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Self-limiting growth of transition-metal fluoride films from the reaction with XeF 2

S. R. Qiu and J. A. Yarmoff*
Department of Physics, University of California, Riverside, Riverside, California 92521

~Received 14 August 2000; published 27 February 2001!

Metal-fluoride thin films were grown by reacting XeF2 with polycrystalline vanadium, iron, and copper
surfaces at room temperature. X-ray photoelectron spectroscopy was used to ascertain that films of VF3, FeF2,
and CuF2 form on the respective substrates. The film growth initially follows the Mott-Cabrera rate law, but
then levels off after a self-limiting thickness is attained. The sudden stop in film growth is attributed to the
inability of the precursor molecule to dissociate at the surface when the insulator film becomes too thick for
electrons from the substrate to transport through. Thicker films grow on iron and vanadium than on copper,
which is attributed to different densities of states at the Fermi level.
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I. INTRODUCTION

The fundamental aspects underlying the oxidation of m
als have been studied extensively because of their im
tance in the corrosion and protection of metals.1,2 In com-
parison to oxygen-containing oxidants, fluorine-relat
compounds have attracted very little attention, however.
lack of detailed work in metal fluorination is partly related
the corrosive nature of gaseous fluoride compounds, wh
are hazardous both to humans and to analytical instrume3

as well as to the fact that many metal fluorides are volat
Although the fluorination of semiconductor surfaces h
been studied in detail, because of the need to understan
fundamental aspects of dry etching,4,5 little is known about
fluoride formation involving the first row transition metals6

In this paper, metal fluoride thin films are grown by
self-limiting surface oxidation reaction. This work not on
serves as a model in the understanding of metal fluoride
growth under controlled conditions, but also furthers t
knowledge of the oxidation of metals in general. In additio
transition-metal compounds, such as vanadium fluoride,
oxide, and copper fluoride, have unique electronic and m
netic properties that can be utilized for catalysis and as m
netic storage media. Thus there is a great interest in de
oping methods for their synthesis that can be easily ada
to dry processing technology.

It has been widely accepted that the oxidation of met
and the subsequent growth of metal oxide thin films, can
described by the Mott-Cabrera mechanism. In this mec
nism, the dissociation of the oxygen molecules is assume
be fast, and ion diffusion through the film is the rate-limitin
step. Either anions7,8 or cations9 can dominate the diffusion
process. The driving force for the diffusion of ions is th
electric field set up by the surface anions. This mechan
leads to a parabolic rate law for film growth.10

In our earlier study, a new observation in the growth
metal fluoride films from fluorine-containing precursor mo
ecules was reported.7 Films of FeF2 were grown via a self-
limiting process from the reactions of XeF2 and SeF6 with
atomically clean Fe surfaces in ultra-high vacuum~UHV!.
The initial film growth rate follows Mott-Cabrera kinetics
but then levels off after reaching a critical thickness. T
sudden stop in film growth is due to the inability of th
0163-1829/2001/63~11!/115409~7!/$15.00 63 1154
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precursor to dissociate at the surface when the insulator
is too thick to enable electron transport from the substrate
the molecule. The ultimate thickness of the films grown fro
the reaction with XeF2 is twice that produced from SeF6. The
difference in film thickness for the two reactants sugges
that SeF6 needs to approach the metal substrate more clo
than does XeF2 in order to dissociate.7

In the present study, the investigation of the fluorinati
of transition metals and the growth of metal fluoride films
extended to V and Cu substrates. V, like Fe, is a hig
reactive transition metal, while Cu is a noble, or less re
tive, metal. A comparison of the behavior of these dissim
materials provides a more detailed understanding of
growth mechanism. The fluorination of V is also useful a
check of the conclusions drawn in Ref. 7 from the fluorin
tion of Fe. The atomically clean surfaces were exposed
XeF2 at room temperature and analyzed by x-ray photoe
tron spectroscopy~XPS!. It is found that VF3 and CuF2 films
are grown via a similar self-limiting mechanism as w
found for FeF2.

