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Photoemission Studies of CdTe*t
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By correlating structure in the CdTe energy distributions of the photoemitted electrons with structure in
the optical data, we determine the absolute energies of the initial and Gnal states for the transitions associated
with peaks in the reQectivity at 6.8 and 7.6 eV and shoulders at 5.8 and 8.7 eV. It is shown that the structure
in the energy distributions results from a mixture of direct and nondirect transitions. The direct transitions al-
low us to locate the conduction-band states I"~5 and F~ at 5.8 and 8.7 eV above the valence-band maximum,
the uppermost valence band along the zone edge 8' to E at —1.3 eV, and the second conduction band along
the zone edge lV to E at 5.3 eV. The nondirect transitions are due primarily to a peak at —1.9 eV in the
valence-band eGective density of states and a gentle peak at 6.2 eV in the conduction-band effective density
of states. A deep valence band, tentatively identi6ed as the cadmium 4d band, has been located at 10.3 eV
below the valence-band maximum.

I. INTRODUCTION

E have used photoemission experiments to study
the electronic structure of CdTe over a region

extending from about 10 eV below to 10 eV above the
valence-band maximum. Whereas conventional optical
experiments determine only the energy differences
between quantum levels, photoemission measurements
determine the absolute energies of the levels involved
in an electronic transition.

Recent theoretical work' suggests that structure in
the reQectivity and other optical properties of semi-
conductors may be explained by "direct" electronic
transitions at speci6c regions of the Brillouin zone and
the energy gap between these levels can be determined
by measuring the photon energy of strong structure in
the optical data. By analyzing the photoemission data
in detail we are able to determine explicitly whether or
not direct transitions su%.ce to explain the photoemis-
sion and optical data. Although much of the structure
is found to be due to direct transitions, there are a
signi6cant number of nondirect transitions. The direct
transitions which we show to be present allow us to
locate the absolute energies of several levels in the
CdTe band structure and we compare our results with
recent band calculations. The nondirect transitions
allow us to locate the energies of peaks in the density
of states. '

Cardona and Greenaway's assignments of structure
in their reAectivity data' to speciic regions of the
Brillouin zone were based principally on an extrapola-
tion of the assignments in Sn and InSb. In addition the
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assignments of several doublets were determined by
assuming that the splittings were due to spin-orbit
splitting. Since the photoemission experiment allows
measurement of the absolute energies of the initial and
6nal states for an electronic transition, it provides an
independent check of these assignments. In an earlier
publication4 we examined three of these assignments in
the range 5.8&Ace&8.0 eU and found them to be
inconsistent with the photoemission data. In the present
work. we discuss new assignments for this structure.
Additional structure lying at higher energy is examined,
and suggestions are made as to its assignment.

II. THEORY AND METHODS FOR
DATA ANALYSIS

If the initial and final states for an electronic transi-
tion are the one-electron states of band theory and if
Koopmans' theorem is applied, then the wave vectors
of the initial and Anal states must be practically
identical. As discussed by Spicer, this selection rule
causes the energy distributions of the photoemitted
electrons (frequently referred to as energy distribution
curves, EDC) to have features which allow us to detect
the occurrence of these direct transitions. These features
are summarized in Table I. The energy of the initial

TABLE I. Features of NEDC characteristic of
direct and nondirect transitions.

Model

Direct
transitions

Nondirect
transitions

Features of NEDC

Energy of initial state is a function of Aau, hence
peaks move a(E„)&tt(Ace).

Strength determined by joint density of states;
hence structure appears and disappears as Ace

is varied.
Strength determined by density of states product;

Peaks move rs(Eo) =A (tko) (valence-band struc-
ture).
Peaksdo not move' (conduction-band structure).

ts Although transport effects also result in peaks which move only slightly
with photon energy, in Sec. IV we show that there is no evidence for any of
these transport effects in the CdTe NEDC.

4 J. L. Shay, W. E. Spicer, and Frank Herman, Phys, Rt;v,
Letters 18, 649 (1967).
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state varies with photon energy, and as a result peaks
in the EDC move with changes in energy unequal to the
changes in photon energy. Furthermore, the strength
of a transition is determined by the joint density of
states, and as a result structure appears and disappears
in the EDC as Ace is varied.

Although ordinary one-electron band theory requires
conservation of wave vector in an optical transition, the
EDC from a number of materials' ' cannot be explained
by direct transitions. These studies find that conserva-
tion of wave vector does not provide an important
optical selection rule, and for many of these materials a
knowledge of the density of states is sufhcient to predict
the experimental EDC. Conversely, a density of states
(usually called the optical or effective density of states)
can be obtained from the EDC. These latter electronic
transitions, in which k conservation does not provide
an important selection rule, are referred to as nondirect
transitions. Features of the EDC characteristic of non-
direct transitions are also listed in Table I. Since the
strength of nondirect transitions is determined by the
product of the valence and conduction-band densities of
states, peaks in the KDC due to structure in the valence
band move to higher energy with increments of energy
equal to the changes in photon energy, and peaks in the
EDC due to structure in the conduction band do not
move as the photon energy is varied. 'o (For more details,
see Ref. 2.)

Methods have been developed for determining the
electronic density of states from photoemission data
when the EDC result from nondirect transitions.
Spicer" was the first to derive a valence-band optical
density of states from EDC. Berglund and Spicer'
analyzed materials in which the structure was pre-
dominantly in the valence band, and Kindig and
Spicer' developed a detailed method for cases in which

strong structure occurs in both the conduction band and
the valence band. The analysis used here is due to
Eden and Spicer." If the nondirect model is su%.cient

~ C. N. Berglund and W. E. Spicer, Phys. Rev. 136, A1030
(1964); 136, A1044 (1964).

6 N. B. Kindig and W. E. Spicer, Solid State Commun. 2, 13
(1964); Phys. Rev. 138, A561 (1965).

'A. J. Blodgett and W. E. Spicer, Phys. Rev. Letters, 15, 29
(1965);Phys. Rev. 146, 390 (1966).
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of the Internationel Colloquium, Paris, 1N5 (North-Holland
Publishing Company, Amsterdam, 1966), p. 246.

%. E. Spicer, in Optical Properties and Electronic Structure of
Metals and Alloys, Proceedings of tlze International Colloquium,
Paris, I%65 (North-Holland Publishing Company, Amsterdam,
1966), p. 296.
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eGect. Sufhcient evidence of nondirect transitions is the motion of a
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to explain the photoemission data, then the method
used here derives the same density of states as do the
earlier methods. When the photoemission data is due to
a mixture of direct and nondirect transitions (as is the
case for CdTe), the present method explicitly separates
the portions of the EDC due to direct transitions from
those due to nondirect transitions. In the Appendix we
discuss the details of this analysis and present a simple
example of its application.

III. EXPERIMENTAL METHODS

Many of the experimental Inethods used in this work
have been reported previously" " and for this reason
they are only outlined here. The experiments have been
performed on CdTe single crystals cleaved in vacuum
in the (110) plane. High-vacuum experiments were
performed at pressures near 10 ' Torr using a modified
version of the sample chamber and vacuum system
described by Kindig and Spicer. '4 Other high-vacuum
experiments used the sample chamber and vacuum
systems described by Powell. "

The sample chamber was not continuously pumped
during earlier high-vacuum experiments. ' "Otherwise,
when the magnet used with the VacIon pump was left
in place, the magnetic field distorted the EDC. For the
present studies we placed a magnetic shield around the
magnet. Since it was no longer necessary to remove the
magnet for the duration of an experiment, , the sample
chamber was continuously pumped. The shield consisted
of a 0.031-in. thick layer of Netic alloy within a 0.031-in.-
thick layer of Conetic alloy. At the sample chamber,
the field due to the magnet was reduced from about
5 G to a value much less than the earth's magnetic field.

