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Photoemission measurements have been made at photon energies between 7.8 and 11.6 eV
on single crystals of wurtzite ZnO cleaved at pressures <10°1° Torr. Additional measure-
ments have been made from 11.6 to 21.2 eV in pressures of about 10~ Torr. Important fea-
tures of the density of states are deduced from the energy distributions of the photoemitted
electrons. With respect to the top of the valence band, maxima in the conduction-band density
of states are located at 8.5+ 0.2 eV and 10.4 + 0.2 eV, while two maxima in the valence-band
density of states are found at —1.6+0.2 eV and —2.8 +0.2 eV. The 3d band of Zn is located
at —7.5+ 0.2 eV. In addition, the valence band appears to be about 5 eV wide in contrast to
widths of about 2—3 eV for other II-VI compounds such as ZnS, CdS, and CdSe. These fea-
tures are in qualitative agreement with both a recent pseudopotential calculation by Bloom
and, excepting the valence-band width and the location of the 34 levels, with the Green’s-func-
tion (Korringa-Kohn-Rostoker) calculation of Réssler. The d bands are placed some 3 eV
lower than predicted by Rdssler’s calculation; however, our assignment is in good agreement
with recent x-ray photoemission measurements and is shown to be consistent with the low
value of the effective number of free electrons ng; calculated from the reflectivity. The ef-
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fect of inelastic scattering due to pair production is also discussed.

I. INTRODUCTION

Over the last decade extensive ultraviolet (uv)
photoemission studies have been made on many
IIB-VIA compound semiconductors, including the
sellenides, sulphides, and tellurides of Zn and
Cd.'-® Such measurements have yielded essential
information on the higher-energy band structure of
these materials; however, no corresponding stud-
ies of wurtzite (hexagonal) ZnO have been reported.

The purpose of the present study has been to use
photoemission techniques to investigate the elec-
tronic structure of wurtzite ZnO over as wide a
range of photon energies as possible. Of particular
interest in the photoemission experiment were the
location of the Zn 3d core states, the width of the
upper valence bands, and structure in the conduc-
tion-band (CB) and valence-band (VB) density of
states.

II. EXPERIMENTAL METHODS

The experiments reported here have been per-
formed at room temperature on cleaved single-
crystal ZnO. The most satisfactory cleavage plane
was the (1010) prism face parallel to the ¢ axis.
High-vacuum experiments (at pressures less than
10719 Torr) were performed in situ using the cleav-
ing chamber and vacuum system described by
Derbenwick.? The LiF window that seals the ul-
trahigh vacuum chamber will not, unfortunately,
pass uv radiation having energy above 12 eV,
Therefore, to extend these measurements beyond
the 12-eV cutoff, a knock-off LiF window of the
type developed by Krolikowski® was used. In this
case, the sample is first cleaved and studied in

the high vacuum chamber. Next, the LiF window
is knocked off, exposing the sample to the low
vacuum (=10~ Torr) of the monochromator (Mc-
Pherson model No. 225). There is then no win-
dow between the light source and the sample. A
Hinteregger-type discharge lamp with a source gas
of hydrogen was used as a continuum light source
from the photoemission threshold near 8eVto about
14. 5 eV, while the sharp resonance lines of Nel
and He I were used at photon energies #Zw=16. 8

and 21.2 eV, respectively. The energy distribu-
tions of photoemitted electrons (EDC’s) were mea-
sured using the ac-modulated retarding-potential
method of Spicer and Berglund® as improved by
Eden. "

I1I. PHOTOEMISSION STUDY OF ZnO

A. Energy Distributions of Photoemitted Electrons

In Figs. 1-5 we present selected EDC’s for the
photoemitted electrons. All the EDC’s for 7w <12
eV have been normalized to the absolute quantum
yield shown in Fig. 6. That is, the area under an
EDC equals the measured yield at that photon en-
ergy. However, it was not possible to take yield
data for Zw>12 eV owing to the absence of a cali-
brated phototube in this energy region. Higher-
energy EDC’s are therefore not normalized. Elec-
tron energies are stated relative to the valence-
band maximum (VBM) and the energy scale has an
instrumental uncertainty of +0. 2 eV. Photoemis-
sion measurements were also made on ZnO using
linearly polarized light in the range 8-10 eV, the
electric vector being parallel and perpendicular to
the ¢ axis. No significant differences were ob-
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FIG. 1. Normalized energy distributions of the photo-
emitted electrons. 8.8=< /%y =<10.4 eV. The dashed
curves represent contributions to the EDC’s from the un-
cleaved-sample sides.

served between these EDC’s and EDC’s taken us-
ing unpolarized light.