7 Differences in the shutdown thickness a
observed between V, Fe, and Cu, which can be related to
densities of states at the Fermi level. The fact that nanom
thick insulator films grow on metal substrates suggests
defects in the films assist the electron transport. The prese
of defects, such as grain boundaries and vacancies, cre
accessible states in the energy gap that would be absen
perfect insulator.

II. EXPERIMENTAL PROCEDURE

The experiment was performed in a multichamber UH
system, which consists of a main analysis chamber an
small turbomolecular pumped dosing chamber. Details
this system are described elsewhere.7,11,12 The sample was
transferred under UHV from the dosing chamber to the m
chamber after each exposure. All exposures and meas
ments were performed with the sample at room temperat

Unmonochromatized MgKa was used as the XPS radia
tion source. Binding energies of the photoelectrons w
calibrated by linearly fitting the relation between the repor
binding energies of clean Fe, Cu, W, Pt, and the measu
kinetic energies. All XPS spectra, unless otherwise specifi
©2001 The American Physical Society09-1
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were collected with the surface normal directed towards
analyzer.

Each foil sample (83830.1 mm3) was degreased with
solvents prior to insertion into the UHV chamber. The s
faces were then cleanedin situ by sputtering with 1-keV Ar1

ions at an ion current density of;1 mA mm22 for 3–4 h. Fe
and Cu were cleaned at room temperature, and no impur
were detectable by XPS after sputtering. V was sputtere
400 °C, however, in order to efficiently remove oxygen13

Trace amounts of oxygen were inevitably present on the
surface, nevertheless, although two 3-h cycles of sputte
were performed. This amount of oxygen was not sufficien
affect any of the results or conclusions presented here, h
ever.

Exposure to XeF2 was accomplished by back filling th
dosing chamber with XeF2 through a sapphire leak valve. A
2-mm diameter Cu dosing tube was used to guide the r
tant to the sample. XeF2 was stored in a cylindrical ampul
attached to the leak valve. The reactant was purified by th
cycles of freeze pumping with liquid N2, followed by three
cycles of freeze pumping with dry ice.

There is a possibility that volatile metal fluorides, form
by the reaction of XeF2 with metal components in the dosin
chamber, could contaminate the sample. Thus care has
taken to guard against this. First, the pressure in the do
chamber was monitored by a cold-cathode ion gauge in o
to prevent any reaction between XeF2 and the hot filament of
a conventional ion gauge. Next, the dosing chamber
exposed to 1.031024 Torr of XeF2 for 30 min prior to intro-
duction of the sample in order to passivate any wall re
tions. Note that the pressure measurements were not
rected for sensitivity, and all exposures are reported
langmuirs~L, 1 L51026 Torr s!.

III. CHEMICAL STATE IDENTIFICATION

Characteristic features in XPS spectra, such as the bin
energy of a core level component and its associated sate
features, can be used to ascertain the oxidation state d
bution of surface species. Following reaction with XeF2, the
chemical states of the metal fluoride compounds on the
face were discerned by analyzing the primary and secon
features in the V, Fe, and Cu core level spectra.

Four possible oxidation states are available for V whe
is fluorinated in UHV. This includes three of the four stab
vanadium fluoride compounds, VF2, VF3, and VF4. The
fourth stable compound, VF5, is a liquid at room tempera
ture, and would therefore not remain on the surface
vacuum.14 The other possible surface species is VF, i.e.
single fluorine atom could attach at each V surface site. A
vanadium metal was exposed to XeF2, the surface reaction
products were identified from V 2p spectra, such as thos
shown in Fig. 1. The binding energies of the V 2p3/2 core
level components are summarized in Table I. The meta
2p3/2 component has a binding energy of 512.0 eV. Follo
ing exposure, a new component emerges at 518.6 eV.
component is first visible after 100 L, but becomes domin
following larger exposures. The increase in intensity of t
component and the simultaneous decrease in the metal
11540
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ponent intensity with XeF2 exposure indicate that a meta
fluoride film is forming on the metal substrate. For reaso
discussed below, we assign this component to VF3.

