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Ultraviolet photoemission studies of the oxidation of thin Bi films using synchrotron radiation*f
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Three aspects of photoelectron spectroscopy are used to examine the oxidation process in thin Bi films with

cleaved layered crystals of V 8-VI 8 compounds used as substrates. Valence-band emission, 5d core emissions,
and the conduction-band density of states are all examined separately. The changes in the electronic structure
shows that oxidation occurs in three stages as oxygen exposure increases: (i) a precursor stage of weak

chemisorption; (ii) a sudden onset of strong rapid oxidation and growth of a two-dimensional oxides; and (iii)
a slower growth of the oxide layer. Bi 5d core-level shifts, the opening of a band gap at the Fermi level, and

spin-orbit splitting in the conduction band in the oxide are all discussed.

I. INTRODUCTION

The oxidation of metals is a well-known and
much-studied subject. It is known generally that
the process is dependent upon a number of things—
surface smoothness, temperature „partial pres-
sure of oxygen, and in the case of single crystals,
the type of crystal face involved. The steps in-
volved in the oxidation process are not well known,
but, in general, seem to be a function of the metal
involved. For example, Cs apparently begins to
oxidize by dissolving oxygen ions below the metal
surface, and then having a series of different ox-
ides materialize as the oxygen exposure in-
creases. ' The oxidation of Sr appears to begin in
the same manner, but only one oxide appears. '
Neither of these forms a protective layer and so
oxidation continues as long as exposure continues.
Nb, on the other hand, seems to begin by dissolu-
tion of oxygen ions and also forms a complicated
series of oxides, but does eventually passivate. 3

Other metals, such as Al, very quickly form a
tough protective oxide that prevents further rapid
oxidation of the metal. Still others, such as Pt and
Ir are somewhat unaffected by the presence of 0,
although some chemisorption may take place under
special conditions. 4'".

Bi, on the other hand, seems to be quite inert,
although not to the extent of the noble metals. The
basic inertness of Bi is tied to the concept of a
semimetal. I,et et al. ' used x-ray-photoemission-
spectroscopy studies of As, Sb, and Bi in crystal-
line and amorphous states to show that covalent
bonding may play a significant role in the three
semimetals. In general, the valence structure of
Bi was found to consist of a low-lying set of 6s
bands and a spin-orbit split doublet of 6p bands
just below the Fermi level, in agreement with
band-structure calculations. ' The total width of
the 6P bands was 5.2 eV, somewhat larger than
estimated by the band-structure calculations. '

The doublet structure persisted in the amorphous
as well as the crystalline state.

The present work was done on evaporated films
of varying quality and manufacture instead of
idealized, cleaned single-crystal faces. The con-
tinuum nature of synchrotron radiation was used
to provide three interrelated mechanisms to study
the oxidation of the Bi films: (i) conventional en-
ergy-distribution curves (EDC

' s) were made to
monitor changes in the valence-band density of
states (VBDOS) as a function of oxygen exposure;
(ii) Bi 5d core states were observed and their en-
ergy levels were found to shift upon oxidation;
and (iii) the constant final-energy spectroscopy'
(CFS) was used to observe changes in the (empty)
conduction-band density of states (CBDOS). The
photoionization cross section for Gs electrons is
much smaller than that for 6P electrons in the
vacuum ultraviolet region of the spectrum, and so
only the latter were observed in the VBDOS.

In Sec. II we consider the experimental aspects.
In Sec. III we present results which are then dis-
cussed in Sec. IV.