Although it is desirable to cleave in a very good
vacuum in order to study properties characteristic of
the solid, we were motivated to also cleave at a poorer
pressure for two reasons: (1) In these low-vacuum
experiments there is no window between the light
source and the cleaved crystal; hence measurements can
be extended beyond the 11.2-eV cutoff of the LiF win-

dow which seals the high-vacuum chamber. (2) The
large threshold for photoemission ( 6 eV) measured
when the samples were cleaved in high vacuum was
reduced by more than a volt when the sample was
cleaved in the vacuum of the monochromator (for
details see Sec. IV).

To perform a low-vacuum experiment, a low-vacuum
sampl'e chamber" is sealed with an 0 ring to the exit

Ph. D. dissertation, Stanford University, 1967 (unpublished);
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(unpublished).

"W. E. Spicer and C. N. Berglund, Rev. Sci. Instr. 35, 1665
(1964).

'4 N. B.Kindig and W. E. Spicer, Rev. Sci. Instr. 36, 759 (1965)."J.L. Shay, Ph.D. dissertation, Stanford University, 1966
(unpublished); Solic State Electronics Laboratory Technical
Report No. 5216-1 (unpublished).

R. J. Powell, Ph.D. dissertation, Stanford University, 1967
(unpublished); Solid State Electronics Laboratory Technical
Report No. 5220-1 (unpublished).
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housing of the McPherson vacuum monochromator,
model 225. Since the monochromator's oil-diffusion

pump evacuates the sample chamber as well as the
monochromator, a sample cleaved in the low-vacuum
chamber is exposed to a base pressure of 10 ' Torr
or a pressure of about 10 ' Torr when hydrogen is Row-

ing through the arc during measurements.
A larger region of the conduction band is exposed in

the low-vacuum experiments due to the reduced elec-
tron amenity. We are conident that the features of the
EDC in this energy range are characteristic of CdTe for
several reasons: (1) The structure in the ED C correlates
well with the structure in the optical constants (see
Sec. IV). (2) The optical constants were measured on
samples exposed to atmospheric pressure (whereas the
poorest pressure used in these photoemission experi-
rnents was 10 4 Torr). (3) The features of the EDC at
higher energies are the same for low- and high-vacuum-
cleaved samples (for example, see Fig. 17). However,
the details of low-vacuum data di6er somewhat from
the high-vacuum data because of an increased amount
of inelastic scattering in the low-vacuum-cleaved
sample.

The EDC were measured using the ac method
described by Spicer and Berglund. " The estimated
uncertainty in the location of structure in the EDC is
&0.2 eV. All measurements were performed at room
temperature. The low-vacuum yield measurements used
a Cs&Sb phototube for measuring light intensity. The
absolute response of the Cs3Sb tube has been calibrated"
against a Reeder vacuum-thermopile, and the estimated
uncertainty in this calibration is &10%, The high-
vacuum yield measurement used a sodium salicylate
61m for measuring relative light intensity assuming that
the film's response is independent of photon energy, and
the absolute yield was measured at 7.8 eV using the
Cs3Sb phototube. Since the quantum yield is the total
number of photoemitted electrons per incident photon,
the EDC have been normalized by requiring that the
area under an EDC equals the yield at that photon
energy. Energy-distribution curves that have been
normalized to the yield will be called NEDC (normal-
ized EDC).

IV. PRESENTATION OF PHOTOEMISSION DATA
AND CORRELATION WITH OPTICAL DATA

In this section we present the photoemission data
and examine the NEDC to determine the energies of
the initial and Anal states leading to structure in the
optical data. In Sec. V we use the density-of-states
analysis (Sec. II and Appendix) to determine explicitly
which of the structure in the NEDC is due to direct
transitions and which is due to nondirect transitions.
In Sec. VI we compare these results of the photoemission
experiments with the pseudopotential band calculation

i~ Much of this work has been performed in our laboratory by
R. Koyama.
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FIG. 1. Absolute quantum yield for samples of
CdTe cleaved in vacuum.

by Cohen and Bergstresser" and with the orthogonalized-
plane-wave (OPW) band calculation by Herman. 4

3. Energy Distribution Curves

1. Low Vacuum Expe-riments (Pressure= IO ' Torr)

In Figs. 2—7 we present normalized energy-distribu-
tion curves (NEDC) for a sample cleaved at a pressure
of 10 ' Torr. Except for (see=16.8 and 21.2 eV, all
NEDC have been normalized to the yield so that the
abscissa is calibrated in electrons per photon per
electron volt, and electron energies are stated relative
to the valence-band maximum. For a discussion of the
calibration of the energy scale see Ref. 6 and 15.

The principal features of the low-vacuum NEDC are
the peaks P1 and P2 and the shoulders S1 and S2.
For Ace& 9.2 eV a low-energy peak appears in the NEDC
and eventually dominates the other structure. The
position and photon energy dependence of this station-

» M. L. Cohen and Y. K. Bergstresser, Phys. Rev. 141, 789
(1966).

A. Quantum Yield

The spectral distributions of the quantum yield for a
sample of CdTe cleaved in high vacuum and for a
sample cleaved in low vacuum are presented in Fig. 1.
The low-vacuum experiment resulted in an electron
amenity more than a volt lower than for the sample
cleaved at a pressure of 10 ' Torr, an increase in yield
at all photon energies, and a rise in yield for photon
energies greater than about 9 eU. Later, using energy
distributions, we show that this rise in yield is due to
the escape of secondary electrons.
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due to the combined effects of (1) low-group velocity at
critical points and (2) phonon scattering, band structure
may impress itself on photoemission through transport
effects rather than through optical transition probabil-
ity. As Kane points out, this will result in structure
that does not move as the photon energy is varied, but
is stationary in energy for Ace greater than some mini-
mum value. As can be seen from Figs. 2—7, none of the
structure observed in CdTe falls into this category
except for the low energy peak. due to scattered electrons
for A~&9.2 eV as discussed in the preceding paragraph.
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FIG. 2. Normalized energy distributions of the photoemitted
electrons for the low-vacuum-cleaved sample. 5.4&Ace&6.6 eV.

ary peak of low-energy electrons are characteristic of a
peak due to the escape of secondary electrons produced
via the pair-production mechanism. ' ' The occurrence
of this peak in the NKDC indicates that the rise in
low-vacuum yield for Ace&9 eV is due to the escape of
these secondary electrons.
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FIG. 4. Normalized energy distributions of the photoemitted
electrons for the low-vacuum-cleaved sample. 8.0&Aar&9.2 eV.
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Any distortion of the NKDC due to these transport
sects due to phonon scattering would appear not to be
detectable within the limit of our resolution (&0.2 eV).
Rather, peaks appear and disappear rather abruptly.
Thus we can rule out the possibility that the structure
to be discussed below is due to transport effects.