To further explore the surface chemistry of the vanadi
fluoride films, and as an aid in assigning the core-level co
ponents, a surface that was exposed to 1000 L of XeF2 was
post annealed at a series of temperatures, each for 90 s
V 2p spectra collected after each annealing are shown in
2. The intensity of the VF3 component decreased as the a
nealing temperature increased, and it completely disappe
after the sample was heated to 600 °C. Another compon
emerged at 515.2 eV after the film was annealed at;200 °C.
This new, lower binding component reached a maximum
tensity at ;350 °C and decreased after the surface w
heated to higher temperatures. It is believed that at;350 °C,
the VF3 overlayer is completely converted to a reduced flu
ride. Since its binding energy is lower than that of the ori
nal film, but still higher than that of V metal, the reduce
fluoride is most likely VF2. At maximum, the VF2 film is

FIG. 1. Representative V 2p spectra collected from a sputte
cleaned V foil, and from the foil after various exposures to XeF2.

TABLE I. Core-level binding energies of several componen
~in eV!.

2p3/2 3p 3s
Satellites

2p3/2

Satellites
2p1/2

V metal 512.0 36.8 65.6
V VF2 515.2 38.9 67.4

VF3 518.6 42.6 70.3 530.6 538.1

Fe Fe metal 706.8 52.8
FeF2 711.6 55.9

Cu Cu metal 932.7
CuF2 936.4 943.3 962.9
9-2
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;40 Å thick, as determined by the method described bel
Although radical species, such as VF, could be adsorbed
stable configuration on the surface, it is difficult to correla
a 40-Å thickness with a structure in which all of the fluorin
was singly coordinated.

There are two additional features that appear in the Vp
spectra collected after exposures of 100 L and more, wh
are labeled A and B. The apparent binding energies of th
features are given in Table I. The separation between
tures A and B is;7.5 eV, which is close to the spin orb
splitting of V 2p, which could imply that they represent
third XPS component that arises from a new type of va
dium fluoride. This is unlikely, however, as the binding e
ergy shift of;26 eV from the metal component is unphys
cal large. A more reasonable explanation is that they
shakeup satellites. Spectra collected after annealing s
that features A and B follow the intensity trends of the V3
component, which strongly suggests that they are indeed
sociated with the presence of VF3. Note that a satellite lo-
cated;12 eV below the VF3 2p3/2 component was previ
ously observed in XPS spectra collected from VF3, which
confirms that the film is indeed composed of VF3.

15 Note
that for VF4, a satellite feature was found at;15 eV above
the 2p3/2 component.15 The lack of such a satellite is a
indication that VF4 is not produced by this reaction. Featu
B with binding energy of 538.1 eV is possibly another s
ellite feature associated with VF3 that was not reported in
Ref. 15. Feature A has an additional contribution from O 1s.
This is evident from the spectra shown in Fig. 2. The inte
sity of feature A decreased after the first heating, but th
increased again when the sample was heated at higher
peratures. The spectral line is also broadened with temp
ture, and the peak position shifted by 0.3 eV. The chan
seen for feature A can be attributed to a combination of

FIG. 2. Representative V 2p spectra collected after 90-s annea
of a V foil that had been exposed to 1000 L of XeF2.
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desorption of F and the contamination by oxygen as the t
perature is raised. Two possible sources of oxygen conta
nation are consistent with an increase in the O 1s intensity at
higher temperatures. One is diffusion of oxygen from t
bulk,13 and the other is adsorption of oxygen produced
outgasing of the sample holder.

To further support the assignments made here, V 3s and
V 3p spectra were collected after each exposure. Repre
tative spectra are shown in Fig. 3. The clean surface spe
show only a single component for both levels, as thep
spin-orbit splitting is too small to resolve. After a 100-
exposure, new components appear at a higher binding en
than the metal component in both the V 3s and V 3p spectra.
The intensities of the new components increase with ex
sure, while the metal component intensities decrease.
other components are apparent at any other exposure l
This confirms that only one type of vanadium fluoride
formed via reaction with XeF2 at room temperature, and thu
supports the notion that features A and B arise from sa
lites.