II. EXPERIMENTAL PROCEDURES

The entire project was carried out at the Uni-
versity of Wisconsin Synchrotron Radiation Center.
Tunability of the synchrotron continuum is achieved
through use of a McPherson 225 normal incidence
monochromator. Monochromatized light emerging
from the exit slit diverges rapidly and is focused
onto the sample by a grazing incidence elliptical
mirror. The optical system and experimental
chamber are described in more detail elsewhere. 9

The sample chamber has a base pressure of 5
x (10) '" Torr. The samples were prepared in situ
by first cleaving a layered Bi,Te, or Sb,Te3 crystal
and then evaporating Bi onto it to the desired thick-
ness. The cleavage plane of these layered crystals
(of the VB-VIE class) are atomically smooth and
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it occurs in a range of exposures. One set of peaks
(Bi) is attenuated while the second set of peaks (Bi
+0,) rise out of the background. Note that at an
intermediate exposure, parts of both sets of peaks
are clearly present. The fact that the Bi structure
is attenuated corresponds to the oxide forming on
the surface. " (There is no problem in identifying
the correct peaks: they are spin-orbit split by 3.1
eV and the 5d», emission is much stronger than the
5d, g, emission. )

The CFS's are also quite interesting and more
useful than the EDC's at hv = 38.0 eV. For unex-
posed Bi, the CFS shows the structure resulting
from the Auger decay of the 5d core holes in Bi.
(The CFS would also show the direct emissions
from these core electrons, but they occur at higher
photon energies —how high being a function of the
acceptance energy of the CMA. No effort has been
made to include these direct emissions in the pre-
sentation of the data; they were omitted for the
sake of clarity. ) The changes in these structures
occur at the same time that changes occur in the
valence-band emissions, and are subtle at first
and quite pronounced when the process is com-
pleted. Figure 5 shows the changes for the same
sample as in Figs. 1-4. The large Bi 5d, &, Auger
peak (labeled U) is attenuated rapidly upon the on-

08, ai ~

0, exposure

d
3(10) L

8(10',— L
C

-~(10) L

2 (10)' L

set of oxidation and all but disappears. The same
may be said of the 5d, ~, peak (labeled V). (Not
shown, but observed, was the fact that direct
emissions from the 5d core states shifted to pho-
ton energies which were higher by 1.9 eV.) New

Auger structures appear in the oxidized film.
Specifically, in the Bi film peaks U and V were ob-
served at Qp= 24.5 and 27.6 eV, with the low-ener-
gy onsets at hv= 23.8 and 26.9 eV, respectively.
In the O, -exposed Bi film, peaks X, Y, and Z ap-
pear at hv= 26.2, 27.3, and 29.25, and a shoulder
appears at 30.4 eV (all energies are +0.1 eV).
Note that peak Z is the most prominent.

To summarize the results we may say that the
oxidation of Bi takes place in three stages. The
first stage is characterized by an overall decrease
in photoyield and by very minor changes in the
valence band emissions and corresponds to a weak
chemisorption of oxygen. The conduction bands
are not affected nor are the 5d core levels. There
is a slight charge redistribution affecting the val-
ence electrons with energies nearest the Fermi
level.

The second stage is characterized by the sudden
and rapid changes in all structures: the EDC's
are altered in shape and magnitude; a band gap
opens up; the Bi 5d core emissions shift downward

1.9 eV from their original position; and the con-
duction-band density of states (characterized by
the CFS's) rapidly distorts to a form bearing little
resemblance to the original structure.

The final stage is characterized by relative sta-
bility in the appropriate features of the three
types of spectra considered here, although it must
be pointed out that similar conclusions could be
drawn if it happened that the oxide thickness ex-
ceeded the electron escape depth. (Recall, how-

ever, that there is a remnant of metallic emission
near the Fermi level, which could be attributed to
the unoxidized metal, or even the substrate, be-
neath the oxide layer. )

(10) L

10 L

24 26 28 30
Photon energy hv (eV)

FIG. 5. CFS's between hv=23 and 31 eV. These are
normalized and corrected for the varying light flux out of
the monochromator. The core level indications reflect
the instrumental resolution at these photon energies as
opposed to the visible onset of the peaks.