The peak P1 dominates the NKDC for photon
energies near 6.6 eV (Figs. 2 and 3). When it has its
maximum amplitude for Ace=6.6 eV, Pi occurs at an
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FzG. 3. Normalized energy distribution of the photoemitted
electrons for the low-vacuum-cleaved sample. 6.6&Ace&8.0 eV.

Before discussing the rich structure in the low-
vacuum NKDC for 5.4&&co&9.2 eV, it is important to
eliminate the possibility that the structure is due to
transport effects. Kane' has recently suggested that,
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the Physics of Semiconductors, Eyoto, 1966 PJ. Phys. Sac. Japan
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FIG. 5. Normalized energy distributions of the photoemitted
electrons for the low-vacuum-cleaved sample. 9.2&Ace &11.5 eV.
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convincing evidence that the structure in the CdTe
NEDC is not due to transport effects.

The features of the peak P2 in the NEDC (Figs. 3
and 4) are complicated and require the density of states
analysis (Sec. V) for a complete description. The
qualitative features of P2 are that it is sharpest for
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FIG. 6. Energy distribution of the photoemitted electrons for the
low-vacuum-cleaved sample. Aau = 16.8 eV.

energy 5.3 eV above the valence-band maximum. This
structure in the NEDC coincides with the peak at
6.8 eV in the reQectivity measured by Cardona and
Greenaway' (Er' in Fig. 8). Hence the photoemission
data determine that the structure in the optical data
for Ace near 6.6 eV is due to transitions from valence-
band states near —1.3 eV to conduction-band states
near 5.3 eV.

The electrons contributing to peak P1 have not been
electron-electron scattered from higher energies. For
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Ace=8.0 eV, yet it is strongest for It~=7.6 eV. Corre-
sponding to this structure in the NEDC there is a single
peak at 7.6 eV in the reflectivity (E&'+d & in Fig. 8).
In Sec. V we use the density of states analysis to show
that the structure in the NEDC near 6~=8.0 eV

0.50

CdTe

0.40-
8 IO I2 14 I6 I8 20 22

ENERGY ABOVE VALENCE BAND MAXIMUM (eV)

FIG. 7. Energy distribution of the photoemitted electrons for the
low-vacuum-cleaved sample. %v= 21.2 eV.

Ace=6.6 eV there are no secondary electrons at 5.3 eV
since 5.3 eV is less than a bandgap (1.6 eV) below he,
and the minimum energy loss through electron-electron
scattering is equal to the band gap. The abrupt dis-
appearance of P1 for Ace&8.4 eV indicates that the
lower limit of the valence band has been reached at
about —3.1 eV and is further evidence that a negligible
fraction of this peak is due to scattered electrons. This
disappearance of P1 for Lr &8.4 eV is not explained by
any of Kane's20 suggested transport e6'ects and is
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Shay and Spicer (Ref. 21).
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FxG. 18. CdTe eGective valence-band density of states deter-
mined by density-of-states analysis of low-vacuum photoemission
data (sample 6—2). Ef is the energy of the conduction-band state
used to derive the eGective valence-band density of states. These
curves do not superimpose due to direct transitions.

whether the structure labeled P2 at 6.2 eV in Fig. 6 is
due to excitation from the d band to the conduction-
band states previously located at 6.2 eV or due to
preferential scattering to this high density of states.
We prefer the former suggestion since P2 is not seen in
Fig. 7 for Acr=21.2 eV where the peak of scattered
electrons is strongest. The d2 reQectivity peak at 14 eV
in Fig. 8 has been interpreted as resulting from transi-
tions from the cadmium 4d band. Since the photo-
emission data have located these valence-band states
at —10.3 eV, structure in the optical data near 14 eV
is due to transitions to conduction-band states near
3.7 eV.

Z. High Vacuum Ex-Perimelts (Pressure= 10-s Torr)

In Figs. 11—16 we present NKDC for a sample of
CdTe cleaved at a pressure of 10 9 Torr. The striking
difference between these curves and the energy distribu-
tions for the sample cleaved in the monochromator
vacuum (Figs. 2-7) is that the electron affinity is more
than a volt larger for this high-vacuum cleavage. "'4
Because of the increased electron amenity, some of the
structure seen in the low-vacuum NEDC is not observed
here. In addition, the number of secondary electrons
appearing in the energy distributions is much smaller
than for the low-vacuum-cleaved sample and new
structure is resolved in the high-vacuum data.

We compare in Fig. 17 NKDC from high- and low-
vacuum experiments for a photon energy of 9.1 eV.
The superposition of these curves at high energies is
somewhat surprising since the threshold functions
(surface transmission probabilities) will differ because
of the difference in electron amenity. Furthermore, the
absolute yield for the high-vacuum experiment may be
somewhat in error since it depends upon the uniform

"A reduced electron affinity due to the 10 4 vacuum has also
been observed in CdS (Refs. 6, 15, and 24} and in CdSe (Refs.
15 and 24).

& J. L. Shay and W. E. Spicer (to be published).

response assumed for the sodium salicylate Qlm (see
Sec III). The essential point of Fig. 17 is that there
is a one-to-one correspondence between the structure
in the high-vacuum data and in the low-vacuum data.
The principal effect of the poorer vacuum is a lowering
of the electron afBnity.

The principal features of the high-vacuum NEDC are
the peaks P3, P4, and PS and the shoulder S2. The
peaks P3 and PS as well as the shoulder S2 were also
observed in the low-vacuum data (see in particular
Fig. 17).It is apparent in Figs. 14—16 that this structure
is due to transitions from a valence band that is 3.5 to
4.0 eV wide. The decrease in amplitude of the peaks as
they move to higher energies indicates that the fraction
of the electrons lost due to inelastic scattering increases
rapidly with increasing electron energy. For ko&9.7 eV
a large low energy peak appears in the NEDC. As in the
low-vacuum data, this stationary peak of low-energy
electrons is characteristic of a peak due to the escape
of secondary electrons. '" The structure P2 in the
low-vacuum NEDC (Figs. 3-5) is not resolved as a
peak in the high-vacuum data (Figs. 11-16) due to
the increased electron amenity, although it accounts
for the maximum in the NEDC for hte= 7.3 eV (Fig. 12)
and the low-energy shoulder for 8.5&her&9.7 eV.

For Lr &8.7 eV the shoulder S2 appears in the NEDC
(Figs. 13—15). As in the low-vacuum data, S2 appears
near the maximum energy indicating that it is due to
transitions from initial states near the valence-band
maximum to conduction-band states near 8.7 eV. When
S2 erst appears for ~ near 8.7 eV, the largest fraction
of these electrons are photoemitted near 8.2 eV, and
hence they have initial states at —0.5 eV. This reQects
the fact that the density of states vanishes at the top
of the valence band, and the largest transition probabil-
ity occurs for initial states slightly below the top of
the valence band. S2 moves to higher energies only
slightly for increasing photon energy moving 0.5 eV
while the photon energy is increased by 1.4 eV to 10.1
eV. For Ace& 10.1 eV, S2 disappears from the NEDC.