The value of the threshold voltage obtained from
the zero intercept of the EDC’s is found to be 7. 8
+0.2 eV. Since the band gap of ZnO at room tem-
perature is 3. 34 eV, the electron affinity for an
atomically clean (1010) surface of ZnO at room
temperature is 4.5+0.2 eV. It was also possible
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FIG. 2. Normalized energy distributions of the
photoemitted electrons. 10.8=< 7w =<11.6eV.
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FIG. 3. Energy distributions of the photoemitted electrons.
11.6=#w =13.5 eV.

to accurately determine the collector work function
by withdrawing the ZnO sample from the collector
can and taking EDC’s instead from the copper-
coated back shutter. The work function of the col-
lector was found in this way to be 5.0+0.2 eV.
Using this information, the Fermi level for our
sample was placed about 3.2 eV above the VBM,
which is reasonable for an n-type semiconductor,
such as ZnO.

As the photon energy is increased above thresh-
old, the first prominent feature to appear in the
EDC’s is the peak labeled P (Fig. 1). The posi-
tion of P remains nearly constant at about 8.5 eV
for photon energies in the range Zw=8,8-9.6
eV; however, the peak begins to move rapidly to
higher final-state energies with increasing photon
energy above 9.6 eV and becomes much more pro-
nounced. By Zw=10.8 eV (Fig. 2), the peak P has
stopped growing and corresponds to transitions
from initial states 1.6 eV below the VBM. This
behavior probably reflects an increase in the VB
density of states as photon energy probes deeper
into the valence band. In fact, for photon energies
in the range Zw=10. 8-11.4 eV (Fig. 2), the loca-
tion of P is approximately given by

E,=fiw-1.6¢eV . Q)

The motion of P in accordance with Eq. (1) in-
dicates that the peak is now due to transitions from
a maximum in the VB density of states 1.6 eV be-
low the VBM. As photon energy is increased above
11. 4 eV, the initial states responsible for P lie
deeper in the valence band. However, for 14.5
2 hwz 12,5 eV (Figs. 3 and 4) the location of P is
approximately given by

E,=hw-2.8¢eV . (2)

We therefore associate the peak P with VB struc-
ture. The motion of P in accordance with Eq. (2)
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indicates that for 14, 527w< 12, 5 eV, it is due to
transitions from a maximum in the VB density of
states located 2. 8 eV below the VBM.

It is seen in Fig. 4(a), where the EDC’s are
plotted with respect to initial-state energies, that
the peak P finally drops out of the EDC’s for 7w
214 eV. The disappearance of this piece of struc-
ture reflects the rapidly decreasing number of
final states accessible from the maximum near
— 2. 8 eV at these high photon energies.

A second piece of structure observed in the
photoemission data for ZnO is a low-energy shoul-
der S1 which first appears in the EDC’s for 7w
2 10. 8 eV (Fig. 2). When it first appears, this
shoulder represents transitions from initial states
centered about — 2, 3 eV to final states lying about
8.5 eV above the VBM. By Zw=11.6 eV, the
shoulder is quite pronounced; however, it still re-
mains centered at final-state energies near 8.5 eV.

n(E) (arbitrary units)

1 1 Lo ] |
+5 +4 +3 12 + [¢]
INITIAL STATE ENERGY BELOW VALENCE BAND MAXIMUM (eV)

(a)

Zn0
p=10"*Torr
CB(8.5)

n(E) (arbitrary units)

1 1 1 1 1 1

7 8 9 10 1 12 13 14

FINAL STATE ENERGY ABOVE VALENCE BAND MAXIMUM (eVv)
(b)

FIG. 4. Energy distributions of the photoemitted elec-
trons plotted with respect to initial-state energy (a) and
final-state energy (b). 13.0 <7w=14.5 eV.
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FIG. 5. Energy distributions of the photoemitted
electrons for 7w=16.8 eV and 21.2 eV. We suggest that
peak D is due to transitions from the d-band density of
states at = 7.5 eV.