IV. DISCUSSION

The interpretation of the results begins with the
fact that for many metals, e.g. , the transition
metals, exposures of only a few L of O, (usually
much less than 10') to clean surfaces results in
strong chemisorption of oxygen and oxide forma-
tion. In the case of Bi, there is apparently a pre-
cursor stage of adsorption of oxygen below a criti-
cal exposure (and/or pressure). This precursor
state is discernible by the slight decrease in pho-
toyield and the slight change in shape of the VBDOS
at the lower exposures. Beyond this initial state,
strong chemisorption or actual oxidation begins.
This accelerating adsorption or oxidation is ex-
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of such electrons at a given photon energy is pro-
portional to the optical transition rate between the
core state and the empty conduction state. " Thus,
the CPS reproduces the optical joint density of
states, ox" in this case, we could say it reproduces
the CBDOS modulated by the matrix elements be-
tween the core state (single energy level) and the
conduction band. In Bi this is especially useful be-
cause the 5d core states are spin-orbit split by 3.1
eV—enough so that the lower part of the conduc-
tion band is probed separately by two sets of non-
ovex'lapping tl Rnsltlons. As will be seen, this Rlso
gives an opportunity for discussion of the angular
momentum chRracter of the conduction band.

In Fig. 5, for pure Bi, we see two large asym-
metric peaks U and V. These have maxima at hv
= 24.5 and 27.6 eV and are respectively due to the
decay of the 5d, &, and 5d, &, core holes. The low-
energy onset of each gives the location of the core
level below the conduction-band minimum. The on-
sets are found at hv= 23.8 and 26.9 eV which axe
the locations of the 5d, &, and 5d, &, core states be-
low the Fermi level in metallic Bi. Note that the
peaks are similarly shaped, indicating that the
two core states produce comparable matrix ele-
ments with the conduction band. That is, the joint
densities of states between the two core levels and
the conduction band are similar.

In Fig. 5 are shown several other CFS's which
show the effect of ever increasing exposures to
oxygen. For the most heavily oxidized situation,
vastly diffex'ent structures emerge, and peaks U

and V have almost vanished. Structures appear at
highex photon energies, and do not seem to have
any similarities to the structures appearing for
pure Bi. However, from the EDC's at hv = 38.0 eV,
we know that the Bi 5d levels have shifted 1.9 eV
deeper below the Fermi energy. It is interesting
to note that the leRdlng edges of peaks X Rnd Z Rx'6

found at hv= 25.7 and 28.8 eV. These edges are
sepaxated by 3.1 eV Rnd are, respectively, just
1.9 eV higher in photon energy than the leading
edges of peaks U a.nd V in pure Bi. These consid-
erations show that all structures between hv= 25.7
and 28.8 eV are due to the decay of the Bi 5d, &,

core hole in Bi,O„whereas, all structures at
highex photon energies are due primarily to decay
of the 8i 5d~)2 core hole ln 8120~. (We say 81203
because 1t 1S the common ox1de, although we may
not have a stoichiometric composition. ) The en-
ergetics of the Auger process support this conclu-
sion. The maximum kinetic energy of an electron
emitted dur1ng Rn Auger' px'ocess Rnd pRSS1Qg
through the CMA is

E ~=&vaM-&~-(4~-&vaM)

whexe Ev~M is the energy of the valence-band max-
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s
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FIG. 8. Schematic diagram for determining maximum
final energy of an Auger electxon. The region {b) con-
t;ains all final energies which may occur only for the
decay of the deeper of the two core levels (a). The max-
imum final energy results when both the electron filling
the core hole and the photoemitted electron originate at
the top of the valence band.