A peak PS appears at 6.9 eV for 8.5&Ace&10.1 eV
(Figs. 13—15). The fact that P5 is always seen at 6.9 eV
indicates that it is due to nondirect transitions to a
peak. at 6.9 eU in the conduction band. density of states.
The disappearance of PS for Ace&10.1 eV reQects a
valence-band width of 3.5—4.0 eV and indicates that
P5 is not due to electrons scattered from higher energies.
The peaks P3 and P4 both seem to originate from peak
P5 near 6.9 eV. For h~&8.9 eV (Figs. 13—16) P3 splits
from PS and moves to higher energies with its location
approximately given by

E~B=&or—1.9 eU. (1)
The motion of P3 in accordance with Eq. (1) indicates
that it is due to nondirect transitions from a peak at
—1.9 eV in the valence-band. density of states, and that
conservation of wave vector is not an important selec-
tion rule for the transitions associated with P3 (see
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Table I). In the low-vacuum experiment this valence-
band peak near —1.9 eV is coupled to a peak at 6.2 eV
in the conduction-band density of states and accounts
for peak P2 in Figs. 3 and 4 for Ace=8.0 eV.

For Ace& 9.3 eV the peak P4 splits from P5 and moves
to higher energies with its location approximately

Ep4=0.5 ko)+2.5 eV. (2)
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The motion of P4 in accordance with Eq. (2) indicates
that P4 is due to direct transitions (see Table I).Hence,
P4 trails P3, with their separation increasing as the
photon energy is increased. It is apparent in Fig. 16
that P4 is moving much more slowly than P3 since the
valley between them is deepening as the photon energy
is increased; P3 is "walking away" from P4. This is a
striking example of the simultaneous presence of direct
and nondirect transition in the same sample for the
same photon energies.

The structure observed in the photoemission data is
summarized in Table IV. This table also contains
information discussed in Secs. U and VI which follow.

V. DENSITY OF STATES ANALYSIS OF
PHOTOEMISSION DATA

In this section we determine explicitly which struc-
ture in the NKDC is due to direct transitions and which
structure is due to nondirect transitions. When direct
transitions occur in the NEDC, this analysis determines
many details about the band structure and these will

be discussed in Sec. VI.

A. Low-Vacuum Data

In Figs. 18 and 19 we present the valence-band and
conduction-band eGective densities of states derived
from the low-vacuum data. The values of the density
of states used to derive these results are shown in Table
II, and the details of this analysis are discussed in the
Appendix. In Figs. 18 and 19 and Table II, Ey indicates
the energy of the final state used to derive the effective
valence-band density of states, and E, indicates the
energy of the initial state used to derive the effective
conduction-band density of states. Recall that if the
valence-band densities of states seen by various anal
energies superimpose and if the conduction-band
densities of states seen by various initial energies

TABLE II. Scale factors for density-of-states analysis
of low-vacuum photoemission data for CdTe.

g eff(g~)
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FIG. 19. CdTe efFective conduction-band density of states
determined by density-of-states analysis of low-vacuum photo-
emission data (sample 6-2). E; is the energy of the initial state
used to derive the efFective conduction-band density of states.
These curves do not superimpose due to direct transitions.
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superimpose, then one must conclude that the nondirect
model is sufhcient to explain the photoemission from
CdTe. In some regions of Figs. 18 and 19, two curves
differ by as much as a factor of 3. This lack of super-
position is due to direct transitions, and the ratio of the
amplitudes of two curves indicates the strength of these
direct transitions.

In those regions of Figs. 18 and 19 where the curves
superimpose, the corresponding features of the NEDC
are due to nondirect transitions. We see that there is a
nondirect "background" in the NEDC due to a peak
in the valence-band effective density of states at about
—1.9 eV and gentle peaks in the conduction-band effec-
tive density of states near 5.3 and 6.2 eV. The decrease
in the effective conduction-band density of states with
increasing energy probably indicates that the fraction of
electrons lost due to inelastic scattering increases with
electron energy. The apparent rise in the effective val-
ence-band density of states for E&—3.6 eV corresponds
to the large peak of inelastically scattered electrons ap-
pearing in the NEDC for Lr~&9.2 eU. In Fig. 20 we
have sketched our estimate of the CdTe effective density
of states based on the nondirect contributions to the
NEDC.
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103—1.7—2.1—2.5—2.9
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FIG. 20. CdTe efFective density of states estimated from nondirect
transitions observed in the energy distributions,
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FIG. 21. CdTe effective valence-band density of states deter-
mined by density-of-states analysis of high-vacuum photoemission
data, (sample 6—1).Ef is the energy of the conduction-band state
used to derive the eGective valence-band density of states. These
curves do not superimpose due to direct transitions.

%e now discuss the direct transitions which this
analysis shows to be present in the NEDC. In Fig. 18
the curves for Ef= 5.1 and 5.5 eV indicate that there are
numerous direct transitions to these Anal states from
initial states near —1.3 eV. The corresponding feature
of the NEDC is the peak P1 which reached a maximum
amplitude for Ace= 6.6 eV when it coupled valence-band
states near —1.3 eV to conduction-band states near
5.3 eV (Figs. 2 and 3). This structure in the photo-
emission data correlated well with the E~' peak at 6.8 eV
in the reflectivity (Fig. 8). In Fig. 19 we see that the
number of electrons excited to the conduction-band
peak at 5.3 eV from initial states near —1.3 eV is about
twice as much as predicted by the nondirect model.
Hence we have explicitly shown that the structure P1
which appears abruptly in the NEDC for Ace=6.6 eV
and disappears shortly thereafter (Figs. 2 and 3) is due
to direct transitions.

It can be seen in Fig. 18 that the strongest direct
transitions from valence-band states close to the top
of the valence band are to conduction-band states near
Ef=5.9 eV. The corresponding feature of the NEDC is
the shoulder S1 (Pig. 2) which appears for h~&5.8 eV.
We showed in Sec. IV that S1 corresponded to the slight
shoulder near 5.8 eV in the reRectivity. It is apparent
in Fig. 18 that the weakness of this structure is due to
the small density of states close to the top of the valence
band, and the strength that S1 does have is almost
entirely due to direct transitions.

The peak P2 in the NEDC which remains at 6.2 eV
for ha»8. 0 eV (Figs. 3 and 4) is due to nondirect
transitions to a gentle peak at 6.2 eV in the conduction-
band density of states. This is obvious from Fig. 19,
since all valence-band states below about —1.7 eV
see approximately the same effective conduction-band
density of states having a slight peak at 6.2 eV. However,

CdTe EFFECTIVE CONDUCTION BAND DENSITY OF STATES, . Ez
-0.8
-I.3
-I 9
-2.3
-2.8
-3.3

,
-3.8
-4.3

0 I l I I 1

6 7 8 9 Io
ENERGY ABOVE VALENCE SANO MAXIMUM (eV)

F&G. 22. CdTe effective conduction-band density of states
determined by density-of-states analysis of high-vacuum photo-
emission data (sample 6—1). E; is the energy of the initial state
used to derive the effective conduction-band density of states.
These curves due not superimpose due to direct transitions.

for 6.6&ko&8.0 eV the structure P2 in the NEDC
(Figs. 2 and 3) consists of portions due to both direct
and nondirect transitions. The direct transitions can
be seen in Fig. 18 where Anal states between 5.9 and
6.5 eV show large numbers of direct transitions for
valence-band states within about 1.3 eV of the top of
the valence band. The nondirect transitions to the
conduction-band peak at 6.2 eV are strongest for
6~=8.0 eV when the peak in the valence-band density
of states at —1.9 eV is coupled to these 6nal states
(Figs. 2 and 3). For ha&)8 eV, nondirect transitions
from the peak in the valence-band result in peak P3
which moves to higher energies in accordance with
Eq. (1) (Pigs. 13-17).

