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Core-level binding energies (BE’s) and valence-band structures, determined with x-ray photoelec-
tron spectroscopy, and C KVV Auger spectra were obtained for TaC, (0.5<x $1.0) and HfC,
(0.6 5x 51.0). In TaC, the metal 4f BE, C 1s BE, and the BE of the main p-d valence-band peak
decreased (moved toward the Fermi level) as x decreased; in HfC, these BE’s increased as x de-
creased. In TaC, the largest BE shift with changing x was for the metal 4f BE; in HfC, it was for
the C 1s BE. For TaC, the relative intensity in the valence-band spectra between 0 and 2 eV BE
changed significantly as x decreased, eventually becoming the dominant intensity of the spectrum;
for HfC,, deviations from x ~1 did not change the shape of the valence-band spectra appreciably.
The data from both sets of materials are explained in terms of changes in the charge distributions
accompanying changes in x. And although the two sets of spectroscopic behavior are quite
different, the changes in the charge distributions we are proposing are nevertheless quite similar. In
particular, it is proposed that, as x decreases for either HfC, or TaC,, the electron charge increases
in the vicinity of metal ions and decreases in the vicinity of carbon ions. An analysis of the C KVV
Auger spectra is consistent with this interpretation in that the analysis suggests a reduction in C
2p-electron occupancy per carbon atom with decreasing x. The 4f BE’s of Ta and Hf in the elemen-
tal metals also were measured and are used to discuss changes in the charge distributions that occur
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upon formation of HfC, and TaC,.

I. INTRODUCTION

Hafnium carbide and tantalum carbide are structurally
stable over a very wide range of composition. Their equi-
librium phase diagrams indicate that at room tempera-
ture they can accommodate carbon deficiencies from near
0% up to about 40% and 20%, respectively, while still
maintaining a structure that is basically B1 (NaCl).
Phases of lower carbon concentrations are not stable for
hafniuim carbide, but a Ta,C phase is stable for tantalum
carbide. Phases of higher carbon concentrations (other
than carbon itself) do not exist in either material, and the
solubility for carbon is low in both Hf and Ta. As one
might expect, the physical properties of these and other
group-IVB and -VB transition-metal carbides strongly
depend upon their carbon-to-metal ratio x. Understand-
ing how their electronic structures change with x, and, in
particular, how their charge distributions change with x
(one focus of this paper), can provide valuable insight
concerning concomitant changes in bonding, which affect
all physical properties.!"?

In Ref. 3 we reported x-ray-photoelectron-spectros-
copy (XPS) data showing that, as x decreased in TaC,,
the C 1s binding energy (BE), the Ta 4f BE, and the BE
of the main (angle-integrated) p -d valence-band peak de-
creased (shifted toward the Fermi level E), and the rela-
tive intensity in the valence-band spectra between 0 and 2
eV BE increased. Also presented were C KVV Auger
data, which indicated that the number of C 2p electrons
participating in the Auger process per carbon atom de-
creased as x decreased. The XPS and Auger-electron-
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spectroscopy (AES) data were interpreted in terms of
changes in the charge distribution accompanying changes
in x. It was concluded that, as x decreased, negative
charge accumulated in the vicinity of tantalum ions, in
part made up of charge transferred away from carbon
ions.

Extending this work, core-level BE’s and valence-band
structures have been determined from XPS spectra for Hf
and for HfC, over a large range of composition, estimat-
ed as 0.65x<1.0, and information concerning
differences in the local environments of carbon atoms was
determined from C KVV Auger spectra. As was the case
for TaC,, the Auger data from HfC, indicate a reduction
in the number of C 2p electrons participating in the
Auger process per carbon atom, as x is decreased.
Surprisingly, however, it was found that all measured
core-level BE’s shifted away from the Fermi level as x de-
creased. Moreover, deviations from stoichiometry (x =1)
did not appreciably affect the shape of the XPS valence-
band spectra.

In this paper the HfC, data are presented and com-
pared with those from TaC,. The data from both sets of
materials are explained in terms of changes in the charge
distributions accompanying changes in x. Although the
two sets of spectroscopic behavior are quite different, the
changes in the charge distributions we are proposing are
nevertheless quite similar. In particular, it is proposed
that, as x decreases for either HfC, or TaC,, the electron
charge increases in the vicinity of the metal ions and de-
creases in the vicinity of the carbon ions. The 4f BE’s of
Ta and Hf in the elemental metals also were measured
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and are used to discuss changes in the charge distribu-
tions that occur upon the formation of HfC, and TaC,.

