly
heated V wire in the main UHV chamber. However, this
procedure brought about two problems. First, the high
source temperatures required to evaporate refractory met-
als necessitated tedious outgassing procedures prior to
evaporation to prevent residual gas contamination during
and after the metal deposition in the experiment. Second,
since reasonable evaporation rates required temperatures
near the melting point for the V-wire source, the evapora-
tloll fllaIIlcllts tended to dcvclop llot spots Rlld tllcn fall
(open at a melted region), so that stable evaporation condi-
tions were not easy to attain.

To solve thcsc problcIns, a scparatc cvaporatlon
chamber was built and connected to the main UHV
chamber by a UHV gate valve. %ith a low-conductance
tube between these chambers in the line of sight between
the evaporation source and the sample, and with separate
ion-sublimation pumping of the evaporation chamber,
metal depositions could be made onto the sample in its
measurement position without additional residual gas con-
tamination from the evaporation source; the differential
pumping of the evaporation chamber kept the main
chamber pressure rise to —10 of that in the evaporation
chamber. A simple e-beam evaporation source was con-
structed and employed in the evaporation chamber to
overcome the instabihties of the wire-sublimation tech-
nique. Use of a differentially pumped, isolatable evapora-
tion chamber also permitted change of the evaporation
source without opening the main UHV chamber and pro-
vided a convenient location for a quartz crystal-thickness
monitor with sensitivity of +5% of a monolayer at the
sample. Deposition rates up to -3 A/min at the sample
have been achieved.

Additional photoemission measurements of the Si(2p)
core levels as well as valence electronic structure were
made ' using synchrotron radiation from the 240-MCV
Tantalus-I electron storage ring at the University of
VA'sconsin —Madison; these studies employed a UHV
toroidal-grating monochrometer and a two-dimensional
(2D) display-type electmn spectrometer. Since the core
levels could be determined with a resolution of —150
meV, core-level shifts indicative of changes in Si band
bend1ng and Schottky-barr1cr he1ghts as small as —10
mcV could be detected. In these cases metal depositions
were made by direct sublimation from a pure V wire, ' ad-
ditional studies were also carried out on the Si(111)-(2X1)
surface obtained by in situ cleavage of p-type 10-Qcm
bulk S1 samples.
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interface upon thermal annealing. Therefore we first dis-
cuss the growth of the V overlayer at room temperature
over a wide thickness range.

Figure 1 shows the relative AES intensities for Si and V
transitions as a function of V coverage up to a value
where all transitions from the Si substrate have essentially
vanished. The Si L2 3 VV and ELL intensities decay ex-
ponentially while the V signal rises asymptotically to l
(pure V). This behavior demonstrates that the V film
achieves complete coverage, with only statistical fluctua-
tions in thickness (no strong three-dimensional island for-
mation), and that no V-Si mixing across the interface
occlll's. A numerical fit to thc cxpcllIIlclltR1 data glvcs es-

cape depths close to those obtained in previous investiga-
tions:2o S1 L2 3 VV, 8 A; Si KLL, 20 A; and V L2 3M2 3 V,
7 A. Since the Si LzIVV (more surface sensitive) and
KLL (more bulk sensitive) Auger lines show the same
behavior, a mixing reaction underneath the top surface but
over several angstroms deep can also be ruled out.

However, with the (7—12)-A depth resolution of these
AES-intensity measurements, it is difficult to clearly
ascertain the character of the film on the scale of the first
-3 A or less. ln this regime the reactivity question may
be more effectively addressed by observing the interface
chemical bonding (electronic structure). Figure 2 shows
the UPS spectra for clean Si(100) and for successive depo-
sitions of V at room temperature. The clean Si(100) spec-
trum shows bulk Si features and intrinsic surface states
near —0.7 and —1.3 eV (referenced to an energy zero at
EF). Upon deposition of V the intrinsic surface states are
quenched, the bulk Si emission features are suppressed,
and increasing V-derived emission intensity is observed
[primarily V(3d) states close to EF]. At high coverages
the UPS spectrum for the bulk V film is dominated by a
strong V(3d) peak between —1 eV and EF.

