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was omitted in arriving at Eq. (5). This was ad-
vertently neglected in view of the inequality Q) Tp
» 1, and assuming the sample length to be small.
Moreover, it has been demonstrated earlier by
Sodha et al. that inclusion of absorption, unless
very high, only slightly affects the self-focusing
length (for a positive coefficient of absorption, it
results in increase) and primarily changes the
field pattern inside the sample, which is not rele-
vant to us here. Thirdly, besides a linear absorp-
tion term there is a part contained in Eg. (4) which
corresponds to nonlinear absorption, quadratic in

field. This gives rise to interesting effects such
as those discussed in Ref. 3. Essentially, inclu-
sion of nonlinear absorption results in increase of
self-focusing length. We had neglected this part
also. However, if one wishes to take account of
absorption for long samples, calculations can be
made proceeding with Eq. (4) by evaluating the
real part of the oscillatory current.

We finally conclude that the EDS mechanism
outlined in this paper may contribute significantly
to the self-focusing phenomenon of laser beams in
semiconductors.
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The band structure of V2OS below the Fermi level has been studied by x-ray photoelectron
spectroscopy both above and below the Noel temperature. Aside from normal bands associated
with atomic states from 20 to 640 eV, a valence band with structure was observed in the range
0-10 eV. The results are compared to soft-x-ray-emission and -absorption results and to
theoretical predictions concerning the band structure of V203.

I. INTRODUCTION

We report in this paper on the band structure
of V&03 below the Fermi level, as determined by
x-ray photoelectron spectroscopy (commonly
termed ESCA). Early applications of this tech-
nique have been reviewed by Siegbahn and co-work-
ers'; additional studies have been reported for
metals, '3 semiconductors, and near insulators. ' ~

As far as we are aware, the technique has not been
applied to materials which undergo a semiconduc-
tor-metal transition, such as V303. At 170 K this

compound exhibits sharp changes in physical prop-
erties as a concomitant to alterations in magnetic
and crystallographic properties. These matters
are reviewed elsewhere.

II. EXPERIMENTAI-. --

The investigations were carried out with a
Hewlett-Packard model No. 5950 A spectrometer
with provision for dispersion compensation. Mono-
chromatic AlKa& z radiation was obtained from a,

quartz-crystal disperser at high Bragg angle.
Electrons, which are ejected by the interaction of
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the radiation with the sample, are focused on the
entrance of an electron spectrometer and emerge
after having passed through the hemispherical en-
ergy analyzer. The resulting spectrum was free
of spurious line broadening, extraneous satellites,
and interference from bremsstrahlung radiation.

Investigations were carried out on two single
crystals, on powders dispersed on gold or on cello-
phane tape, and on powder imbedded in graphite;
results obtained with various specimens are in
substantial. agreement. In what follows, all binding
energies are referred to the Fermi level of gold,
which was repeatedly used as a fiducial marker.

Before discussing the results it is necessary to
point out several distracting complications that
contribute to uncertainties in the interpretation of
the data: (a,) A large fraction of the photoelectrons
originate from surface regions of the sample.
Estimates in the literature of the depth of the emis-
sion region range from 4 to 100 A. At best, one
encounters a suyerposition of spectra associated
with the bulk and surface regions. If the corre-
sponding electron states are of different energy,
then the bulk spectrum will be broadened or dis-
torted. At worst, one observes only energies
associated with electrons in surface regions. It
appears virtually impossible to eliminate problems
of this nature. (b) Certain impurities, especially
when aggregated on the surface, contribute their
own spectra, and may interfere seriously with the
analysis of spectra in the valence-band region,
roughly from 0 to 10 eV. The powder used in the
present study had an average total impurity con-
tent of 50 ppm, whereas that of the single crystal
was in the range of 100 ppm. It is unlikely that
impurities in this concentration range invalidate
the results in Sec. III, but they could well be the
cause of small, apparently extraneous, peaks in
some of the observed spectra. (c) Frequently
one encounters in insulators a charging effect,
i.e. , a shift of spectra to higher binding energies
due to uncompensated holes generated during the
photoemission process. In highly insulating sam-
ples these holes are not all neutralized. However,
this does not appear to have been a major problem
in the present measurements, since the positions
of all peaks in eleven sets of experiments on five
samples were generally reproducible to + 0. 3 eV.
In particular, there was no significant change in
peak position in passing from the metallic to the
insulating phase, where charging effects are likely
to be more serious. (d) Some of the peak width,
particularly in the range of higher binding energies,
is ascribable to line broadening associated with the
short lifetime of excited states. The instrumental

-resolution of 0. 3 eV also contributed to peak broad-
ening. However, these effects are of lesser im-
portance in the range of binding energies near the
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FIG. 1. Summary of binding energies for V, 0, as
cited in Ref. 13, and of bands (relative to the Fermi level
of gold) in V203, as determined by x-ray photoelectron
spectroscopy.