This paper is organized as follows. In Sec. II relevant
experimental information is given. The XPS and Auger
results are presented in Sec. III and discussed in Sec. IV.
Concluding remarks are made in Sec. V.

II. EXPERIMENTAL INFORMATION

Measurements were made in an ion-pumped ultra-
high-vacuum (UHYV) chamber having a base pressure of
less than 10~ % Pa and equipped with a double-pass cylin-
drical mirror analyzer (CMA) containing a coaxial elec-
tron gun, an aluminum x-ray source, low-energy electron
diffraction (LEED) optics, and a quadrupole mass spec-
trometer.

The XPS data were obtained with the CMA operated
in the retarding mode. The energy scale of the spectrom-
eter was calibrated by setting the measured Au 4f,,, and
4ds,, BE’s equal to 84.1 and 335.1 eV, respectively, with
the Fermi level being the reference zero.* The Ta and
TaC, spectra were taken using 15-eV pass energy (about
1.2-eV energy resolution), while the hafnium and HfC,
spectra were taken using 25-eV pass energy (about 1.3-eV
energy resolution). In both cases, binding energies were
determined with an overall estimated precision of +0.05
eV. The AES data were obtained with the CMA operat-
ed in the nonretarding, first-derivative mode, with 1-V
peak-to-peak modulation, which yielded about 0.6% en-
ergy resolution.

Crystals of tantalum, tantalum carbide, and hafnium
carbide were aligned, cut, and polished to expose (100)
surfaces to within 0.3°; a hafnium crystal was similarly
prepared to expose a (0001) surface. In the UHV
chamber the crystals were supported by a loop of tan-
talum wire (0.010 in. diameter); two slots were spark-cut
into opposite edges of each crystalline disk to accommo-
date the wire. An infrared pyrometer was used to moni-
tor approximate surface temperature of the crystals,
which were heated by bombarding their back surface
with 800-eV electrons.

Near-surface regions of TaC, and HfC, of different
compositions (and degrees of order) were prepared by
first sputtering with argon ions, which left the near-
surface region carbon deficient, and then annealing in a
controlled manner, which not only allowed the damaged
near-surface region to reorder but also allowed carbon to
diffuse from the bulk to the surface region, producing a
selected near-surface composition. Figure 1 indicates
how the average near-surface composition of a sputtered
(100) surface of tantalum carbide changed with 10-min
anneals. I-/It, is the ratio of the peak-to-peak C KVV
Auger signal near 268 eV to the tantalum signal near 163
eV. (Most of the intensity of this Ta signal arises from
transitions involving 4d holes and 4f electrons.) As seen,
I-/Iy, increased with annealing temperatures to about
1200°C, for 10-min anneals. Similar results were ob-
tained for hafnium carbide. A given I./Iy, ratio also
could be obtained with longer anneals at lower tempera-
tures or with shorter anneals at higher temperatures, con-
sistent with carbon diffusing from the bulk to the near-
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FIG. 1. Auger intensity ratio I¢/It, vs annealing tempera-
ture for tantalum carbide near-surface regions prepared by
argon-ion bombardment (1000 V, 10 pA, 10 min). Anneals were
for 10 min. The two horizontal lines indicating x ~1.0 and
x =~0.5 were obtained using XPS data as explained in Sec. II.

surface region during an anneal. Most of the surfaces
studied in our investigation were prepared with short
(<510 s) anneals.

Atomic-sensitivity factors taken from Ref. 5 and areas
under XPS C 1s and metal 4f peaks were used to deter-
mine x, the average carbon-to-metal ratio in the near-
surface region. The carbon composition of the sputtered
surfaces was x =~0.5 for TaC, and x =~0.6 for HfC,. For
~ 10-s anneals, the carbon composition increased with in-
creasing annealing temperature up to x ~1 for tempera-
tures of about 1800°C for TaC, and 1600°C for HfC,.
As the annealing temperatures were increased above
these values, the near-surface carbon composition did not
increase above x =~1. A value of x =~1 also was inferred
from impact-collision ion-scattering spectra from similar-
ly prepared (100) surfaces of TaC.® Hence, although this
XPS method of determining composition often is not ac-
curate, it appears to be so in the case of TaC,. The two
horizontal lines in Fig. 1 were positioned by using this
XPS method. In this paper, near-surface regions having
x =1 are referred to as stoichiometric, even though the
term nearly stoichiometric may be more accurate. The
bulk compositions of the crystals were previously es-
timated as being within 1% of stoichiometry.’