III. CHEMICAL PROPERTIES QF THE UNREACTED
V/Si INTERFACE
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Knowledge of the initial microstructure and electronic
properties of the as-deposited V film is a proper starting
point for understanding the reaction behavior at the V/Si

FIG. l. AES lntensltp behavior of S1 I p 3 VVaIld EII aIld V
LI 2 331p 3 transitions vs V coverage deposited at room tempera-
tUre.
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FIG. 2. UPS (h v=21.2 eV) spectra for clean Si(100) and for
increasing coverage (submonolayer to -3 monolayers) of V
deposited at room temperature.

The chemical bonding at low coverage is best evaluated
from the incremental difference curves (IDC's) obtained
by subtracting successive UPS spectra, as shown in Fig. 3.
These IDC's are observed to consist of two parts: (1) val-

leys which appear at the energy positions of peaks in the
clean Si spectrum [shown in Fig. 3(a)] and are caused by
attenuation of Si substrate emission and quenching of in-
trinsic surface states, and (2) strong emission enhancement
in the energy region between —1 eV and EI;. Since the
latter bears strong similarity to the characteristic UPS
spectrum of bulk V metal, we conclude that the V/Si in-
terface is indeed unreacted at very low coverage (i.e., very
close to the Si interface) at room temperature. Also
shown, in Fig. 3(g), is the UPS spectrum of the VSiz reac-
tion product obtained by annealing as described below; the
low-coverage IDC's clearly do not resemble the VSiz spec-
trum, in which the emission maximum is at —1.6 eV; this
again confirms the conclusion that the V/Si interface is
unreacted at room temperature.

Upon V deposition only minor changes are observed in
the low-energy tail of the Si Lp 3 VV Auger spectrumi The
V Auger spectra are virtually identical to those for bulk V
metal, except for the appearance of weak additional
features which appear at low coverage between the
L p 3M/ 334Q 3 L p 3M/ 3 V, and L ~ 3 VV transitions of V, as
discussed below. A small shift (-0.2 eV) of the Si
Lp 3 VV spectrum to higher energies also occurs, while the
V Auger transitions shift in the opposite direction. The
chemical shifts of the Si and V core levels observed by
XPS are less than 0.2 eV.

Additional insight into the electronic properties and rni-
crostructure of the growing V film is obtained from the
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FIG. 3. UPS (hv=21.2 eV) spectra: (a) clean Si(100), (b)—(e)
successive V depositions in the submonolayer range, (f) bulk V
metal; (g) VSi& compound.

valence-band UPS spectra shown in Fig. 4 for V deposi-
tions on the cleaved Si(111)-(2&&1) surface. Consistent
with the results for Si(100)-c(4X2) in Fig. 2, the intrinsic
surface states are already quenched at —1 A V coverage.
However, Fig. 4 shows that a distinctive Fermi-Dirac line
shape at Ez, which is characteristic of a metallic over-
layer, is not established until -4 A V coverage; this
behavior can also be seen in the low-coverage IDC's in
Fig. 3 for the Si(100)-c(4&(2) surface. Energy-band for-
mation and metallic character of the overlayer are not ex-
pected at least until the local coordination of atoms is well
established, i.e., at less than or equal to angstroms of cov-
erage.

As seen in Fig. 4, the V 3d states produce a broad struc-
ture which develops a maximum at —0.95 eV first visible
at -4 A coverage. With higher coverage the emission
from these states increases considerably while the max-
imum shifts closer to EF toward its position in bulk V
metal (seen in Fig. 4). At -20 A thickness the intensity
has reached nearly its final value. However, the final
valence-band line shape is not attained until 40—50 A cov-
erage. V deposition beyond -20 A induces a strong nar-
rowing of the d band, reducing the measured full width at
half maximum (FWHM) to -0.8 eV. An additional peak
emerges at —2.0 eV while the shape of the dominant peak
suggests a doublet structure involving a weak shoulder
near —0.7 eV. The band narrowing is accompanied by a
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I I I I of transition-metal/Si interfaces such as Pd/Si, Ni/Si, and
Cr/Si may be simply a consequence of the heat released
during chemisorption of the metal atom on Si, which
could then drive the reaction over the activation-energy
barrier; however, the heats of chemisorption are not suffi-
ciently well known to assess this possibility in detail at
present.