Therefore, we assign this shoulder to CB struc-
ture. It seems likely that S1 is the result of
transitions to a high—density-of-states region of
the Brillouin zone near 8.5 eV as the photon en-
ergy probes deeper into the VB. If this is the
lowest-lying high-density-of-states region in the
ZnO conduction band, then it lies some 4-6 eV
higher than corresponding structure found in the
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FIG. 6. Absolute quantum yield for a crystal of ZnO
cleaved in high vacuum (pressure <10-!° Torr). For
comparison, the quantum yield of a typical II-VI semi-
conductor CdS is shown (Ref. 2).
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other II-VI compounds.

As photon energy is increased above 11.6 eV
(Fig. 3), the shoulder S1 becomes less pronounced
in the EDC’s until by 7Zw=13. 5 eV it has completely
disappeared. This behavior reflects a decreasing
initial-state density as photon energy probes deep-
er into the VB. The disappearance of this shoul-
der for 7Zw=13.5 eV suggests that the photon en-
ergy has now reached the very bottom of the VB
density of states. In the EDC for Zw=13.5 eV,
photoemitted electrons that appear at 8.5 eV cor-
respond to initial states 5 eV below the VBM., ®
Since these initial states lie near the bottom of the
VB, we estimate the minimum width of the VB in
ZnO as 5.0 eV. This is 2-3 eV wider than the VB’s
in the other II-VI compounds.

At higher photon energies, fw?14 eV, a peak CB
is observed in the EDC’s (Fig. 4). This new
feature again corresponds to transitions into the
high-final-state density at 8.5 eV. Direct excita-
tion into these final states must be ruled out at the
photon energies for which CB is first observed.
Such transitions would involve coupling to states
lying well below -5.0 eV, that is, deeper than the
estimated width of the VB. Instead, we believe
that this stationary peak of low-energy electrons
CB is due to photoemitted electrons that have been
inelastically scattered down from higher energies.
It has also been possible in this way to explain sim-
ilar structure observed in the EDC’s of CdS and
CdSe.? We expect such pair production (electron-
electron scattering) to increase with the initial
energy of the photoexcited electrons. In fact, for
iw=16.8 eV and 21,2 eV (Fig. 5), the peak CB is
seen to be much more pronounced than at 14.5 eV.
Since the band gap of ZnO is 3.34 eV, we expect
scattered electrons to appear 8.5 eV above the
VBM for photon energies greater than about 11.8
eV. However, one must go to photon energies some
2 eV higher before the scattering peak CB is ob-
served. This can be understood by noting that the
number of electrons scattered down from some
final-state energy is proportional to the number of
photoexcited electrons initially available at that
energy. For example, in the EDC’s in Figs. 3
and 4(b), we see that for Zw <14 eV those electrons
escaping with final energies above 11. 8 eV—the
threshold for pair production into final states 8.5
eV above the VBM—comprise only a few percent of
the total number of photoexcited electrons. How-
ever, by 7Zw= 14 eV this fraction has increased
markedly to nearly 30% of the total. We therefore
expect the number of electrons scattered down in
energy to the density-of-states maximum at 8.5
eV to show a corresponding rise. This is in fact
observed in the increased relative amplitude of
CB for 7w=14.0 eV,

A rather broad peak S2 which corresponds to
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transitions into final states centered about 10. 4
eV appears in the EDC for %w=14 eV [Fig. 4(b)].
For 7iw=14.5 eV, S2 is once again associated with
final-state energies near 10.4 eV. We tentatively
associate this structure with a peak in the CB den-
sity of states at 10.4 eV. For lower photon ener-
gies (12<7w <14 eV) the contribution S2 cannot
be separated out of the EDC’s because of strong
transitions from the VB-density-of-states maxi-
mum ( -2.8 eV). The higher-energy EDC’s tend
to support this assignment for S2.