The shoulder S2 appears in the NKDC for A~&8.7 eV
when initial states near the top of the valence band are
coupled to final states near 8.7 eV. This structure is not
seen in Fig. 18 because we have only included Anal states
below 7.7 eV. For higher-lying 6nal states the contribu-
tions due to scattering become excessive. In Fig. 19 the
eGective conduction-band densities of states seen by
E;= —0.7 and —0.9 eV peak near 8.5 eV corresponding
to the appearance of S2 in the NEDC. The structure
S2 is considerably sharper in the high-vacuum data
(see Fig. 17).

3. High-Vacuum Data

In Figs. 21 and 22 we present the valence-band and
conduction-band effective densities of states derived
from the high-vacuum data. The values of the density
of states used to derive these results are shown in
Table III, and the details of this analysis are discussed
in the Appendix.

In those regions of Figs. 21 and 22 where the curves
superimpose, the corresponding features of the NEDC
are due to nondirect transitions. As in the low-vacuum
data (Figs. 18 and 19), we see that there is a nondirect
"background" in the NEDC due to a peak in the
valence-band density of states at about —1.9 eV and a
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peak in the conduction-band density of states near 6.2
eV. The lower portion of this peak is distorted due to
rapidly rising threshold function. The peak. in the
valence band explains the peak P3 which appeared in
the NEDC (Figs. 13—17) and moved to higher energies
in accordance with Eq. (1). In Sec. IV we showed

qualitatively that this motion in accordance with
Eq. (1) is characteristic of nondirect transitions, and
now we have explicitly shown that the peak P3 is due
to nondirect transitions from a peak at —1.9 eV in the
valence-band density of sta, tes. The decrease in the
effective conduction-band density of states (Fig. 22)
with increasing energy suggests that the fraction of
electrons lost due to inelastic scattering increases with
electron energy as would be expected. We see from
Fig. 21 that the valence band is about 3.7 eV wide.
The apparent rise in the eGective valence-band density
of states for E&—3.7 eV corresponds to the appearance
of secondary electrons in the NEDC.

We now discuss the direct transitions which this
analysis shows to be present in the NEDC. Because of
the larger electron amenity for the high-vacuum-
cleaved sample, we observe only a portion of the direct
transitions contributing to P2, in the low-vacuum
experiment. However, as in the low-vacuum data
(Fig. 18), we see in Fig. 21 that final states between
about E~ 6.0 and 6.7 eV ——show direct transitions for
valence-band states within about 1.3 eV of the top of
the valence band.

We now show that the shoulder S2 which appears in
the NEDC for 8.7&6~&10.1 eV is due to direct transi-
tions. This case is a good example of the power of the
density of states analysis. Although the shoulder S2
accounts for only a small fraction of the NEDC, it
shows up as a large effect in this analysis. In Fig. 23 we
show portions of the effective valence-band densities of
states seen by conduction-band. energies of 7.7 and
8.2 eV. Conduction-band states at 8.2 eV are coupled
by both direct and. nondirect transitions to initial states

t

p -I 0
ENERGY ABOVE

VALENCE BAND MAXIMUM (eV)

FIG. 23. Selected curves from Fig. 21 sho~ving explicit separation
of direct and nondirect transitions.

VI. THE BAND STRUCTURE OF CdTe

In this section we assign sorn. e of the direct transitions
observed in the photoemission data to specihc regions
of the Brillouin zone. We first show that several earlier
assignments of structure in the optical data are incon-
sistent with the photoemission data. 4 We then mak. e
use of the photoemission data, to suggest possible new
assignments for the optical and photoemission structure.

Since the photoemission data will be used to deter-
mine features of the band. structure, it is important that
the reader understand the spirit in which this is done.
Although it is usual to associate structure in optical
data with symmetry points in the band structure, it is

Thar.z IH. Scale factors for density-of-states analysis of
high-vacuum photoemission data for CdTe.

—0.8—1.3
19—2.4—2.8—3.3—3.8—4.3

5.3
7.8
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5.7
3.9
2.8
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3.15

6.0
6.2

6.7
7.2
7.7
8.2
8.7
9.2

4.68
4.86
4.73
3.78
3.02
2.27
1.83
1.63
1.35

within about 1.5 eV of the valence-band maximum. The
total number of transitions is small because the density
of states is small, but it is clear that at least half of the
electrons excited to conduction-band states at 8.2 eV
from initial states near —0.7 eV result from direct.
transitions.

We showed in Sec. IV 8 that P4 (Figs. 14-16) is due
to direct transitions since it moves in accordance with
Eq. (2). This structure is more easily seen in the NEDC
than in the density of sta, tes analysis since a larger
fraction of the electrons at higher energies in the NED C
are inelastically scattered before escaping. Nonetheless,
the direct transitions causing P4 are also observed here.
In Fig. 21 we see that there are direct transitions to
final states near EJ——8.2 eV from initial states near
—3.0 eV.

The variations of the effective conduction-band
densities of states (Fig. 22) for 7.0&E&8.0 eV show
that states close to the top of the valence band. are
weakly coupled to these final states. This variation was
also observed in the low-vacuum data (Fig. 19), and
accounts for the paucity of high-energy electrons in
the NEDC for her= 8.0 eV (Figs. 3 and 12).

In summary, we have analyzed the photoemission
energy distribution curves to determine explicitly
whether structure is due to direct or nondirect transi-
tions. Structure due to nondirect transitions has al-
lowed us to determine features of the effective density
of states (Fig. 20). In the following section we use the
direct transitions to obtain features of the electronic
band structure of CdTe.
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FIG. 24. Herman's OPW band structure for CdTe (Ref. 4).
Cross-hatching indicates initial and Qnal states for direct transi-
tions located by photoemission data.

» E. O. Kane, Phys. Rev. 146, 558 (1966).
~6 H. Ehrenreich, H. R. Philipp, and J. C. Phillips, Phys. Rev.

Letters, 8, 59 (1962).
~7 F. Herman, C. Kuglin, K. Cu8, and R. Kortum, Phys. Rev.

Letters, 11, 541 (1963).

clear from recent work such as that by Kane'5 that a
large region of k space is necessary to produce strong
peaks in optical data. As a result, the energy gap at the
sylnmetry point may not exactly equal the most
probable energy for the optical transition. The photo-
emission data determine the 6nal energy to which the
optical transition is most probable. Although the
symmetry point of the band structure may not exactly
equal this energy, in the interpretation of data in this
article, we will follow the usual practice of relating
optical and photoemission peaks to symmetry points
of the band structure. However, it must be remembered
that since a, large volume in k space is necessary for a
strong direct optical transition, the optical and photo-
emission peaks may correspond to regions of k space
which lie somewhat away from the symmetry points
with which they are associated.

We have shown in Sec. IV that the photoemission
peaks Pi and P2 (Figs. 2—4) are associated with the
optical peaks at 6.8 and 7.6 eV (Fig. 8). Previously this
structure in the optical data has been assigned' ""to
transitions from the spin-orbit-split valence band L3, to
the conduction band L3,. This assigriment required the

fl, rIul energies to be the same for both optical peaks.
From Figs. 2—4 and the discussion in Sec. IV it is clear
that this is not the case, since the anal state for the
6.8 eV optical peak lies at 5.3 eV and that for the 7.6 eV
optical peak lies at about 6.2 eV. Thus the assignment
of the two optical peaks to transitions to the same final
state can be discarded at once.