IV. CHEMICAL PROPERTIES OF THE REACTED
V/Si INTERFACE

/. 1A V

Electron Binding Energy (eV)

E =0
F

FIG. 4. UPS (h v=21.2 eV) valence-band spectra in the vicin-

ity of EF for the clean cleaved Si(111)-(2&1)surface and for
various V coverages deposited at room temperature.

In the process of interfacial reaction which leads to the
formation of silicide compounds, atoms must move across
the initial metal/Si interface. In the following discussion
we use the term "intermixing" to refer generally to motion
of atoms across the initial interface (whether this is part
of silicide formation or some other process such as dif-
fusion), and we use the word "reacted" to indicate that
atoms have already moved across the initial interface.

From thin-film studies it is known that bulk silicide
(VSi2) formation occurs above -500'C. This system is
one of the few which have shown an initial growth rate
which is linear in time, suggesting interface-controlled ki-
netics; this changes to the usual U t dependence at larger
thickness (suggesting diffusion-controlled kinetics). Since
the present studies involve thin layers (up to 200 A), we

may expect to observe those interface reaction steps which
also play a role in the initial thin-film growth of VSi2
studied previously.

Figure 5 shows UPS spectra for a bulk V overlayer film

considerable reduction of the secondary electron emission
intensity, perhaps as a result of final-state effects.

At sufficiently high coverage the UPS spectra should
reveal the evolution of the bulk V valence-band density of
states. Since UPS measurements are not available for sin-

gle crystal V, our data can only be compared with early
UPS work and more recent XPS (Ref. 39) and soft-x-ray
emission investigations on evaporated thin films. While
the early data show much broader structures, the recent
XPS study agrees fairly well with our findings for bulk V,
although the peak at —2 eV is much less pronounced in
our UPS data.

According to the AES-intensity dependence (Fig. 1) and
the UPS incremental difference curves (Fig 2), at r.oom
temperature the V/Si interface remains unreacted, i.e., no
motion of V and Si atoms has occurred across the original
interface. At first sight, the absence of interfacial reaction
upon deposition may be surprising in view of the large
heat of formation of the silicide (b,H -25 kcal/g-at. ), par-
ticularly because other transition-metal/Si interfaces with
smaller heats of formation do react spontaneously upon
deposition (e.g., Cr/Si is known to react~' but has
b,H —8—11 kcal/g-at. Thus it appears that the
activation-energy barrier to the initial stage of silicide for-
mation at the interface is larger for V than for Cr. This
may be considered consistent with the higher activation
energies for bulk V, Ti, and Ta silicide growth than for
growth of Cr and Mo silicides. Furthermore, the possibil-
ity has been suggested '" that the high initial reactivity

v/si(] 1 ])

Cb) Bulk v
25 C

(c) Intermixed V-Si

350 C

d) VSi 500 C

{a) Clean Si

—2 E„=O
Electron Binding Energy (ev)

FIG. 5. UPS (h v=21.2 eV) valence-band spectra for (a) clean
Si(11jL)-(7&(7), (b) unreacted V deposited at room temperature,
(c) "intermixed" V-Si (350'C reaction), and (d) fully reacted VSi2
compound (500 C reaction).
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(-200 A thick) on Si(111)-(7X7) annealed for a given
time to successively higher temperatures up to 500'C.
Thermal processing at 200'C has little effect on the elec-
tronic structure and composition. However, a marked
change in the UPS density of states and strong AES com-
position changes are already observed at 350 C, revealing
a high Si content (of order 40 at. Vo) in the overlayer. The
dominant emission just below Ez is strongly suppressed,
while a much smaller peak develops at —1.0 eV and a
pronounced metallic Fermi edge remains. At the same
time additional transitions emerge in the V AES spec-
trum.

The sensitivity of the surface-spectroscopy techniques
used here and the cleanliness conditions of the interface
have enabled us to observe this intermixing reaction at
temperatures well below those normally used for com-
pound formation. This low-temperature intermixing in-
volves a marked change in composition several hundred
angstroms from the initial V/Si interface. Further experi-
ments to evaluate the significance and possible implica-
tions of this low-temperature reactivity at the V/Si inter-
face are described in Sec. V.