III. RESULTS

A. Core-level spectra

Shown in Figs. 2(a) and 3(a) are Ta and Hf 4f XPS
spectra from TaC, and HfC, for different carbon-to-
metal ratios x. Also shown for comparison are spectra



2770

from clean, well-ordered Ta(100) and Hf(0001). As x de-
creases, the peaks in the 4f spectra from the carbides
broaden and the valley regions between the 4f,, and
4f,,, peaks fill in, which suggests that the number of dis-
tinguishable metal sites is increasing with decreasing x.
It is likely that these different sites correspond to metal
atoms surrounded by different numbers of carbon atoms.
The Ta 4f BE’s are significantly larger for tantalum
carbide than for elemental tantalum, and they decrease as
x decreases. In particular, the 4f,,, BE’s in TaC, vary
from 23.6+0.05 eV for x=1 to 22.8+0.05 eV for
x =~0.5; in elemental Ta the value is 21.61+0.05 eV (see
Table I). On the other hand, the Hf 4f, ,, BE’s in HfC,
vary little from the value in elemental Hf, 14.3+0.05 eV,
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FIG. 2. (a) XPS Ta 4f spectra and (b) C 1s spectra from tan-
talum carbide having different carbon-to-metal ratios x. Also
shown in (a) is one spectrum from Ta(100). The spectra are nor-
malized so that maximum peak intensities are equal in each
figure. Binding energies are with respect to the Fermi level.
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FIG. 3. (a) XPS Hf 4f spectra and (b) C 1s spectra from haf-
nium carbide having different carbon-to-metal ratios x. Also
shown in (a) is one spectrum from Hf(0001). The spectra are
normalized so that maximum peak intensities are equal in each
figure. Binding energies are with respect to the Fermi level.

TABLE 1. Metal 4f and C 1s BE’s in eV for well-annealed
(x =1) and as-sputtered (x < 1) HfC, and TaC,. Also given are
the 4/ BE’s in the elemental metals (x =0). BE’s were deter-
mined with an overall estimated precision of +0.05 eV; calibra-
tion was performed by setting the measured Au 4f,, and 4ds,,
BE’s equal to 84.1 and 335.1 eV, respectively.

Level x=1 x=~=0.6 x=~0.5 x=0
HfC,
Hf 4f,,, 14.25 14.45 14.3
C s 281.55 281.95
TaC,
Ta 4f,,, 23.6 22.8 21.6
C s 282.9 282.6
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and they increase as x decreases, though by only a small
amount, from 14.25+0.05 eV for x ~1 to 14.45+0.05 eV
for x ~0.6. (Binding energies such as 14.25, 14.45 eV,
and so on, found here and elsewhere in this paper, do not
imply a precision to 0.01 eV; 14.25 eV merely signifies a
BE that, to the best of our knowledge, lies approximately
midway between 14.2 and 14.3 eV.)

Shown in Figs. 2(b) and 3(b) are C 1s spectra from
TaC, and HfC, for different values of x. In contrast to
the 4f spectra, the ls spectra do not exhibit significant
broadening with decreasing x, consistent with most car-
bon atoms being surrounded by six metal atoms for all x.

For TaC,, the C 1s BE decreases from 282.9+0.05 eV
for x =1 to 282.6+0.05 eV for x =0.5; for HfC,, it in-
creases from 281.5510.05 eV for x ~1 to 281.95+0.05
eV for x ~0.6 eV. Note that, for a given set of materials,
the 1s and 4/ BE’s shift in the same direction as x is
varied.

In both sets of materials the separation between C ls
and metal 4f BE’s increases with decreasing carbon con-
tent. For equal changes in x, however, the increase in
separation is larger for TaC, than for HfC,. For exam-
ple, as the carbon content decreases from x=1 to
x =0.6, this separation increases by ~0.4 eV for TaC,
and by ~0.2 eV for HfC,.

B. Valence-band spectra

Representative valence-band XPS spectra from TaC,
and HfC, are compared in Fig. 4. The two lower-lying
peaks in the HfC, spectra (near 4 and 6 eV BE) are due
primarily to a; and a, x-ray satellite excitations of Hf 4f
electrons and, therefore, have little to do with the valence
band;® corresponding satellite excitations are not visible
in the TaC, spectra because the Ta 4/ BE’s are larger [cf.
Figs. 2(a) and 3(a)]. The valence-band peaks of interest
are near 5 eV BE for TaC, and 3 eV BE for HfC,; these
are due primarily to photoemission from C 2p and metal
5d states. As x decreases, this peak shifts toward E for
TaC,, but away from E for HfC, .