The stable iron fluorides that exist in nature are FeF2 and
FeF3, both of which possess high melting temperatures14

The formation of FeF2 by the reaction of Fe with XeF2 was
reported in Ref. 7. Representative Fe 2p spectra collected
after exposure are shown in Fig. 4. For the current wo
additional spectra were collected following the annealing
a surface that had been reacted with 1000 L of XeF2, which
are also included in Fig. 4. The binding energy of the shif
component in the as-grown spectra shows that the main
fluoride species is FeF2. When the film is heated, the inten
sity of the FeF2 component decreases due to thermal deso
tion of F and no new species are formed. After a 450
anneal, all of the F is removed from the surface.

A single phase of CuF2 was formed after the reaction o

FIG. 3. Representative V 3s and 3p spectra collected from a
sputter cleaned V foil, and from the foil after various exposures
XeF2.
9-3
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S. R. QIU AND J. A. YARMOFF PHYSICAL REVIEW B63 115409
Cu foil with XeF2, as evident in the representative Cu 2p
spectra shown in Fig. 5. Although both CuF and CuF2 are
stable, and an earlier study did show that CuF forms whe
Cu surface heated to;900 K is exposed to F2 gas in UHV,16

only CuF2 is apparent here. There are two components in

FIG. 4. Representative Fe 2p spectra collected from a sputte
cleaned Fe foil, from the foil after various exposures to XeF2, and
after 90-s anneals of an Fe foil that had been exposed to 1000
XeF2.

FIG. 5. Representative Cu 2p spectra collected from a sputte
cleaned Cu foil, from the foil after various exposures to XeF2, and
after 90-s anneals of a Cu foil that had been exposed to 1000
XeF2.
11540
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spectra, one is from the Cu metal and the other is from a
fluoride. The binding energies of these components are lis
in Table I. Satellite features relating directly to Cu~II ! ion
are clearly visible in the spectra with one peak at 6.4
from Cu ~II ! 2p1/2 and another at 6.9 eV from Cu~II ! 2p3/2.
These features and peak positions were repo
previously,17–19and indicate that the metal fluoride formed
indeed CuF2. When the film was heated, no CuF wa
formed, but F desorbed from the surface reducing the int
sity of the CuF2 component. After heating to 350 °C, all o
the F was removed from the surface and the spectrum
was obtained was identical to that collected after spu
cleaning.

IV. FILM THICKNESS DETERMINATION

In order to obtain quantitative information, V 3p, Fe 3p,
and Cu 2p core-level spectra were curve fit with Gaussia
Lorentzian sum functions. For all of these metals, thep
spectra have very complicated satellite structures, large s
orbit splittings, and complex secondary electr
backgrounds.17,19,20These complications make it difficult to
model the backgrounds and fit the 2p spectra. V 3p and Fe
3p, on the other hand, have a much simpler backgrou
structure due to their high kinetic energies, negligible sp
orbit splittings, and negligible satellite features. Although t
3p levels are less intense than the 2p levels, there is suffi-
cient signal to use them here. Since Cu 3p has a much larger
spin-orbit splitting than V 3p and Fe 3p, the 2p level was
used for Cu, although only the 2p3/2 component was actually
fit in order to reduce the complications that arise from t
secondary structures.

Representative V 3p spectra collected after exposure a
shown along with numerical fits in Fig. 6. The photoelectr
background was modeled with the Shirley method.21 The
binding energy, peak width, Gaussian-Lorentzian ratio, a
asymmetry parameters for the substrate V 3p component
were determined from a spectrum collected from the cle
surface, and then kept constant in fitting the spectra collec
from the reacted surfaces. The fluoride component was
with different parameters than the bulk. The final set of
ting parameters for the fluoride component was checked
consistency throughout all of the spectra. The bulk com
nent at 36.9 eV is consistent with the reported value for cle
V metal.22 The second component with a binding energy
42.6 eV is assigned to VF3. Note that representative fits o
Fe 3p spectra collected after reaction with XeF2 are shown
in Ref. 7.