Upon annealing to relatively high temperatures typical
of those normally employed for bulk silicide formation by
contact reaction, the UPS spectrum changes markedly.
As seen in Fig. 5, a brief (-3-min) anneal at 500'C pro-
duces much lower overall intensity and an emission peak
at —1.6 eV, with additional features at —4.0, —6.0, and
—7.5 eV. This spectrum is then stable with annealing to
-600'C. It agrees well with that of bulk polycrystalline
VSi2 fractured in situ At t.his point the relative AES
intensities indicate a composition very close to VSi2.

Corresponding UPS results for annealing of a V film
(-200 A thick) on the Si(100)-c(4X2) surface are shown
in Fig. 6. These results are fairly similar to those for
Si(111)-(7X7). However, the spectra for intermediate-
temperature annealing (350'C) differ considerably since
the state of the intermixed material formed at lower tem-
peratures is less well defined than that of the bulk-silicide
reaction product.

The V AES spectra for V/Si(111)-(7X7) are shown in
Fig. 7 for thin (2-A) and thick (51-A) V depositions at
room temperature as well as for annealing of a 65-A layer
at various temperatures. These spectra show a satellite
feature (indicated by arrows) —18 eV below the main
L23M23V and L23 VV lines in V/Si layers reacted at
350'C and above. The existence of this satellite seems to
reflect the presence of Si atoms in a local V-atom environ-
ment. This feature is also seen in the unreacted case
(25'C) for thin layers, because the V atoms are very close
to the Si atoms on the other side of the abrupt interface.

After reaction on V overlayers on Si(111)-(7X7) at)500 C and subsequent removal from the UHV chamber,
TEM studies identified the VSi2 lattice structure, as
shown in Fig. 8(b). The VSiz grains [Fig. 8(a)] have an
average diameter of a few hundred angstroms. They are
randomly oriented since no texture is observed along the
respective diffraction rings. A small contribution of un-
reacted V metal is still present. As expected, the silicide
(VSiq) formation observed at -500'C under standard
thin-film processing conditions is also found in the

V/Si{ 100)

UPS hv = 21.2 eV
I ~ (b) Bulk V
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~ (c) Intermixed V-Si
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FIG. 6. UPS (h v=21.2 eV) valence-band spectra for (a) clean
Si(100)-c (4&&2), (b) unreacted V deposited at room temperature,

(c) "intermixed" V-Si (350'C reaction), and (d) fully reacted VSi2

compound (500'C reaction).

V. V-Si INTERMIXING AT INTERMEDIATE
TEMPERATURES

To better understand the nature of the low-temperature
reactivity (i.e., at —350 C), several different experiments
were carried out. As indicated by the example in Fig. 5(c),
this annealing produced spectra which were quite notably
different from those for VSi2 and pure V metal for all ini-
tial V thicknesses from a few angstroms to 75 A on both
Si(111) and Si(100) surfaces. From TEM studies as well
as from the Auger compositio'p analysis, we can rule out
the possibility that this stage is V3Si. The low-

present investigations of the atomically clean V/Si inter-
face. The VSi2 compound has been indicated by AES
composition analysis and by its characteristic valence elec-
tronic structure as revealed in UPS. Its lattice structure
has been confirmed by TEM analysis; these results show
that only one compound phase, VSi2, is formed under
clean, ordered UHV conditions, while the diffraction rings
indicate polycrystalline VSi2 grain sizes of several hundred

angstrom s.
The observation of a V/Si interfacial reaction (atomic

mixing across the initial interface) at temperatures well
below those usually employed for silicide formation is not
surprising since other transition metals (the near-noble
metals Pd, Pt, and Ni) also show a low-temperature reac-
tion. What is surprising for the V/Si interface is that this
low-temperature reaction proceeds through much thicker
layers (several hundred angstroms thick).
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temperature reactivity is not dependent on the growth de-
tails either: Rather similar spectra appeared for both
sequential 350'C annealing treatments of a thick V film
and for sequential deposition steps on a heated (350'C) Si
substrate.