The most striking change in the valence-band spectra
for TaC, is the increase in the relative intensity between
0 and 2 eV BE with decreasing x. For x ~0.97 the peak
just below Ej is small with respect to the one near 5 eV
BE; for x =~0.52 the peak just below E is the dominant
one in the spectrum. As x decreases for HfC,, on the
other hand, little additional intensity is detected just
below Er. It should be noted that valence-band spectra
of TaC, calculated by Schadler et al.’ are in fair agree-
ment with those shown in Fig. 4.

A schematic representation of the core-level and
valence-band spectra is given in Fig. 5.

C. Carbon KVV Auger spectra

For both HfC, and TaC,, the intensity in the higher-
energy portions of the C KVV Auger spectra (corre-
sponding to energies above ~265 eV for HfC, and ~262
eV for TaC,) decreases relative to that in the lower-
energy portions (corresponding to energies below ~255
and ~252 eV, respectively) as the carbon content de-
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FIG. 4. XPS valence-band spectra from TaC, and HfC, hav-
ing different carbon-to-metal ratios x. The spectra are shown
only to 9.8 eV BE, so contributions from C 2s states are not
shown. The spectra are normalized so that maximum intensities
within each group of spectra are equal.
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FIG. 5. Schematic of XPS results presented in this paper.
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subplot.
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FIG. 6. C KVV Auger spectra from surfaces of TaC, and
HfC, having different carbon-to-metal ratios x. The spectra are
normalized so that the peak-to-peak intensities of the low-
energy feature near 250 eV are equal.

creases. For example, from the data shown in Fig. 6, one
finds that the ratio of the peak-to-peak intensity of the
main feature to that of the small feature near 250 eV de-
creases from ~5.2 for TaC,, to ~4.3 for TaC, s¢ and
from ~7.7 for HfCy4 to ~6.2 for HfC; 4. Moreover,
none of the features broaden as x decreases.

The lower- and higher-energy portions of these spectra
arise from transitions involving C 2s and C 2p electrons,
respectively.!” The occupancy of the 2s band, the shape
of this band, and the probability of its electrons partici-
pating in the Auger process are not expected to change
appreciably with x. Hence, the decrease in relative inten-
sity of the higher-energy portions of the spectra with de-
creasing x must be due in part to a reduction in the num-
ber of C 2p electrons participating in the Auger process
per carbon atom.

These changes in the Auger spectra that occur with
changing x suggest a reduction in the electron occupancy
of the C 2p band per carbon atom remaining in the solid
as the carbon content decreases. That is, the electron
charge decreases in the vicinity of the carbon ions as x
decreases. This conclusion supports our interpretation,
presented in Sec. IV C, concerning changes in the charge
distribution accompanying changes in the carbon-to-
metal ratio x.
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IV. DISCUSSION

At first glance, it appears that whatever is happening
in hafnium carbide is quite different from whatever is
happening in tantalum carbide. Consider four differences
suggested by the data.

(i) The C 1s BE in stoichiometric TaC is ~282.9 e¢V; in
stoichiometric HfC, it is ~281.55 eV, ~1.35 eV smaller
[cf. Figs. 2(b) and 3(b)].

(ii) The Ta 4f BE in elemental Ta is ~2.0 eV smaller
than it is in stoichiometric TaC; the Hf 4/ BE in elemen-
tal Hf is ~0.05 eV larger than it is in stoichiometric HfC
[cf. Figs. 2(a) and 3(a)].

(iii) As x decreases, the metal and carbon BE’s and the
BE of the main p-d valence-band peak decrease in TaC,
but increase in HfC .

(iv) As x decreases, the shape of the valence-band spec-
tra for HfC, changes very little, whereas for TaC, the
relative intensity just below E increases significantly and
eventually becomes the dominant intensity of the spectra.

In the remainder of this section the origin of these four
differences in the data is discussed. We consider the
~1.35-eV difference between C 1s BE’s in Sec. IV A, the
differences between 4/ BE’s in the elemental metals and
corresponding stoichiometric carbides in Sec. IV B, and
the two differences noted in the behavior of TaC, and
HfC, in Sec. IVC. Concluding remarks are made in Sec.
V.

Before proceeding to Sec. IV A, four preliminary com-
ments will be made. First, it will prove useful in thinking
through the physics to reference energy levels to the crys-
tal zero. In this regard it is helpful to define the crystal
zero as that energy level which differs from the vacuum
zero only by a surface-barrier potential arising from the
surface dipole. The position of the crystal zero cannot be
determined experimentally; it is used here only as a con-
ceptual aid, and its use is justified only insofar as it is
helpful. We find it helpful for two reasons: It is a prop-
erty of the bulk material, and it is not tied to the Fermi
level (why this second reason is helpful will become clear
beginning in the following paragraph). Operationally, we
will use a less exact definition and consider the crystal
zero as being tied to the bulk valence band. The subject
of choosing a reference zero is discussed further in Sec.
IVCI1.