imum, E~ is the energy of the core state, and (t)„
is the work function of the CMA„with the Fermi
level taken as the reference and the zero of energy
as illustrated in Fig. 8. For the 5d, i, state, Eq. (l)
gives E ~= 17.40+0.1 eV; and for the 5d, &, state,
E,„=20.50+0.1 eV. CFS's made at kinetic ener-
gies of 18.0 and 19.0 eV showed peak Z. This does
not rule out contributions from the 5d, ~2 state at
lower kinetic energies, but would suggest that
such contributions are much weaker tha, n the pre-
dominant structure due to the 5ds(2 stRte ln thRt

photon energy range, Such being the case, the
CBDOS may be divided into two main regions just
above the minimum. The lower one-third is pre-
dominantly of 6p, &, character, since transitions
from the 5d, &, state would be dipole forbidden alto-
gether„but transitions from the 5d, &, state would
be permitted. The upper two-thirds of the region
should consist mostly of 6p, &,-like states since the
transitions from the 5d, &~

level appear to be
stronger than those from the 5d», state. The latter
transitions show up as only a shoulder on the high-
energy side of the peak Z. These results are sum-
marized in Table I. A situation similar to this
showed up in optical data on lead chalcogenides
presented by Martinez et gE. ,

"where the lower
part of the conduction band was not coupled to the
Pb 5d, &, core state.

The valence and filled conduction bands of Bi as
calculated by Golin' are extended in nature, i.e. ,
they are not flat bands, although the density of
states shows two peaks. The peaks are broad,
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TABLE I. Details about the conduction bands of Bi and its oxide. "Core decaying" refers to
the cause of the detected Auger electrons, and "angular momentum character" denotes the
interpretation of the evidence of the nature of the lower features of the empty conduction bands.

Peak Peak Onset

Photon energy
(eV) Core

decaying
Angular momentum

character

U (»)
~ (»)
X (oxide)

Y (oxide)

Z (oxide)

shoulder (oxide)

24.5

26.7

26.2

27.3

29.25

30.4

23.8

26.9

25.7

28.8

5d g/2

5d 3/2

5d5/2

5d5/2

Sd 3/

5d3/o

6p, mixed

6p, mixed

small component of 6p3/2

largely 6p3/2
b

mostly 6pf/2
'

largely 6p3/2

The selection rules applied to transitions to these bands from the core states leads to the
statement that the lower conduction band is 6p&/2-like.

The transition strengths from a 5d3/2 state to a 6p&/2 or 6p3/2 are in the ratio 5:1 implying
the upper region is really mostly 6p3/2-like.

corresponding to regions of k space where the
bands are less extended —but not particularly flat.
The empty conduction bands are quite extended and
there is considerable mixing of 6p, &, and 6p, &,

states in the bands. Our results show that in the
oxide, the lower part of the conduction band is
very flat —almost atomiclike. The width of peak
Z in Fig. 5 is of the order of 0.5 eV and the above-
mentioned dipole selection rule is atomic in origin.
That the selection rule is broken is an indication
of k dependence in the band, and that there is a
small admixture of 6p, /, states into the predomi-
nantly 6py/2 band. It should not be forgotten that
the 5d core states are very localized and the spa-
tial extent of the region of overlap of the 5d states
with the 6P states in Bi is expected to be small.
The narrowness of peak Z (also peak X) indicates
the degree of localization of the 6p orbitals on the
Bi atoms; there is considerably less broadening
of the 6p states than in pure Bi. As a final com-
ment on the nature of the conduction band, we re-
call that the filled conduction bands in Bi are spin-
orbit split, but have considerable overlap. In the
oxide, the empty conduction bands are still spin-
orbit split, but with little overlap. The peaks A
and B in the EDC at hv= 18.0 eV for Bi show both
the spin-orbit splitting and the overlap. The peaks
X and Y or Z and Y in the CFS for the oxide show
the spin-orbit splitting in the empty conduction
bands. The presence of a shoulder in the CFS for
the oxide at hv-30. 4 eV confirms the 6p, &, nature
of the upper part of the conduction band. The di-
pole transition 5d, &,

—GP, &, is only about —', the
strength of the transition 5d, &, -6p, &, (using strictly
atomic functions).