We present these unnormalized EDC’s taken
at the higher photon energies Zw= 16, 8 and 21. 2
eV in Fig. 5. In this high-energy region the re-
flectivity (which we later present as Fig. 7) is
monotonically decreasing and notably lacking in
structure. However, the EDC’s are far from fea-
tureless. This behavior is not peculiar to ZnO.
In many other materials, EDC’s that are quite
rich in structure have been observed at photon en-
ergies where the optical constants show little or
no modulation, °

In this case, two well-resolved features CB and
D , appear in both EDC’s. We have discussed
these high-energy EDC’s in detail elsewhere!?;
however, for the sake of completeness, we re-
produce these results in large part here.

At these high energies, most of the photoemitted
electrons contribute to the pronounced scattering
peak CB. We have assigned this peak earlijer to
inelastic scattering into a CB-density-of-states
maximum at 8.5 eV. For lower photon energies,
direct photoexcitation into this high—final-state
density was observed (Figs. 2 and 3); however, by
7iw=13.5 eV, these interband transitions are near-
ly exhausted, the photon energy having probed to
the bottom of the VB density of states. No struc-
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FIG. 7. Unpolarized reflectivity of ZnO measured by
Hengehold et al. (Ref. 11).
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ture is then observed in the EDC’s at final-state
energies near 8.5 eV until Zw=14 eV when the
stationary inelastic scattering peak CB first ap-
pears.

The rather weak shoulder S2 appearing at 10, 4
eV in the EDC for 7Zw= 16, 8 eV may similarly rep-
resent inelastic scattering down into a higher-en-
ergy density-of-states maximum at 10.4 eV. Al-
though this feature is not resolved in the EDC for
7iw=21.2 eV, it may be argued that the asym-
metric shape of the inelastic scattering peak is
indirect evidence for the presence of such a shoulder.

We believe that the peak labeled D, which ap-
pears in the EDC for Zw=16.8 eV at 9.2 eV is
due to transitions from a high-VB density of
states centered about 7.6 eV below the VBM. Be-
cause of the limitations of our uv source, it was
not possible to follow the motion of D between 16. 8
and 21. 2 eV to confirm its origin in the VB. How-
ever, no corresponding peak at 9.2 eV is seen for
7iw=21,2 eV. This would have been the case if
CB structure were responsible for D, Instead, a
pronounced peak at 13. 8 eV is seen in the EDC
for 7w=21.2 eV. Again, this structure corre-
sponds to initial states near -7.6 eV (-7.4+0.2
eV). On the basis of the EDC’s we suggest that
the peak D represents transitions from the Zn 3d
bands, and further that these d bands are centered
7.5+0.2 eV below the VBM.

B. Quantum Yield

In Fig. 6 we present the spectral distributions
of the absolute quantum yield for Zw <12 eV from
a crystal of wurtzite ZnO cleaved in ultrahigh
vacuum of less than 107*° Torr., The yield below
1073 electrons/photon has not been included be-
cause strong contributions from the uncleaved
sample sides were observed in this region. Light
intensities were measured using the absolute re-
sponse of a calibrated Cs3Sb phototube. By using
the reflectivity shown in Fig. 7, the yields have
been expressed as the total number of photoemitted
electrons per incident absorbed photon, As can
be seen from Fig. 6, the quantum field of ZnO
rises rather slowly with photon energy from the
photoemission threshold near 8 eV and finally
levels off some 4 eV higher. Such behavior con-
trasts that observed for other II-VI wurtzite com-
pounds, e.g., CdSe and CdS (see insert in Fig. 6)
in which the quantum yield rises almost twice as
steeply from the threshold voltage and levels off
within 2 eV of threshold. ? It has been suggested
that for ZnO either the VB’s are wider!! or that
the corresponding CB structure lies higher'? than
in the other II-VI compounds. The present photo-
emission data show that for ZnO both these sug-
gestions are valid. Consequently, one expects
the rise of the ZnO yield near threshold to be
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less sharp than other II-VI compounds.

It can also be seen from Fig., 6 that the quantum
yield of ZnQO in the range 8-12 eV is characterized
by a narrow plateau or “notch” extending from
about 9.5 to 10. 5 eV. No such plateau has been
observed in the measured yield of the other II-VI
compounds.