Second, it also will prove useful to consider differences
in binding energies as arising from differences both in the
core-level energies themselves and in the Fermi levels. In
such discussions, energy levels are referenced to the crys-
tal zero. Core-level and Fermi-level differences, of
course, often are no more than two aspects of the same
phenomenon. Delineating binding-energy differences in
terms of them, however, will prove helpful in understand-
ing those factors responsible for the binding-energy
differences; this approach also will prove helpful in un-
derstanding the origins of differences in the valence-band
spectra of TaC, and HfC,. Even though differences in
Fermi levels, core levels, and valence bands are discussed
separately in what follows, the reader should keep their
interrelationship in mind.

Third, it will become apparent that core-level shifts are



42 CHARGE-DISTRIBUTION CHANGES ACCOMPANYING THE . . .

being interpreted as arising from changes in the amount
of negative charge in the vicinity of the core electrons in
question. It is recognized that other factors contribute to
core-level shifts;!! yet, for these carbides we contend that
such charge-distribution changes play the major role.

Finally, energy differences in this paper refer to “TaC
minus HfC,” “Ta minus Hf,” or “carbide minus elemen-
tal material,” whichever is appropriate.

A. Difference in C 1s BE’s in the stoichiometric carbides

As indicated above, the ~1.35-eV difference in C 1s
BE’s between carbon in TaC and carbon in HfC can be
considered as arising from differences both in the C Is
levels and in the Fermi levels themselves. If these
differences are given by A, and AE™, respectively,

then the ~1.35-eV difference in BE’s can be written as
follows:

~1.35 eV=AFPIS—A, (1

where AZ™?* and A, are defined as the level in TaC

minus the level in HfC. Convention would have us line
up the two Fermi levels so that A?;b‘d“:O and

Aj;>~—1.35 eV. We could equally well line up the lIs
levels and obtain A, =0 and A?F’b‘d“: 1.35eV. As indi-

cated above, however, we choose to think in terms of lin-
ing up the crystal zeros. What we have in mind is
presented schematically in Fig. 7.

A rough estimate of AF™’* can be made. We first

note that the geometric structures of HfC and TaC are
the same (NaCl) and that their band structures are simi-
lar.'? In fact, the energy bands can be considered as be-
ing nearly rigid upon going from stoichiometric HfC to
stoichiometric TaC, in that a main difference in their elec-
tronic structures is that TaC has an additional electron
per unit cell and hence its Fermi level lies higher in its
bands. If one assumes that the energy bands of HfC and
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for stoichiometric TaC and HfC. As shown, these energy
differences are positive (defined as “TaC minus HfC”). Energy
levels are referenced to respective crystal zeros.
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TaC are similarly positioned with respect to their crystal
zeros, one might estimate the difference in Fermi levels
AG™PYS as 1/Negige(Ep)~2.2 eV,  where

Ncarbides(EF)=[NTaC(EF)+NHfC(EF)]/2 is a Simple
average of the density of states of these carbides at the
Fermi level, Ny, (E) is the density of states of material M
at the Fermi level, and values in Table II have been used.
Looking more carefully at the density of states'? of HfC
and TaC may suggest that this estimate (A?F'b‘d“:Z.Z

eV) is a little low, but it cannot be too far off. It follows
from Eq. (1) that A,;~0.85 eV, where, again, the esti-
mate is probably low.

The result A;; >0 means that the C s level is higher in
TaC than in HfC, as depicted in Fig. 7. We interpret this
result as suggesting that there is more electron charge in
the vicinity of carbon ions in stoichiometric TaC than in
stoichiometric HfC. Note that if BE differences were
equated to core-level differences, i.e., if the effect of
Fermi-energy differences were ignored, one may have
reached just the opposite conclusion. Note, too, that a
larger charge transfer occurring during the formation of
TaC would not be consistent with traditional notions
concerning differences in electronegativity. Conventional
wisdom would have Hf more electropositive than Ta and,
therefore, would have the larger charge transfer onto car-
bon occurring during the formation of HfC. The result
A, >0, however, may have little to do with charge
transfer in the sense of charge initially localized on one
site becoming localized on a second site; some of the
charge residing in the neighborhood of carbon sites arises
from the tails of wave functions centered on metal sites,
and recent work'* suggests that the tailing should be
larger in TaC than in HfC.