The shift by 1.9 eV of the CFS structures is just

the same as the downward movement by the core
states. When Bi oxidizes, the 6p electrons just
below the Fermi level become covalently bonded
with the 0 2p orbitals. This depletion is observed
in Figs. 1-3 as well as Fig. 7. The growth of the
peak at E= -3.7 eV corresponds to the addition of
oxygen and coincides with the depletion of the elec-
trons at the Fermi level. This is also seen in
chemisorption studies, where a strong oxygen res-
onance appears at about the same energy (below
the vacuum level) when 0 is present. "" The
yellowish color of Bi,Q, also suggests a band gap
of the order of 2 eV. In fact, we can only state a
minimum value for the band gap, since the exact
location of the conduction band minimum may be
shaded by core-excitonic effects. There seems to
be no reliable optical data on Bi,O, with which to
resolve the issue.

Plots of the type shown in Fig. 6 could be made
for each film studied, and the features would be
much the same. What would differ is the critical
exposure (and/or pressure) at which strong oxi-
dation would begin, and perhaps the rate at which
the process occurred. It may be argued that a
critical pressure need be exceeded for the onset
of strong oxidation, but the oxidation is not an in-
stantaneous process —it continues with increasing
exposure at the same pressure. There was one
exception, however: a single monolayer film (-3
A) showed strong adsorption of oxygen but there
was no shift in the core states. The monolayer of
Bi produced structures in the CFS's reminiscent
of thicker films, but substrate features were still
visible, even if attenuated.

Other factors entering into the nature of the film
and its behavior were the quality of the substrate
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and the thickness and means by which the film was
laid down. " A film was made on a polished Cu
substrate which was nominally orders of magnitude
rougher than the cleaved crystals of the VB-VIS
layered compounds which were used as substrates.
A good cleave of one of them is atomically smooth
and relatively inert. "" For the film discussed
here, the onset of strong oxidation occurred be-
tween 5 && 10' L and 10' L of 0,. (This film was
made in several different evaporations. ") The
film on Cu had an onset at a slightly lower expo-
sure, and films made in a single evaporation in
general did not show strong oxidation until expo-
sures of the order of 10' L. In other words, the
oxidation of the smoother films (presumably on
fine substrates and grown continuously} was some-
what retarded in comparison to the rougher films.
If quantitative oxidation kinetics are to be done on
Bi, they should be done on clean crystalline sur-
faces.

Finally, we would like to compare our CFS data
with electron-energy-loss spectra (ELS) for both
Bi and oxidized Bi." The ELS's for Bi show the
Bi 5d states at photon energies comparable to
those we found in our CFS's; i.e. , the transitions
from the 5d cores occur at the same energies. For
Bi films oxidized by heating in humid air, the ELS
shows a single peak at about hv = 29 eV, again
comparable to the optical transitions observed in
our CFS's. Interestingly, earlier ELS measure-
ments of Bi films showed all three peaks" (i.e. ,
peaks U, V, and Z), although the later work shows
that the earlier data was probably taken on contam-
inated or partially oxidized films. " For the oxi-
dized Bi films, no other nearby structures were
noted. " This points out the relative sensitivity of

CFS compared to ELS, at least when surface sen-
sitivity need be considered. Further, it is to be
noted that CFS may be done only with a continuum
source such as provided by the electron storage
ring. The techniques exploited in this paper, when
combined with other surface-sensitive techniques
(e.g. , low-energy-electron diffraction and Auger
electron spectroscopy} could lead to more com-
plete and quantitative investigations of surfaces
and surface processes.

V. SUMMARY

Three phases of ultraviolet photoemission have
been used to make a study of the oxidation of thin
Bi films. It was found that oxidation takes place
by means of a precursor stage, a nucleation pro-
cess, and then a stable oxide growth to a moderate
thickness. These observations were made from the
behavior of the electronic states of Bi and the oxi-
dized Bi. Upon oxidation, a band gap of about 1.9
eV opens, and the binding energy of the 5d core
levels increases by about the same amount. In the
oxide, the bottom of the conduction band is found
to have a definite 6P, &,-like angular momentum
character, while the next upper portion is found to
be 6p, &,-like, showing localization and spin-orbit
splitting of the empty conduction states.
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