Thicknesses of the thin metal fluoride films were det
mined from the intensity ratios of the metal fluoride cor
level component to that of the bulk metal. Since the sa
core level was used for both the substrate and overla
differences in the instrumental response of the photoe
trons emitted from the two components can be ignored. S
eral assumptions were also made in the calculation. F
that a homogeneous halide film is grown on the metal s
strate and that there is a sharp interface between them.
ond, that the photoionization cross sections and the elec
inelastic mean free paths are the same for both the subs

of
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SELF-LIMITING GROWTH OF TRANSITION-METAL . . . PHYSICAL REVIEW B 63 115409
and the metal fluoride. The limitations of these assumpti
contribute a very small error in the calculated thickness.7,11,12

The formula used in the calculation is12

d5l• lnS 11
rs

ra

Ma

Ms

I a

I s
D . ~1!

In this equation, the subscripta refers to the overlayer, while
s refers to the substrate.I is the intensity of the relevan
component,r is the density of the bulk compound,M is the
molecular weight,d denotes the film thickness, andl is the
electron inelastic mean free path~IMFP!. The IMFP was
determined by the method described in Refs. 23 and 24

The calculated thicknesses of the VF3 films produced by
the reaction with XeF2 are plotted as a function of exposu
in the inset to Fig. 6. It is seen that the film thickness initia
increases rapidly with exposure and then levels off at;1000
L, after which no further increase is observed. The fi
thicknesses below 1000 L can be fit very well to a parabo
function, as shown by the solid line in the inset. This in
cates that the initial growth follows a Mott-Cabrera mech
nism. It was not possible, however, to fit the entire set of d
to a single parabolic function. Similar film growth behavi
was reported earlier for iron fluoride films grown from Xe2
and SeF6.

7,12 The sudden stop in film growth was attribute
to the inability of the molecules to dissociate when they
too far from the metal substrate.

FIG. 6. Representative V 3p spectra are shown along with nu
merical fits to the data for V foil following reaction with XeF2. The
raw data are denoted by filled circles, dashed lines indicate
individual components of the fits, and solid lines show the sum
the fit components. The inset shows the thickness of VF3 plotted as
a function of exposure. The initial portion of the film growth
modeled by a parabolic function, which is indicated by the so
line.
11540
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The growth rates of the various metal fluoride films
exposure are compared in Fig. 7. The ultimate thicknes
are similar for VF3 and FeF2, at ;55 Å, but much smaller
for CuF2, at ;10 Å. For all of these films, the initial growth
can be modeled very well by a parabola, although the p
portionality constants are different for each material. It
impossible, however, to fit the entire exposure range t
single parabolic function for any of the materials.

V. DISCUSSION

The film growth process takes place through a numbe
steps that include the dissociation of the precursor molec
anion formation, and ion diffusion through the insulator film
Any of these steps could be rate limiting. In the oxidation
metals at high temperature by O2, ion diffusion is the domi-
nant limiting factor, while the dissociation of the reacta
molecule is not.25 The growth of such metal oxide film
therefore follows the Mott-Cabrera model, and the grow
rate is a parabolic function for all exposures. In the pres
study, Mott-Cabrera oxidation is also observed during
initial stages of film growth on Fe, V, and Cu metals. How
ever, after a critical thickness is reached, the growth
quenched. This sudden stop in film growth suggests that
other limiting factor has become involved. This is presu
ably the dissociation of XeF2 precursor molecule at the su
face, as was proposed in Ref. 7 for the growth of FeF2 from
XeF2 and SeF6. If the precursor molecule is unable to diss
ciate, the production of atomic F ceases, which causes
film growth to stop.

When a molecule approaches a metal surface, it first p
sisorbs into a long-lived precursor state. While physisorb
the molecular orbitals rearrange accordingly due to the
fects of the image charge potential.6,26 When the anti-
bonding orbitals bend down below the metal Fermi lev
electrons from the metal substrate can harpoon to the m
ecule and fill the empty molecular states. The molecule
thus driven into an excited state, from which it subsequen
dissociates.6,27,28 Following dissociation, the atomic F pick
up another electron resonantly to become F2, since the af-
finity level of F is positioned below the Fermi level when th
atom is close to the surface.29–31This negative ion then par
ticipates in film growth via Mott-Cabrera diffusion.