We now obtain Eq. (1) in a way that parallels the ap-
proach used below in our consideration of 4f BE’s in the
elemental metals and corresponding carbides. The
difference in C 1s BE’s between carbon in graphite!®
(~284.3 eV) and carbon in TaC (~282.9 eV BE) is about
—1.4 eV. As before, this —1.4-eV difference can be con-
sidered as arising from two factors, one due to a
difference in Fermi levels plus one due to a difference in
carbon levels:

—1.4 eV~E}“—EfF—8ETC . )

The chemical shift 8ET2C includes all energies attribut-
able to the differences in carbon environments (new posi-
tions of carbon potentials, presence of tantalum poten-

TABLE II. Density of states Ny (Er) in eV ! of material M
at the Fermi level E;.

Material NAM(EF)
TaC 0.56%
HfC 0.33?

Ta 1.26°
Hf 0.49°

?Reference 12.
"Reference 13.
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tials, and so on) and is equal to the C 1s level in TaC
minus that in graphite, where energy levels are referenced
to the respective crystal zeros. Equation (2) is presented
schematically in Fig. 8(a). A similar equation can be
written for the —2.75-eV difference in C 1s BE’s between
carbon in graphite (~284.3 eV BE) and carbon in HfC
(~281.55 eV BE):

—2.75 eV~EHfC—ES—sENC 3)

Equation (3) is presented schematically in Fig. 8(b). One
obtains Eq. (1) by subtracting Eq. (3) from Eq. (2) and set-
ting A, equal to the difference in chemical shifts:
A =8E{X“—8E{".
B. Differences between 4 BE’s in the elemental metals
and corresponding stoichiometric carbides

The ~2-eV difference in Ta 4f BE’s between Ta in ele-
mental Ta and Ta in TaC can be considered similarly as
arising from a difference in Fermi levels plus a difference
in tantalum levels. What we have in mind is shown in the
top of Fig. 9. In symbols we write

2 eV=E*“—Ef*—8ETS, , @)

where the chemical shift SEEC‘U includes all energies
arising from the differences in the Ta environments and is
equal to the Ta 4f level in TaC minus that in elemental
Ta. As before, all energies are referenced to the ap-
propriate crystal zero. A similar equation can be written
for the ~0.05-eV difference in Hf 4f BE’s between Hf in
elemental Hf and Hf in HfC:

—0.05 eV=~E“—Ef"—8ER, . (5)
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FIG. 8. Schematic energy diagram depicting A, A%‘Frb‘d“,
and the chemical shifts 8ET2C and 8E!'C. As shown, these ener-
gy differences are positive (defined as “TaC minus HfC” or “car-
bide minus elemental material”). Unlabeled energy differences
are not relevant to the present discussion. Energy levels are
referenced to respective crystal zeros.
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This equation is presented schematically in the bottom of
Fig. 9. Subtracting Eq. (5) from Eq. (4) yields

2.05 eV:AcszFrbides__ArEEta]s+AlS , (6)

where A'E;“"S=E F2—EHN and where we have approxi-

mated the difference of chemical shifts for the metal
atoms SEEC‘V —8F gﬁf =A,; as being equal to the nega-
tive of the difference of chemical shifts for the carbon
atoms. Note that A, appears with a positive sign in Eq.
(6) and with a negative sign in Eq. (1) because the changes
in the electron charge distributions accompanying the
formation of these materials tend to shift carbon and
metal levels in opposite directions. By adding Egs. (1)
and (6), and using the estimate A%‘;bid“22.2 eV, one ob-

tains AE:“‘“: leVv.

It would be instructive to determine whether or not
A’E;“”S: 1 eV makes sense. It would be difficult, however,

to justify estimating A’,}‘i‘a's by the method used in Sec.
IV B to estimate A", because both the crystal struc-

ture and the electronic structure of Hf differ markedly
from those of Ta. That method would give a Fermi-
energy increase upon going from Hf to Ta of about
l/Jvmetals(EF)2 1.1 ev, where Nmetals(EF)Z[NTa(EF)
+Ny(Eg)]/2 and where values in Table II have been
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FIG. 9. Schematic energy diagram depicting the effect of
Fermi-level and core-level shifts upon the Ta 4f and Hf 4/ BE’s.
As shown, A'g;““s and A%’F""de‘ are positive (defined as “Ta minus

Hf” and “TaC minus HfC,” respectively), but the chemical
shifts BEEC” and SESFU are negative (defined as ‘*‘carbide
minus elemental material”). Unlabeled energy differences are
not relevant to the present discussion. Energy levels are refer-
enced to respective crystal zeros. The connection between this
figure and Fig. 8 should be noted.
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used. The point of this section, however, is not to obtain
quantities such as A'Ei‘als—-the good agreement between

1/N (Er) and AT is quite fortuitous, owing to the
metals F EF q g

crudeness and uncertainties of the approximations
involved—but rather to show that the differences in the
metal 4f BE’s can be interpreted without invoking sub-
stantial differences between the charge transfer accom-
panying the formation of HfC and that accompanying
the formation of TaC (which one would be tempted to do
if the C 1s spectra were not available).