The EDC’s in this energy range (Fig. 1) show
that for Zw=9. 6 eV most of the photoelectrons ap-
pear at final-state energies centered about the re-
gion of high-CB density of states at 8.5 eV. The
corresponding initial states then lie relatively
near the top of the VB centered about 1.1 eV be-
low the VBM. Above 7Zw=9,6 eV, the majority of
the photoelectrons are being excited from initial
states which move deeper in the VB with increas-
ing photon energy to final states that are moving
into the relatively low-density-of-states region
between the two CB maxima at 8.5 and 10.4 eV.

As photon energy probes deeper into the VB, the
rapidly increasing initial-state density competes
with the decreasing final-state density to produce
the rather flat region seen in the yield. The cor-
responding feature in the optical data at these
photon energies is a pronounced dip in the reflec-
tivity at 9.6 eV (Fig. 7). It has been suggested
that this dip might represent the upper limit for
transitions between upper VB’s and lowest CB’s. 2
This suggestion is consistent with the present
photoemission data. In this connection, we might
expect that the abrupt rise in the reflectivity for
7ZwZ2 10,5 eV indicates strong coupling to initial
states near the peak in the VB density of states,
1.6 eV below the VBM. It is, in fact, seen from
the EDC for Zw=10.4 eV (Fig. 1) that most photo-
electrons now have initial-state energies near —-1.6
eV. The dominance of these transitions in the
EDC’s coincide with the abrupt rise in the quantum
yield near 10,5 eV (that is, the end of the “notch”).

The photoemission data have shown the VB in
ZnO to be about 5 eV wide, Since the threshold
voltage for photoemission is about 8 eV (Fig. 6),
most photoelectrons should have energies above the
vacuum level for photon energies Zw=~12 eV. How-
ever, the yield is seen to be only about 10% for
7iw near 12 eV, Some electrons are no doubt re-
flected at the semiconductor-vacuum interface;
however, such a low value for the yield probably
indicates that a large percentage of photoexcited
electrons were inelastically electron-electron scat-
tered during transport to the surface. Consequent-
ly, they do not have sufficient energy left to escape
the crystal and do not appear in the measured yield.
We recall that the higher-energy EDC’s for ZnO
were also modified owing to pair production and
display a pronounced inelastic scattering peak CB
(Fig. 5). In Sec. VI we estimate an average value
for the electron escape depth in ZnO.
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IV. CORE STATES IN ZnO
A. Location of the Zn 3d Bands

Based on structure observed in the higher-en-
ergy EDC’s we have placed the Zn 3d bands 7.5
eV below the VBM. This assignment is in strong
disagreement with the first published band calcu-
lation for ZnO by RSssler'® in which the band struc-
ture of ZnO exhibits d bands lying only about 4 eV
below the VBM. For comparison, the d bands of
the sulphides, sellenides, and tellurides of Zn and
Cd lie some 6-10 eV below the upper valence
bands. '

In the past, it has proven difficult to use band-
theoretical calculations to locate absolutely in en-
ergy such tightly bound states as filled d and f
states. For example, considerable problems in
this respect were found with the d bands in Cu as
calculated!® with augmented plane waves and with
the 4f levels in the rare earths.!® In view of the
difficulty of such calculations, it is important to
obtain an early comparison of these results with
experiment. Unfortunately, the several experi-
ments that have been done on ZnO do not agree on
the location of the Zn 3d states, '!~13:17:18

In one experiment, the reflectivity spectrum of
ZnO was measured for photon energies up to 20
eV above the fundamental edge (Fig. 7). The ef-
fective number of free electrons n . was then ob-
tained from a Kramers-Kronig analysis of this re-
flectivity spectrum;

Rers()= (m/21°Ne®) [ “xeq(x)dx, ®)

where N is the atom density of the crystal. # .
was found to rise very slowly with photon energy,
reaching only about two electrons per atom by 22
eV. Since there are ten d electrons per atom, the
tentative conclusion from this behavior was that
the onset of d band transitions had not been reached
by 22 eV.

Electron-energy-loss measurements were also
made over the energy range of band gap to 50 eV. 1
If one associates the dominant peak in this spec-
trum at 18. 8 eV with a plasmon excitation, then a
free-electron density of three per atom is ob-
tained. Such a low value was taken as further evi-
dence that the 3d electrons of Zn lie very deep in
energy in ZnO.,

Linearly polarized reflectivity measurements
have recently been made on ZnO for photon energies
in the range 3-25 eV, the electric vector being
perpendicular and parallel to the ¢ axis.!® We re-
produce these results in Fig. 8.