The systematics of the optical data for the series
ZnTe, CdTe, and HgTe also argue against the previous
assignment. Theoretically, it is expected' that the
spin-orbit splitting of the valence band should be
approximately the same for the series ZnTe, CdTe,
and Hg Te. Experimental con6rrnation' is found for this

in the splitting of the Ej refiectivity peaks which are
assigned to Ls„—+ Li transitions: 0.56 eV (Zn Te),
0.56 eV (CdTe), and 0.62 eV (HgTe). However, for
the transitions assigned to Ls„—+ Ls, (Ei' peaks), the
splittings are quite diferent: 0.59 eV (ZnTe), 0.88 eV
(CdTe), and 1.25 eV (Hg Te). Cardona and Greenaway's
data also show that the shapes and relative strengths
of the E~' peaks vary considerably among these com-
pounds whereas this is not the case for the E~ peaks.
This suggests that the splitting of the E~' peaks is not
due to spin-orbit splitting of the valence band.

lt might be suggested that the 6.8 and 7.6 eV reflec-
tivity peaks are due to transitions to a spin-orbit-split
conduction band L3,. There are three arguments which
indicate that this is not the case; two of these are based
on the known spin-orbit splitting of the valence band
Ls„(0.6 eV).

1. A spin-orbit-split L3, would produce four optical
peaks rather than the two observed.

2. The valence-band splitting would cause additional
structure near both P1 and P2 in the NEDC, but none
is observed.

3. Certain theoretical calculations"" indicate that
conduction-band spin-orbit splittings are much less
than valence-band splittings of 0.6 eV, whereas the
observed final-state energies for the 6.8 and 7.6 reflec-
tivity peaks in CdTe di8er by 0.9 eV.

Having shown that the 6.8 and 7.6 eV optical peaks
are not due to spin-orbit-split L3.~ L3, transitions, we
look to other regions of the zone for the origins of these
peaks. The initial and final states for three of the direct
transitions which we observe in the photoemission data
are sketched onto Herman's4 calculated band structure
in Fig. 24. We compare Herman's band structure
with that of Cohen and Bergstresseris in Fig. 25. Since
we have demonstrated in Sec. V that P1 is due to direct
transitions, if these band calculations are correct, they
must provide a location for this structure. Although
there are valence-band states at X at the energy of the
initial states for P1, there are no X conduction-band
states near the 6nal states for P1. Similarly, these
calculations do not permit P1 to be near either L or F.
Herman4 has also calculated the bands along the zone
edge from W to E. These bands (Fig. 24) provide high
densities of states in the valence and conduction bands
corresponding to the initial and final states for P]. at a
photon energy of 6.6 eV. Hence the structure P1 in the
NEDC corresponding to the E~' reQectivity peak at
6.8 eV is most likely due to direct transitions near the
zone edge from W to E.

In Sec. V we demonstrated that for A~=8.0 eV the
structure P2 in the NEDC is due to nondirect transi-
tions from a peak near —1.8 eV in the valence-band
density of states to a peak at 6.2 eV in the conduction-
band density of states. Figure 24 suggests that these
conduction band states lie near L3 and the valence-band
states lie near the zone edge. For photon energies above

s' J. C. Phillips and L. Liu, Phys. Rev. Letters 8, 94 (1962).
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8.0 eV P2 remains at 6.2 eV (Fig. 4) because of nondirect
transitions to the peak in the conduction-band density
of states, and a peak P3 (Figs. 13—16) due to nondirect
transitions from the peak at —1.9 eV in the valence-
band density of states moves to higher energies in
accordance with Eq. (1). At lower photon energies

( 7.2 eV) some of P2 is due to direct transitions to final
states near 6.2 eV (Sec. V). Before discussing the origin
of these direct transitions, let us discuss the shoulders
S1 and S2 (Figs. 2, 4, and 13—15).

The abrupt manner in which both S1 and S2 appear
in the NEDC is characteristic of direct transitions
(Sec. II). In fact we have shown explicitly in Sec. V
that these shoulders are due to direct transitions. Since
the shoulders appear near the maximum energy, they
can only be due to transitions from states near the
valence-band maximum F15„. In this article F~5, refers
to the uppermost (Fs) of the spin-orbit-split levels I'is„.
Thus we assign S1 to F15,—+ F~5. transitions. Since S1
appears for Lr greater than 5.8 eV, we locate F~5, at
5.8 eV. Cardona and Greenaway' have assigned the Eo'
reflectivity shoulder (Fig. 10) at 5.2 eV to Pis„—+ Pis,
transitions. This assignment is not consistent with the
photoemission data, since transitions to F15, only occur
for Aao&5.8 eV. We suggest instead that the slight
shoulder at 5.8 eV in the reQectivity data is due to
F».—+ F», transitions. S2 appears abruptly for Lr&8.7
eV placing the third I' conduction band (probably I'i)
near 8.7 eV. Corresponding to S2, the edge of the broad
optical structure labelled d1by Cardona and Greenaway'
appears at about 8.7 eV. Herman's band calculation
(Fig. 24) places I'i at 8.8 eV in good agreement with our
value. For Ace&8.7 eV S2 moves slightly to higher ener-
gies until A~=10.1 eV. For Lr&10.1 eV S2 disappears
from the NEDC indicating the termination of the bands
which cause S2. Herman's band structure (Fig. 24) sug-
gests that S2 is in part due to states in the A. direction.
In that case S2 disappears abruptly since the joint
density of states decreases rapidly off the A. axis.

Having shown that S1 is due to the direct transition
F15„—+ F15„a possible origin of the direct transitions
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Fro. 25. Comparison of Herman's (Ref. 4) OPW band structure
(solid curve) and Cohen and Bergstresser's (Ref. 18) pseudo-
potential band structure (dashed curve) for CdTe.

contributing to P2 becomes apparent. For A'co&5.8 eV
the transitions causing S1 for A,co=5.8 eV move away
from F in the general direction of I..These direct transi-
tions do not lead to a peak in the NEDC because P1 is
a much stronger transition, but they do lead to the
large number of electrons excited to within 1 eV of the
highest energy for hot near 7.2 eV (Fig. 3). These direct
transitions were clearly seen in the density of states
analysis presented in Sec. V. For Ant&7. 6 eV these
direct transitions drop out of the NEDC and a well
defined peak P2 is observed due to the nondirect
transitions to the conduction-band density of states
peak at 6.2 eV from the peak at near —1.9 eV in the
valence-band density of states. This peak in the valence-
band density of states produces the peak P3 for Acr& 8.0
eV (Figs. 13—17).

In Sec. IV we pointed out that P3 was "walking
away" from P4 (Figs. 14-16) because the energy of the
initial states for P4 decreased with increasing Ant (direct
transitions) whereas the energy of the initial states for
P3 did not change with increasing &or (nondirect
transitions). It is apparent from Fig. 24 that the initial

TmLE IV. Summary of CdTe photoemission data.