C. Differences between TaC, and HfC,
accompanying changes in x

1. The choice of a reference potential

We propose that the XPS data summarized in Fig. 5
can be understood in terms of changes in the charge dis-
tributions accompanying changes in x. In particular, we
propose that, as x decreases for either TaC, and HfC,,
the electron charge increases in the vicinity of the metal
ions and decreases in the vicinity of the carbon ions. This
view is elucidated by choosing a reference potential for
which, as x decreases, the metal levels go up and the car-
bon level goes down. A reference potential tied to the
p -d valence-band peak accomplishes this task satisfacto-
rily. Using this reference potential, one finds that, as the
carbon-to-metal ratio decreases from x ~1 to x ~0.6, the
Fermi level decreases by ~0.45 eV in TaC, and increases
by ~0.35 eV in HfC; the metal 4f level increases by
~0.2 eV in TaC, and by ~0.15 eV in HfC,; and the C 1s
level decreases by ~0.2 eV in TaC, and by ~0.05 eV in
HfC,. These results are presented schematically in Fig.
10. As indicated, all energies are referenced with respect
to the p-d valence-band peak. We note, however, that a
reasonable and consistent view of our data ensues if one
supposes that this peak shifts very little with respect to
the crystal zero as the carbon content is varied. In fact, it
is from this perspective that one most clearly sees that
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FIG. 10. Schematic of XPS results presented in this paper
with the energies referenced to the p-d valence-band peak. The
vertical (ordinate) axis at the far right of each subplot denotes
the position of Ej.
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the changes occurring within HfC, and TaC, are quite
similar. Particularly relevant in this regard are recent
work-function measurements'® that strongly support the
supposition concerning the p-d valence-band peak being
tied to the crystal zero.

2. A closer look at the charge redistribution

Using the energy-level variations given in the above
paragraph and the estimates A?F'b‘des(le)ZZ.Z ev,

A (x=1)=0.85¢V, and A;s(x ~1)=~—0.85 eV made in
Secs. IV A and IV B, values of A%‘F’b‘des, A, and A4y for

x =0.6 can be obtained. These are given in Table III
along with the x ~1 estimates. The result A, (x)> 0 sug-
gests that more electron charge is in the vicinity of car-
bon ions in TaC, than in HfC, over the range of x con-
sidered. Similarly, the result A, (x)<0 would suggest
that the depletion of electron charge in the vicinity of
metal ions upon going from elemental Ta to TaC, is
greater than that upon going from elemental Hf to HfC,
over the range of x considered; the reader is reminded,
however, that the result A, f(x) <0, though plausible, re-
lies upon the approximation A, (x =1)=—A(x=1)
made in Sec. IVB. Note that the two results A, (x)>0
and A,;(x) <0 taken together would suggest that, over
the range of x considered, the charge transfer occurring
upon the formation of TaC, is larger than that of HfC, .
Our interpretation of the XPS core-level data summa-
rized in Fig. 10 is that, as x decreases, the ionicity of both
HfC, and TaC, is reduced because the electron charge
increases in the vicinity of the metal ions and decreases in
the vicinity of the carbon ions. This latter point is con-
sistent with our interpretation of the Auger data: There
is a depletion of C 2p electrons per carbon atom as x de-
creases. The increase in energy of the metal core levels
and the decrease in energy of the carbon core levels arise,
respectively, from the increase of negative charge in the
vicinity of the metal core electrons and the decrease of
negative charge in the vicinity of carbon core electrons.
Because the separation between carbon and metal levels
increases with decreasing x more in TaC, than in HfC_,
in some sense the total redistribution of charge occurring
with changing x must be larger in TaC, than in HfC,.
The charge accumulating in the vicinity of metal ions
with decreasing x does not arise solely from the charge
that is depleted from the vicinity of the carbon ions,
which we designate “depleted charge.” To see why this is
so, recall that when hafnium carbide or tantalum carbide
is formed, charge transfers from metal atoms to carbon

TABLE III. Estimates of A?;b‘des, Ay, and A4, for metal-to-

carbon ratios x ~1.0 and x ~0.6.

x=~=1.0 x=0.6
A“E“F”"des 2.2 1.4
Ay 0.85 0.7
Ay —0.85 —0.8
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atoms. Thus, when a carbon vacancy is created, charge
that would have transferred to the removed carbon atom
from its metal neighbors remains in the crystal. We
designate this charge “‘excess charge,” and propose that,
along with the depleted charge, it contributes to the total
charge accumulating in the vicinity of metal ions as x de-
creases.