Fermi level, where the bands are intrinsically
broad; this is the region of greatest interest.
(e) Peak heights must be interpreted in terms of
quantum-mechanical transition probabilities from
the electron state in the crystal to the free state
of the yhotoejected electron. The transition prob-
abilities vary with different bands which therefore
develop at different rates; there is no simple cor-
relation between peak heights and densities of
states. This matter is referred to elsewhere' in
greater detail; it also figures prominently in any
attempts to develop weak peaks, because of the t'
factor in the time required to improve the signal
to noise ratio. (f) The edges of the peaks were
rather fuzzy, making an assignment of bandwidths
uncertain. Standard triangulation techniques were
used to locate the edges in complex spectra.

III. RESULTS

Figure 1 shows the elemental levels of V and of
O as cited by Bearden and Burr'; the correspond-
ing electronic energy states in V~03 are also
shown. The hatched regions indicate roughly the
half-widths of the observed peaks. It is seen that
there is a one-to-one correspondence between
atomic and band states. The proximity of peak
positions on the energy scale to the values cited
in Ref. 13 was used as a basis for identifying the
bands; it must be remembered, however, that
these latter values refer to elemental states and
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FIG. 2. X-ray photoelectron spectra in V2+ powder
in the range 500-540 eV relative to the Fermi level of
gold (smoothed experimental data).

are based on their own appropriate Fermi levels,
whereas our results pertain to the V&03 compound
and are referred to the Fermi level of gold. Un-
doubtedly, line broadening due to instrumental
resolution, short lifetimes of the excited states,
as well as surface inhomogeneities, contribute to
the peak half-widths of the low-lying states. These
were of the order of 1.5 eV for the band derived
from the 0 1s state and in the range of 2 to 3 eV
for bands derived from the V 2s and 2p states. The
three bands in the range 20-72 eV are character-
ized by half-widths slightly in excess of 3 eV.
%hen specimens were cooled to 77 K or severely
abraded, extra 0 ls lines of smaller intensity ap-
peared in the energy range 531-534 eV, showing
that absorbed water or severe disordering on the
surface may be detected in this manner.

The bands associated with 0 2s, V 2s, and V 3s
states were found to be symmetric, as was the
V 3p band, where an incipient splitting into V3p&&~
and V 3p3&~ substates might have been anticipated.
Figure 2 shows a smoothed scan of the 540-495-
eV region for the 0 1s&&» V 2p&&» and V 2p3/3
bands. Our results differ in some respects from
those cited by Fischer, ' who investigated the
emission and absorption spectra of V&03 using x-
ray radiation in the 23. 5-25. 5-A region. To es-
tablish a basis for comparison we show in Table
I a set of transition energies anticipated in the
range 485-535 eV. The first column was calcu-
lated from the tabulation by Bearden and Burr'3
for elemental atomic-energy states; one would not
necessarily anticipate good agreement with mea-
sured values in the compound. In the second col-
umn are listed the transition energies as deter-
mined by Fischer from soft-x-ray-emission and
-absorption lines. The transition energies as
computed from the data in Fig. 1 are shown in the

TABLE I. Comparison of transition energies in the
405-538-eV range based on various sources.

Type of transition

Energy change in eV
Bearden
and Burr
(Ref. 13)

Fischer
(Ref. 14)

Present
results

VM4 5 OK
OL2 3 OK
OL, -OK
VM2 3 OK
VM4 5 VL2
OL2 3 VL2
OL) V Lp
V M2 3~V L2
VM4 5 VL3
OL2 3 ~V L3

. OLg V Ls

529. 8
524. 9
508. 3
494. 2
517.3
513,4
496. 8
482. 7
510.7
505. 8

489. 2

531
525

497. 8
51.9
514
502

512.3
508. 5
491.2

528, 4
523. 3
507.6
487. 7
522. 8
517.7
502. 0
482. 1
515.3
510.2
494. 5

'Unlabeled major peak, tentatively assigned by us to
this transition.