4u Label

66 P1
~7.2 P2

80 P2

5.8 S1
87 S2

&8.0 P3

&9.3 P4
&85 P5

D

Energya of
6nal state

5.3
~6.2

6.2

5.8
8.2d

Aco —1.9

0.5 Acr+2. 5
6.9

Energy' of
initial state

0.0—0.5

—1.9

—0.5 Ace+2.5

—10.3

Nature
of

transition

Direct
Direct
Nondirect

Direct
Direct

Nondirect

Direct

Corresponding
feature of

optical datab '

6.8 (Bt')
7.6 {EI'+b,I)
8 Oo

5.8
dI beginning

near 8.7 eV

Present
assignment

Zone edge near O'-X
Direct transition
Coupling of peaks in

density of states
~15' ~ ~15c
~lsy ~ I lg

Peak in valence band
density of states

N'ear Z and 6 axes

Transitions from
d band

Earlier
assignment

I/3v Lt 3cI a.~ Lso
Is.~ Lsc

Xg, —+ X3,
Threshold of

d-band transitions

Transitions from
d band

a Energies are given in eIectron volts above the valence-band maximum. The estimated uncertainty in the location of peaks in the NEDC is ~0.2 eV.
b Reference 3.
& Reference 21.
d The motion of S2 with increasing photon energy is discussed in Secs. IV and VI.



J. L. SHAY AND E. SP ICE R

states for P4 are in the second valence band" which
extends from —3.5&E(0eV. We note from the NEDC
(Fig. 16) and Eq. (2) that for &co=11.8 ev the initial
states for P4 are at —3.4 eU, close to the lower limits
of the valence band located by the disappearance of
P1 (Fig. 4) and P5 (Fig. 15), and that the final states
are near 8.4 eU. Figure 24 suggests that the states
leading to P4 lie near the Z and d, directions and that
P4 is moving toward the X point as the photon energy is
increased.

In Table IV we summarize the structure observed in
the NEDC. We include the assignments suggested by
this work as well as earlier assignments.

VII. CONCLUSIONS

We have shown that the structure in the photoemis-
sion from CdTe results from a mixture of direct and
nondirect transitions. By correlating structure in the
energy distributions of the photoemitted electrons with
structure in the optical data, we determine the absolute
energies of the iriitial and final states for the transitions
associated with structure in the optical data. These data
are summarized in Table IV.

When structure in the optical and photoemission
data is due to direct transitions, the photeemission
data provide a measurement of the energies of specific
levels in the band structure. In this way we have
determined the energies of I'~5„1'~., and the uppermost
valence band and second conduction band along the
zone edge between H/' and E. In addition we find weaker
direct transitions probably associated with the A

direction. We have used the density-of-states analysis
to determine the eGective density of states causing the
nondirect contributions to the NEDC. The nondirect
transitions observed in the photoemission data are due

principally to a peak at —1.9 eV in the valence-band
density of states and a gentle peak at 6.2 eV in the
coriduction-band density of states. We find that the
valence band is about 3.7 eV wide in reasonable agree-

ment with band theory.

and zero otherwise. On this model the energy distribu-
tion of the photoexcited electrons per absorbed photon,
i.e., the normalized distribution, is

¹ (E)¹ (E—Ao))

n(E, A~) =
¹(E)¹(E—ha))dE

(A1)

where X„and S, are the valence-band and conduction-
band densities of states.

The energy distribution of the photoemitted electrons
(NEDC) differs from the energy distribution of the
photoexcited electrons Eq. (A1), for the reasons given
above. If the surface of the solid is planar and if there is

no scattering, then only half of the photoexcited elec-
trons are initially heading toward the surface. Further-
rnore, the threshold function (or surface transmission

probability), T(E), is the probability that an electron
reaching the surface with energy E will escape the solid.
For energies below the vacuum level, T(E)=0; for
energies above the vacuum level it is expected that
T(E) will be a smooth function of energy.

Corrections to Eq. (A1) due to electron-electron
scattering of electrons out of the energy distributions
can be approximated. It is assumed' that e 'I (~~ is
the probability that an electron excited to an energy
E at a distance x from the surface will travel to the
surface without su6ering an inelastic collision. We refer
to L(E) as the escape depth for electrons at energy E.
At a distance x from the surface the intensity of radia-
tion is proportional to e, where n(A~) is the absorp-
tion coefficient for a photon energy Acr. If n is much
larger than 1/L, most of the absorption is within an
escape depth of the surface and relatively few electrons
are inelastically scattered on their way to the surface;
if n is much smaller than 1/L, light reaches far into the
crystal and there is a large probability that an electron
will be scattered before it reaches the surface. It is
readily shown" that the fraction of electrons excited to
an energy E that reach the surface without scattering is

APPENDIX: DENSITY-OF-STATES ANALYSIS

I. Energy, Distribution Predicted by Nondirect Model

u(h(u) L(E)
S(E,ko) =

1++ (Ao))L (E)
(A2)

The energy distributions of the photoemitted elec-

trons (NEDC) differ from the energy distributions of
the photoexcited electrons due to scattering processes
and the potential barrier at the surface. Here we derive
the expression for the NEDC predicted by the nondirect
model; in part 2 we present the details of the density-
of-states analysis" and give a simple example.

The nondirect model assumes that the strength of an
electronic transition is proportional to the product of
the initial and final densities of states. The matrix
elements coupling initial and anal states are assumed

equal to a constant for all transitions conserving energy

~The valence bands are numbered in order of increasing
energy. Bands 2, 3, and 4 appear in Fig. 24.

If all scattered electrons are unable to escape the solid

(i.e., are electron-electron scattered to energies below

the vacuum level), the energy distribution of the
photoemitted electrons is given by

T(E)5 (E,Ao&) ¹ (E)¹ (E—Pie&)

m(E, Aa)) = . (A3)

2 ¹(E)¹(EPuo)dE—
Since the minimum energy loss through electron-
electron scattering is equal to the band gap, and the
more probable energy losses exceed the band gap,
Kq. (A3) is a reasonable treatment of electron-electron
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""N, (E)N„(E ha&)dLi'—

(A4)

where A is an undetermined constant. Also, on the basis
of photoemission data alone, the product T(E)N. (E)
cannot be resolved into the two distinct quantities. We
therefore define this product as the effective conduction-
band density of states N;"(E). Substituting Eq. (A4)
into (A3) and introducing N;"(E) we have

scattering, at least for photon energies within about a
band gap above the threshold for photoemission.

In the derivation of Eq. (A3) we have ignored all
effects due to phonon scattering. For the cases of
interest here, photoemitted electrons are suKciently
energetic that electron-electron scattering can be
expected to provide the dominant energy loss mechan-
ism. Furthermore, we showed in Sec. IV that none of
the transport effects suggested by Kane2p are observed
in the CdTe photoemission data. However, as discussed
previously, low-energy peak. s appearing at higher-
photon energies are produced by the pair-production
scattering event.

For the nondirect model of electronic excitation, the
imaginary part of the dielectric function ~2 is simply
related' to the denominator in Eq. (A3)

include L(E) in the effective conduction-band density
of states and Eq. (A7) reduces to

N,"'(E)N„(E—her)
e(E,A(o) ~

gpCO

where N,""(E)=L(E—)T(E)N, (E).