Further information about the low-temperature reaction
has been obtained from the following Auger analysis. A
75-A-thick V film was deposited on the automatically
clean Si(111)-(7&(7) surface, essentially quenching the
Auger signals from the Si substrate. The sample was then
annealed at three different temperatures to promote an in-

terfacial reaction. UPS and AES spectra were taken after
each annealing step. Figure 9 shows the resulting relative
intensity of the Si L, 2 3 VV and ELL and the V L, 2 3M2 3 V
Auger lines, which have been normalized to the clean Si
or thick V intensities. These Auger intensities provide an
approximate indication of the composition in the film
averaged over the probing depth (electron escape depth) of
each Auger transition separately. Since the Si ELL spec-
trum has an escape depth more than twice that of the oth-
er two Auger transitions, comparison of the relative inten-
sities for the KLL with those for the L 2 3 VV and
L2 3M2 3 V lines gives a useful measure of the depth uni-

Auger Electron Energy (eV)

FIG. 7. V AES spectra for (a) thin and (b) thicker unreacted V
overlayers at room temperature on Si( jL 1 1)-(7 )& 7) and for a 6S-A
overlayer (c) at room temperature, (d) annealed at 350 'C, and (e)
annealed at 600 'C (3 min each). Arrows indicate the satellites
( —18 eV below main spectral features) which appear to reflect
Si atoms in the local V-atom environment.

formity of the overlayer. Annealing at 300 C for 20 min
already induces strong material exchange across the ini-
tially abrupt interface and through the entire overlayer
thickness. Further processing at 350'C for 30 min in-
creases the Si overlayer content slightly to -50 at. % and
produces a UPS spectrum typical of the intermediate
phase [Fig. 5(c)]; in both cases the three Auger intensities
agree fairly well, showing that the depth distribution of
the overlayer is reasonably homogeneous at least within
the top 30—40 A.

However, upon an extended (12-h) anneal at 350 C, the
overall overlayer stoichiometry changes further. The

L2 3 VV and L2 3M' 3 V transitions then indicate a VSi2
composition, which is confirmed by the corresponding
UPS spectrum. In contrast, the Si. KLL intensity indicates
a much higher Si content. Since the Si KLL spectrum
samples a region (-20 A) more than twice as deep as the
Si Lz 3 VV and V L2 sM2 3 V spectra sample (-7—8 A),
this might suggest that the approximate VSi2 composition
is restricted to a region —10 A thick near the surface,
while the material below it (the next 10—15 A) has a more
Si-rich composition. This might be taken as evidence that
some of the initial V has diffused into the Si substrate
during the long anneal at 350'C. Such an inference would
be quite surprising, and further experiments are required
to clarify this issue.

For a reasonably thick ( —100 A) V overlayer the inter-
mixing is observed at the top surface rather quickly, but
gradual changes continue for much longer times and for
small changes in temperature, as seen in Fig. 9. This slow
change in the surface composition is in contrast to the ra-
pid transformation of the surface upon formation of a
bulk silicide compound which consumes the metal over-
layer, such as seen for Pd2Si growth. ' It seems, therefore,
that the reaction at 350 C is not a typical interfacial reac-
tion process in which a well-defined silicide interlayer of
essentially uniform composition grows in thickness until
the unreacted metal is consumed. Instead, the reaction
appears more complex in character.

TEM phase analysis gives further information on the
nature of the material formed by a low-temperature reac-
tion. Figure 10(a) shows the diffraction pattern for the in-
termixed layer produced by a short anneal at intermediate
temperature (350'C for 20 min), while Fig. 10(b) shows
that for fully reacted VSi2 obtained by a brief anneal at
high temperature (550'C for 5 min). Both patterns look
surprisingly similar despite the marked difference seen in
both UPS and AES. Ring structures revealing VSi2 for-
mation are clearly visible in both cases, with a slight
texturing for Fig. 10(a). In addition, all samples show
some rings from unreacted V and other weak unidentifi-
able rings, but there is no structure specific to the material
reacted at low temperature which would indicate the pres-
ence of a new phase. The overlayer contains a mixture of
reacted VSi2 grains in a matrix of unreacted V. Such an
intermixed layer would be consistent with the spectros-
copy results described above.