last column. In rare instances the latter sets of
figures agree; however, discrepancies of up to 10
eV are encountered. These may be traced to
several sources: In several cases it is difficult to
estimate the peak positions in Fischer's x-ray
spectra, particularly where shoulders or small
peaks are involved. Furthermore, the process of
photoemission differs physically from photoexcita-
tion where the promoted electron remains initially
within the crystal. In the former case there is a
regrouping of electrons in the energy states con-
tiguous to those from which the photoelectron orig-
inated. In the latter, such rearrangements occur
both for the initial and for the final energy states.
Thus, there are concomitant differences in elec-
tronic rearrangement energies that could well
amount to several electron volts. That such a fac-
tor might play a role is also made plausible by
comparing the L3-absorption-band edge of
512.7 + 0.3 eV as reported by Fischer with the
value of 516. 5 eV obtained in our work. Here one
presumably compares the transition of an electron
from the V 2p3&~ state to the Fermi level of V203
(x-ray transition) with the position of the V 2ps&2

,'state relative to the Fermi level of gold (x-ray
photoejection). The S.8-eV discrepancy presum-
ably measures the magnitude of the rearrangement,
energy. Incidentally, whereas the work function of
V&03 is not known, that of the related VQ2 is 4. 5
eV. ' This compares to the range of 4. 00 to 6. 24
eV in Au. ~ It must be concluded. that internal re-
arrangement energies play an important role and
that they should be taken into account in any com-
parison of the type attempted here. For more
conclusive evidence regarding the same phenomen-
on in other materials the reader is referred to
other sources. ' 7
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FlG. 3. X-ray photoelectron spectra in a single crys-
tal of V203 in the range 0-20 eV relative to the Fermi
level of gold. (a) Original data with noise level indicated
by dashed lines; (b) smoothed data with computer resolu-
tion into component Gaussian peaks.

Spectra obtained in the 0-20-eV range are rep-
resented by Fig. 3(a), which was obtained at 300 K
over a 13-h period. The small peak immediately
to the left of the 0-eV fiducial marker is barely
visible for an exposure time of 5 h, and it disay-

pears under the noise for exposure times of 4 h or
less. However, its presence may be inferred in-
directly, in these circumstances, by the abrupt
rise in the base line for the region 0 to +2. 5 eV,
relative to the position of the base line for the 0-
2. 5-eV range. The peak under discussion also
failed to develop in all measurements at liquid-
nitrogen temperatures which necessarily were
limited to short exposures and complicated by the
absorption of moisture which slowed down the
development of the V203 peaks at 78 K. In all cases
where the peak was not observed the base-line shift
referred to earlier was found.

The small peak centered about 14 eV was not
encountered in any of the other twelve measure-

! ments made on various V&03 specimens over peri-
ods ranging from 0. 5 to 6 h. We therefore tenta-
tively attribute this peak to an impurity. The sharp
shoulder starting at 15 eV is part of the 0 2s peak
centered about 22 eV.

In Fig. 3(b) is shown the computer resolution of
the smoothed spectra into Gaussian-type compo-
nent curves. We focus attention only on the Gauss-
ian peaks labeled A, B&, arid B&. If the spectra
lying between 10 and 632 eV have been correctly
accounted for, then the spectral peaks labeled A
and B in Fig. 3(a) or the three components A, B„
and Ba in Fig. 3(b) must be correlated with the re-
maining bands of primarily anionic 2p character
and of primarily cationic Sd character. This cor-
relation may be done in two ways: (a) One may
associate the large peak B containing components
B& and B& with the 0 2p-type band, in which event
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FIG. 4. Schematic band
structure diagram for bands
of primarily 0 2z, 0 2p,
and V 3d character. (a) Dia-
gram according to Goodenough
(Ref. 10); (b) diagram with

e~ and a~ bands inverted
on the energy scale.
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the remaining peak A is related to the density of
states of the occupied portion of the V 3d-type
band. The two portions B, and B2 in Fig. 3(b)
would then be quite plausibly interpreted as due to
a partial splitting of p-like states into e- and g-
type subbands in the rhombohedral field of the lat-
tice. Peak A then represents the e, —g& states of
of the 3d bands, as is mad@ more explicit in Fig.
4(a) which is based on a qualitative band structure
diagram proposed by Goodenough. ' The diagram
is consistent with the experimental observation
that the cja ratio of lattice parameters in V~OS is
unusually high in the sesquioxides with corundum
structure. The almost complete filling of the 8,
states with electrons and the fractional filling of