e
f

FIG. 7. The thicknesses of VF2, FeF2, and CuF2 films are shown
as a function of exposure to XeF2.
9-5
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At the initial stages of the film growth, i.e., while th
metal surface is covered with less than a monolayer of Fe2,
the electrons that are needed to initiate dissociation can
nel directly from the substrate. When the film becom
thicker, however, it is less likely that electrons can quant
mechanically tunnel through the insulator layer. A simp
calculation was employed to illustrate this point, in whi
the electron tunneling coefficient through a square ene
barrier was estimated. In this model, the electron tunne
probability is an exponential function of the barrier width32

and also depends on the work function of the material
the energy of the electrons. To model the electrons nee
for dissociation of XeF2 at the surface, the work function wa
assumed to be 5 eV and the electrons were assumed to
the Fermi level. The calculation predicted that any thickn
in excess of 1–2 Å will prevent an appreciable number
electrons from tunneling to a molecule at the surface. Si
nanometer-thick insulator films were grown via surface re
tion, electrons must have utilized means other than tunne
to transport through the film in order to initiate dissociatio

In a perfect insulator, there is a large energy gap betw
the conduction band and valence band in which no acces
electronic states are available. However, it is likely that
materials produced in the present work are not ideal in
gap states exist due to the presence of defects, such a
cancies or grain boundaries. Conduction electrons from
high-energy tail can occupy these states by direct tunnel
Electrons can then hop from state to state in order to tra
port through the insulator film. For strongly localized d
fects, electron-phonon interactions can be strong,33 and the
electrons captured in defect sites can be reemitted by abs
ing phonons.34 Defect-enhanced low energy electron tran
port through semiconductors and insulators has been
served in other studies.33,35

As long as electrons can travel to the surface of the ov
layer, there is finite probability that an electron will tunnel
the XeF2 molecule and initiate the dissociation. The se
limiting thickness of the metal fluoride film thus correspon
to the thickness at which the probability for electrons
travel through the film reduces to zero. In order for the el
tron transport to diminish with thickness, the defect dens
must decrease as the film grows. For example, fluorine
cancies in the film can be tied up by additional fluorine
oms as the reaction with XeF2 progresses, which would re
duce the number of vacancy defects with increas
thickness. Or, if electron transport occurs along grain bou
aries, then the probability that a single boundary can co
the distance from the interface to the surface decreases
film thickness.
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The reactivity of metals and alloys is intimately related
the valence-band structure, since the electrons at the F
energy are responsible for heterogeneous reaction a
interface.36 A comparison of the valence bands of these m
als reveals a possible explanation of the difference in thi
ness of the metal fluoride films. V and Fe have nearly id
tical large and broad densities of states~DOS! at Ef .37 Cu,
however, has a relatively low DOS atEf , and a dominant
d-electron feature at;3 eV belowEf .38,39 The low DOS at
Ef is responsible for the noble metal nature of copper. Si
both V and Fe have similar electronic structures aroundEf ,
it is not surprising that they produce a comparable overla
thickness when reacted with XeF2. There are far fewer elec
trons available to dissociate a molecule at the surface of
however, which explains the relatively small thickness of t
CuF2 films.

VI. CONCLUSIONS

The reactions of XeF2 with V, Fe, and Cu transition met
als were investigated by XPS. Films of VF3, FeF2, and CuF2
are grown by the reaction. When a reacted V surface is
nealed to 300 °C, it converts to VF2, which indicates that
there is a high energy barrier for the formation of VF2. These
results suggest a better approach for the synthesis of VF2 thin
films.40,41 Furthermore, they suggest that Cu metal can
used in a storage container for F-containing compounds,
thin CuF2 protective layer readily forms.

Metal fluoride film growth from XeF2 at room tempera-
ture initially follows Mott-Cabrera kinetics, in which the dif
fusion of ions is the rate-limiting step. The growth sudden
stops, however, after a self-limiting thickness is reached.
fects in the insulator films play a critical role in the dissoc
tion of the precursor molecule by assisting electrons tra
port. V and Fe produce much thicker films than Cu, due
the different valence-band structures of these metals. T
work suggests a new approach for the growth of thin films
metal substrates by a self-limiting chemical process that u
molecular precursors.
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