In addition to the normal Si diffraction spots, unexpect-
ed extra reflections corresponding to Si T(422) are ob-
served. The most significant di fference between the two
diffraction patterns in Fig. 10 is the much higher intensity
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FIG. 8. (a) TEM micrograph of a thick V film reacted to VSi& at 550 C. (b) Diffraction pattern indexed for VSi2.
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of these extra reflections for the sample with the inter-
mixed overlayer [Fig. 10(a)). With a prolonged (12-hr) an-
neal at 350'C, the extra reflections have an intensity level
between that shown in Figs. 10(a) and 10(b).

These reflections are unexpected because they do not be-
long to the bulk-Si lattice. To explain their presence, we
need to invoke the existence of some extraneous material
at the interface. Because of the exact positioning of the
reflections at —,'(422), these material layers must have a
pseudomorphic relationship with the underlying Si bulk
and a structure very similar to that of bulk Si (e.g. , dia-
mond cubic or hcp type. )

In principle, the presence of the extra reflections might
be explained by two other alternatives, but neither of these
appears likely. Firstly, the extra reflections could appear
if the Si(111) substrate is composed of 3n+1 atomic
layers, where n is an integer and a layer is meant to be,
e.g., Aa, as in the Si(111) plane stacking sequence
AaBbCc. . . . This possibility can be ruled out because
TEM examinations of virgin Si(111)foils have revealed no
such extra reflections. Secondly, twins in the Si bulk
could produce the extra reflections, and such twinning of
the top Si substrate layers might conceivably be caused by
the ion-bombardment and annealing processes used to pro-
duce the initial clean, ordered Si surface. However, this
possibility can also be eliminated because high-resolution
LEED observations have found no indication of twin-
ning after such procedures.

This leaves only one reasonable explanation for the ex-
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tra reflections —namely, the existence of a few layers of
extraneous material having a Si-type structure and a pseu-
domorphic relationship with the Si substrate. The sim-
plest way this extraneous material might arise is by
periodic replacement of some Si atoms in these few layers
by vacancies or V atoms, either of which could result
from the motion of atoms during reaction.

In spite of these variations, deposition of only —1—2 A
V metal brings Pb„to essentially the same value, which is
dependent of the initial clean-surface atomic structure.
With increasing coverage or mild (-200'C) annealing,

rises slightly; since the spectroscopy measurements

0.85

The behavior of the V/Si Schottky-barrier height shows
important correlations to the reaction state at the inter-
face. As described previously, ' the changes in the
Si(111)Schottky-barrier height P „bitwh V deposition and
annealing have been investigated in the initial stages of
interface formation [(0—10)-A. metal coverage]. These
studies were carried out using high-resolution
synchrotron-radiation-photoemission measurements of the
Si(2p) core levels to detect changes in interface band bend-
ing and thus changes in Pb„,with Si(2p) core levels -300
meV wide (FWHM), changes in Pq„of —10 meV are
detectable.

A summary of these results is shown in Fig. 11, in
which the Si(2p) binding energies are referenced to a
Schottky-barrier height of 0.79 eV for the cleaved
Si(111)-(2X 1) surface. ' The clean Si(111) surface
shows a fairly strong dependence of Pq„on surface recon-
struction, with a variation of —180 meV between the bar-
rier heights on the cleaved Si(111)-(2X1)surface and on
the sputter-cleaned Si(111)-(7X 7) surface; in addition, pb„
varies over a range of —100 meV depending on the step
density of the specific cleave.
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FIG. 11. Schottky-barrier height tb„RI(n-type barrier) for the
as-deposited and reacted V/Si{11) interface as determined from
synchrotron-radiation-photoemission studies of core-leve1 band-
bending shifts.
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described previously show that no reaction occurs in these
cases, the attendent changes in Pb„are attributed to
changes in metal-overlayer morphology or to a rather
mobile interface condition.

A dramatic change in the behavior of Pb„ is observed
upon interfacial reaction. With 350'C annealing to pro-
mote atomic mixing of Si and V atoms across the inter-
face, the increasing Pb„suddenly decreases, essentially to
the value found for the fully reacted (500'C) VSi2/Si in-
terface; this value agrees very well with recent findings for
bulk VSiz/Si interfaces of Pb„——0.64 eV.' This demon-
strates clearly that different mechanisms or different
chemical bonds control the barrier height for the reacted
versus the unreacted V/Si contacts. Furthermore, the
lower-temperature intermixing process appears to already
provide the Fermi-level pinning mechanism responsible
for Pb„at the VSi2/Si interface. Thus the correlation of
Schottky-barrier formation and interfacial reaction is
displayed very clearly.