So, two sources for the accumulation of charge in the
vicinity of the metal ions have been identified: (1) the
depleted charge and (2) the excess charge. Because the
Auger spectra of HfC, and TaC, change similarly with
changing x, it is likely that the contribution from the first
source is similar in both sets of materials. Consequently,
if the total redistribution of charge occurring with chang-
ing x is larger in TaC, than in HfC,, as proposed two
paragraphs above, then the second source (that of excess
charge) must be larger in TaC,. This conclusion is con-
sistent with A;(x)>0, in that the inequality suggests
more electron charge is in the vicinity of carbon ions in
TaC, than in HfC,, and hence more excess charge is
available to transfer back to the Ta ions when a carbon
vacancy is created.

3. Valence-band changes

In HfC, the charge accumulations discussed above
cause relatively little redistribution of Hf states below
Er(x); that is, at least as far as can be discerned from
XPS, the bands near E appear to behave approximately
as rigid bands, and Ep(x) increases as x decreases [as
shown in Fig. 10(b)]. In TaC,, however, there is a
significant redistribution of Ta states, with more states
being created than destroyed below the original Fermi
level; hence, Ex(x) decreases in TaC, as x decreases [as
shown in Fig. 10(a)]. The “extra” intensity lying just
below Er(x) in the valence-band spectra of TaC, is due
to photoemission from metal states that have been
significantly redistributed owing to the accumulation of
additional charge.

It has been noted that the band structure of HfC is
similar to that of TaC and that it can even be considered
as being nearly rigid upon going from one stoichiometric
material to another. One may wonder, therefore, why
changes in the carbon concentration can have such
different effects upon the shape of the valence-band spec-
tra in these two materials. We suggest that Fermi-energy
differences account for this apparent discrepancy. In par-
ticular, we suggest that the new states resulting from the
charge redistribution have approximately the same ener-
gy in both materials with respect to the p -d valence-band
peak, but that they lie above E in HfC, and below Ef in
TaC,. It would be interesting to perform inverse-
photoemission or electron-energy-loss measurements on
HfC, to probe the unfilled valence band for such states.
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A contributing factor may involve the Hf d’s exhibiting
less tailing than the Ta d’s,'* which may lead to less
charge overlap and hence less interaction ‘“‘across” the
carbon vacancy in HfC, .

V. CONCLUDING REMARKS

Valence-band structures, core-level BE’s, and C KVV
Auger spectra were obtained for HfC, (0.6 Sx <1.0) and
TaC,(0.55x 51.0), and core-level BE’s were obtained
for the elemental metals Hf and Ta. A consistent and
reasonable explanation of these data results from the fol-
lowing suppositions.

(i) Upon formation of the carbides, the electron charge
increases in the vicinity of carbon ions and decreases in
the vicinity of metal ions. Over the range of x con-
sidered, more charge resides in the vicinity of carbon ions
in TaC, than in HfC_; it is likely that TaC, is more ionic
than HfC .

(i1) For both TaC, and HfC,, as x decreases, the elec-
tron charge increases in the vicinity of metal ions and de-
creases in the vicinity of carbon ions.

(iii) The increase in electron charge in the vicinity of
metal ions that accompanies a decrease in x is larger in
TaC, than in HfC,, whereas the corresponding depletion
of charge from carbon ions is approximately equal in the
two sets of materials.

(iv) In HfC, the charge redistribution accompanying
changes in x causes relatively little redistribution of Hf
states below Ep(x)—the valence band near E; behaves
like a rigid band—and Er(x) moves higher in the bands
with decreasing x. Presumably, there is a significant
redistribution of Hf states just above Ep(x).

(v) In TaC, this charge redistribution causes a
significant redistribution of Ta states below Ep(x), with
more states being created than destroyed below the origi-
nal Fermi level, and E(x) moves lower in the bands with
decreasing x.

It is the difference in valence-band behavior described
in (iv) and (v), and not some significant difference in
charge distributions, that is primarily responsible for the
spectroscopic data of HfC, differing from those of TaC, .
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