a& states imply a heavy electron concentration
in bonds lying primarily in the basal plane and of
sparse electron occupancy of bonds with lobes
largely parallel to the c axis. In this interpreta-
tion the e» —a& peak labeled A. has a combined !
width of 2. 0 eV, and the 0 2p-like band, a com-
bined width of 6.9 eV. (b) Alternatively, one may
associate the Gaussian peak B2 with the 0 2p-type
band whichwould then have a width of 4. 1 eV. In
this alternative, peaks A and B, would have to rep-
resent two portions of the cationic d-like band with
widths of 2. 9 and 2. 0 eV, respectively. This as-
signment is compatible, but only in zero-order ap-
proximation, with a p~io~i calculations of the band
structure and with the densities-of-states curve
for V~O3 published by Nebenzahl and Weger. '
Their density-of-states curve is reproduced in Fig.
5. While this calculation predicts a rather sharp
dip for the density-of-states curve, the total com-
puted width of the occupied portion as obtained in
Ref. 18 is only 1.5 eV, as against a combined
width of about 5 eV for peaks A and B, in Fig. 3.
Moreover, such an assignment requires an inver-
sion of the a& and e, bands on the energy scale,
as depicted in Fig. 4(b), which is not as compatible
with the large c/a ratio as is the alternative de-
scribed earlier. For these reasons we regard al-
ternative (a) as the more likely correlation.

It is important to note that none of the spectra
in the 3-632 eV range is altered significantly in
passing from room temperature to liquid-nitrogen
temperature. This indicates that in undergoing the

2-
Density of
States per
Atom per eV

0
I 0 I

Energy

FIG. 5. Schematic representation of density-of-
states calculations by Nebenzahl and Weger (Bef. 18).
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semiconductor-metal transition the various bands
in V~03 shift by less than 0. 3 eV. As stated ear-
lier, the one possible exception is the d-like peak
which is not evident in any spectra of the low-tem-
perature phase. %e have verified, however, that
the noise level was sufficiently large in all such
cases to have masked a d-like peak of the antici-
pated size. Furthermore, the alteration in base-
line characteristics for energies immediately above
and below 0 eV makes it plausible that this par-
ticular peak is in fact present in the spectra of the
insulating phase.

In conjunction with the Mott transition model
that has been postulated' to explain the semicon-
ductor-metal transition in V~03, it is of interest
to search for the existence of localized states in
the V~03 spectrum taken at 78 K; for, such states
must be present if the model is to have any validity.
Localized states might be made manifest by the
presence of spikes in the spectra. Our failure to
observe such peaks under the prevailing experi-
mental conditions leaves the question of their pres-
ence open until such time as the instrumental
resolution is considerably improved.
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Zinc impurity in high-resistivity n-type-silicon single crystals exhibits the properties of
a sensitizing center for photoconductivity; the electron lifetime is increased by a factor of 104
to a value of 100 msec at 80'K. A variety of photoelectronic measurements are used to deter-
mine the location of the Zn 2 energy level with respect to the conduction- and valence-band
edges, the density of zinc centers, the change in scattering cross section upon photoexcitation,
the electron-capture cross section of the Zn ' center as a function of temperature, and the
existence and properties of other imperfection states. Optical quenching of photoconductivity
indicates an electron-capture cross section of the Zn ' center which is about 10 cm and in-
dependent of temperature below 50'K, and which decreases exponentially with 1/T at higher
temperatures with an activation energy of 40 meV. Measurements of temperature dependence
of steady-state lifetime and of photoconductivity decay time are consistent.

INTRODUCTION

The photosensitivity of infrared detectors using
II-VI or III-V compounds' is frequently enhanced
several orders of magnitude by the presence of
imperfections which behave as sensitizing centers
and increase the free-electron lif ctime. Sensitiz-
ing centers in II-VI and III-V compounds are gen-
erally assumed to be associated with intrinsic
defects, but similar sensitizing imperfections as-
sociated with specific impurities are known in Ge
and Si. ' ~' One of the most interesting of these is
the case of Zn impurity in Si," ~' which provides
an opportunity to investigate the properties of a
known sensitizing center in a well-characterized
material.

The saturation zinc concentration in silicon as a
function of temperature and diffusivity has been
established by Fuller and Morin with spme later
refinements. Fuller and Morin, and Carlson~e
report the existence of two acceptor levels as-

sociated with Zn as a double acceptor in Si; the
possibility of a third acceptor level has been con-
sidered by other workers, ~' but its presence does
npt seem likely. ' Values fpr the various crpss
sections associated with these two levels taken
from the literature are summarized in Table I.

It was the purpose of the present investigation
to explore the properties of Zn impurity in high-
resistivity n-type-Si single crystals by the use of
a variety of photoelectronic techniques. Of par-
ticular interest were the location of the Zn en-
ergy level, the density of incorporated Zn centers,
the scattering cross section associated with Zn
impurity, the temperature dependence of the elec-
tron-capture cross section of the Zn ' center, and
the effects of other imperfections in the Si. The
first four properties represent a rather complete
characterization of the zinc sensitizing center in
silicon and the temperature dependence of 8,"pro-
vides information on the capture process of a
C oulombically repulsive center.