These observations of Schottky-barrier behavior have
implications for current models of the Schottky-barrier
height, at least as applied to the V/Si or perhaps the
refractory-transition-metal/Si interface system. Since
( —1—2)-A metal deposition shifts Pb„to a value which is
independent of initial clean-surface reconstruction, corre-
sponding intrinsic surface electronic states are unimpor-
tant to Pb„. Instead, the barrier height of the unreacted
V/Si interface appears to be a consequence of the basic
chemical bonds between V and Si atoms at the interface.

For the case of the reacted V/Si interface, a different
Fermi-level pinning mechanism must be operative, since
the behavior of Pb„ch agne msarkedly when interfacial re-
action occurs. Since Pb„is nearly the same for reaction at
lower temperature as for the usual VSi2 formation by con-
tact reaction at higher temperature, the Schottky barrier
seems to be unaffected by the detailed nature of reacted
V—Si bonds or by the microstructure of the reacted ma-
terial and the interface.

Again the role of the basic chemical bonds between V
and Si atoms may be the dominant feature in Schottky-
barrier formation, but here the character of these bonds-
for the reacted interface —is quite different than for the
unreacted interface. Alternatively, defects in the interfa-
cial region could be crucial in determining the barrier
height.

VII. CONCLUSIONS

These investigations give important new information
about the chemical behavior and Schottky-barrier forma-
tion at a refractory-transition-metal/Si interface. They
also demonstrate similarities and contrasts with near-
noble transition-metal Si interfaces (Pd, Pt, and Ni). The
main conclusions can be summarized as follows.

(1) Under atomically clean conditions the V/Si interface
remains unreacted at room temperature, i.e., no significant
mixing of atoms across the interface occurs. Instead, the

V—Si bonds are more like a simple chemisorption state,
which is stable to 200'C.

(2) With annealing to high temperatures, —500'C as
normally required for this film silicide formation, reaction
occurs at the clean V/Si interface and produces single-
phase VSi2 (as expected) with its corresponding lattice
structure (observed by TEM) and electronic structure (re-
vealed by UPS).

(3) As in the case of the near-noble metals, reaction be-
gins at the V/Si interface for temperatures well below the
normal silicide-formation temperature. For the V/Si case
this is observed at 350'C, while for the near-noble metals
it occurs at less than 25'C.

(4) The low-temperature reactivity of the V/Si interface
is somewhat more complex than that for the near-noble
transition-metal/Si interfaces. It extends over a consider-
ably larger distance from the interface (several hundred

0

angstroms; cf. —10 A) and involves a more complicated
microstructure with VSi2 grains embedded in a back-
ground of V metal.

(5) The Schottky-barrier height of the unreacted V/Si
contact appears to be determined simply by the basic
bonding between V and Si atoms. Upon interfacial reac-
tion, the barrier height becomes controlled by a funda-
mentally different mechanism (different interface chemi-
cal bonds or other consequences of the reactivity) which
dominates the Schottky-barrier properties for contacts
reacted at either low temperatures (350'C) or at usual
silicide-formation temperatures ( )500'C).

By using highly sensitive surface-spectroscopy tech-
niques and atomically clean, ordered Si surfaces and inter-
faces, these experiments have provided new microscopic
information about the reactivity and properties of the
V/Si interface. In addition, the value of these studies has
been enhanced by combining different techniques togeth-
er, including surface-spectroscopy techniques (for elec-
tronic structure, composition, and reactivity), TEM stud-
ies (for interface microstructure and lattice phase), and
Schottky-barrier-height measurements (for electrical char-
acterization). This combined approach seems essential to
effectively address the underlying issues of interface
chemical behavior and Schottky-barrier properties. In the
case of the low-temperature reactivity, for example, the
UPS and AES results alone would have led to incorrect
conclusions if no structural information were available,
and clearly no conclusion about Fermi-level pinning could
have been drawn without correlations between measured
interface chemical properties and corresponding
Schottky-barrier heights.
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