2. Theory of Density-of-States Analysis

We shall describe the density-of-states analysis using
Eq. (A9) which is valid when nL«1. If uL))1, then the
energy distributions are given by Eq. (A8) and the
analysis which follows must be modified by replacing
nares by esse. The low yield (1—10 percent) measured at
photon energies when all final states are above the
vacuum level indicates that most electrons are electron-
electron scattered before they reach the surface; hence
nL((1 and Eq. (A9) applies. A knowledge of the ab-
solute yield and the absorption coefficient allows us to
estimate the escape depth for the high-vacuum-cleaved
sample. It is apparent from Figs. 21 and 22 that for
A~) 10 eV most of the absorption is to final states well
above the vacuum level. It follows from Eq. (A2) that
the yield is approximately

0.5nI.T

n (E,ho)) =
AS (E,4))N;"(E)N, (E h~)—

(AS)
(A10)

Finally, we combine terms to form a correction term

C(E,her) =AS(E,A(o)

)
26~

so that the energy distribution of the photoemitted
electrons (NEDC) is given by

e(E,A(o) =C(E,A(o)N "'(E)N, (E—hro) . (A7)

rr(E, M) ~
N;"(E)N„(E hr0)—

62QP

(AS)

The second limiting form is used when nL«1. For this
case the escape depth is short compared to the absorp-
tion depth so that most electrons are electron-electron
scattered before they reach the surface. Then S(E,hco)

=aL and C(E,hco) ~ nL/(ssaP) ~ L/(neo). The refrac-
tive index mp is available from published optical data,
but we cannot reliably estimate L(E). We therefore

We now discuss two approximations for C(E,A&0)

which are used since we cannot reliably estimate the
energy dependence of the escape depth L(E). When
nL))1, the escape depth is long compared to the absorp-
tion depth (1/n) so that most electrons reach the surface
without scattering. Then S(E,hco)= 1 and C(E,hco) ~ 1/
(ss(o'). Using published optical data for s&, C(E,hco) is
determined and Eq. (A7) reduces to

In Eq. (A10), L is an average escape depth. This form
will suSce here even though Spicer" has given an exact
expression for the appropriate average over the escape
depths of the photoemitted electrons. For A~= 10.2 eV,
F'=0.035 (Fig. 1) and if we assume that T=0.25, then
nI-=0.39. Using an absorption coeKcient" of 9.5X10'
cm ', we find that the escape depth is about 41 A
for electrons about 8.5 eV above the valence-band.
maximum.

The density of states analysis determines the valence-
band density of states in the following manner. If we
choose a fixed final-state energy E=E~, then in Eq.
(A9), N '(Er) is a constant. For a photon energy
&or, the valence-band density of states at an energy Ef—Ace is proportional to the amplitude of the NEDC at
an energy E~, and to npco.

N„(Eg—hco) ~ e(Ef,hro) .
N efP(E )

(A11)

In other words, the amplitudes of the NEDC at only
one energy E~ but for all photon energies sufBce to
determine the relative valence-band density of states
seen by a anal-state energy Ef. If we choose another
final energy Ef, the relative valence-band density of
states can again be determined. In general the valence-
band densities of states computed in this manner will

not superimpose for diferent final states since the

"M. Cardona, J. Appl. Phys. M, 2181 (1965).



J. L. SHAY AND E. SPI CER

E~
~Is~os~ 5 5

6,5
~~0~4~ 75

8.5

N„(E) N,"'(E)

--5

Ei
p

~~ ~0~I~ «P Q
-3p

~to~ooeaa «4 p

hl

hl

-2

1

-2 -l P 5 6 7
E (eV above valence band maximum)

FIG. 26. Example of density-of-states analysis of typical photo-
emission data. Ey is the energy of the conduction-band state used
to derive the valence-band density of states tV, (E); E; is the
energy of the initial state used to derive the effective conduction-
band density of states 1V;"(E).The points indicate the values
used in Eqs. (A11) and (A12).

NEDC LEq. (A9)) is also proportional to the effective
conduction-band density of states ¹''(E). The scale
factors 1/1V;"'(E) are determined by making the com-
puted valence-band densities of states superimpose. The
resulting ¹"'(Et)is the effective conduction-band
density of states. If the valence-band densities of states
seen by all anal states superimpose, one must conclude
that the nondirect model is sufhcient to completely ex-
plain the photoemission data.

If the shapes of the valence-band densities of states
seen by any two 6nal states diGer, one must conclude
that the nondirect model is not suKcient to explain the
photoemission data. Although a unique density of states
cannot be determined, the general features of the
valence-band density of states (peaks, dips, etc.) are
apparent when one compares the valence-band densities
of states seen by various Ey.

The density-of-states analysis determines the conduc-
tion-band density of states in the following manner.
If we choose a 6xed initial state energy E;=E—Ace,

then in Eq. (A9) 1V„(E,) is a constant. For a photon
energy Lr, the effective conduction-band density of
states at an energy E;+bra is proportional to the
amplitude of the NEDC at an energy E;+hei and to Neo~

ÃpCO

¹'"'(E;+Aoi)~ n(E;+ha), ho)), (A12)
1V„(E;)

where 1V,(E,) is a constant. In other words, the ampli-
tudes of the NEDC at an energy Ace above one initial
energy but for all photon energies sufBce to determine
the relative conduction-band density of states. If we
choose another initial energy E;, the relative conduc-
tion-band density of states can again be determined.
In general, the effective conduction-band densities of

states computed in this manner will not superimpose for
diferent initial-state energies since the NEDC LEq.
(A9)j is also proportional to the effective valence-band
density of states 1V„(E;).The scale factors 1/1V„(E,) are
determined by making the effective conduction-band
densities of states superimpose. The resulting 1V,(E;) is

is the valence-band density of states. If the effective
conduction-band densities of states seen by all initial
states superimpose, one must conclude that the non-
direct model is sufhcient to explain the photoemission
data.

The test for the validity of the nondirect model is
therefore very simple and straightforward. One attempts
to derive the valence-band and conduction-band e8ec-
tive densities of states from the photoemission data.
The results must be consistent in that the densities of
states derived using various initial and anal states
must be the same. If the curves superimpose, one must
conclude that the density-of-states model is sufficient to
explain the photoemission data. On the other hand, if
the densities of states do not superimpose, one must
conclude that the density of states model is not suQicient
to explain the photoemission data. The amount by
which the curves do not superimpose is a quantitative
measure of the matrix element variation required to
explain the photoemission data.

We now give a simple example of the density of
states analysis showing the effects of the simultaneous
presence of direct and nondirect transitions. We show

in Fig. 26 the valence-band and conduction-band
effective densities of states which might result from the
density of states analysis of a typical set of photoemis-
sion data. The circles indicate the scale factors used in

Eqs. (A11) and. (A12). Et is the final-state energy used
to derive the valence-band density of states; E; is the
initial-state energy used to derive the effective conduc-
tion-band density of states.

Since most of the curves in Fig. 26 superimpose, the
nondirect model explains most of the photoemission
data. However, the effective conduction-band density
of states seen by E;=—1.0 eV lies above the other
densities of states for E=6.5 eV, and the valence-band
density of states seen by Ey= 6.5 eV lies above the other
densities of states for E=—1.0 eV. This indicates that
transitions from initial states near —1.0 eV to final
states nea, r 6.5 eV are stronger than the nondirect
model predicts. About half of the electrons excited from
initial states near —1.0 eV to 6nal states near 6.5 eV
result from direct transitions.

1Vote added in proof. Professor Marvin Cohen has
independently recognized that the regions of the Bril-
louin zone near 8' and E are important in the II—VI
compounds (private communication).
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