The interpretation of these data was found to be
in good agreement with the first published band
structure for ZnO. For example, a peak observed
in the reflectivity spectrum seen for both polariza-
tions of light near 7 eV was assigned fo transitions
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FIG. 8. Polarized reflectivity of ZnO measured by
Klucker et al. (Ref. 13).
d-T;. Based on our photoemission data, the loca-

tion of the Zn 3d states is such that transitions from
d to Ty could not occur for photon energies less
than about 10 eV.

Another, more direct, determination of the en-
ergy levels of core electrons in ZnO has been
made using the relatively new technique of x-ray-
induced photoemission. ! The result of this study
was that the Zn 3d level of ZnO lies 9. 3 eV below
the Fermi level (that is, 7.6 eV below the VBM,
taking the Fermi level to lie at the center of the
forbidden gap) and is no wider than in the other
zinc chalcogenides. However, it has been pointed
out!? that this value included a systematic error in
the electron-energy scale of about 1 eV.

A more recent determination using x-ray-in-
duced photoemission places the Zn 3d core level at
10. 34 eV below the Fermi level (that is, 8.6 eV be-
low the VBM). % In addition, the spin-orbit split-
ting of this level was measured, the Zn 3ds,, and
3dy, , states being 10. 04 and 10.79 eV, respective-
ly, below the Fermi level. Unfortunately, we can-
not confirm these spin-orbit results since the Zn
3d doublet could not be resolved in our photoemis-
sion data.

Finally, uv-induced photoemission measurements
similar to ones we reported earlier'® have been
carried out on ZnO for Zw=16. 8 and 21. 2 eV, ®
Although the location of the Zn 3d state determined
by these new measurements (8.5+0.4 eV below the
VBM) disagrees slightly with our measured value
of 7.5+0. 4 eV, both values are considerably lower
than that predicted by ROssler’s band calculation.

These values, obtained from uv-induced photo-
emission, can be reconciled with the negative re-
sult obtained from the behavior of 7. by taking
into account the atomic nature of the tightly bound
d electrons. Many workers have noted that the
matrix element between the conduction band and
such tightly bound valence states increases very
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slowly with photon energy.!® In fact, the oscillator
sum rule is not exhausted until an energy many
times greater than the threshold for such transi-
tions is reached. In particular, Beaglehole® has
applied this argument to the noble metals to ex-
plain the small contribution of the 3d electrons to
Negp. For the reader’s benefit, a similar argu-
ment is briefly described for ZnO,

Using a simple model, we represent the Zn 3d
VB wave functions by an appropriate tight-binding
sum

Y= NV) 2T e Rigy, (7~ R)), @)

where @3, is an atomic 3d core state. The matrix
element for a direct transition from an initial 3d

state to an excited CB state, which we consider as
a plane wave state ;= V*/2¢'®F g then given by

(Y34 V2 ¥7)=N"2 [ corr ke ® g ¥ (F)d® . (5)

From the partial wave expansion of the free-
electron wave function

. V-1/zeii-:~
_ V-l_/gE iL(2L+ 1)j (k¥ )P (cosb), (6)
L=1

it can be seen that the higher angular momentum
components increase with increasing final-state
energy. Now the dipole selection rules require
that AL=+1. However, it has been pointed out®®
that the oscillator strength for transitions with
AL = +1 is roughly an order of magnitude greater
than for AL=-1, Thus, to get strong transitions
from the Zn 3d bands (that is, to get appreciable
f-like behavior in the final-state wave function),
one must go to energies that may be considerably
above the threshold for such transitions. )
Our work indicates then that the onset of d-band
transitions occurs in ZnO for 7Zw substantially low-
er than 22 eV. However, at these low energies
the contribution of d-band transitions to 7., is too
small to separate out. Consequently, one would
not expect the d electrons to contribute strongly to
a collective oscillation at Zw=18. 8 eV.

B. Contribution of d Bands to Reflectivity and €, w?

We now consider the effect of d-band transitions
on the higher-energy reflectivity of ZnO.

The reflectivity spectrum of ZnO (Fig. 7) is un-
like that of any other II-VI compound in that the
major structure begins for photon energies Zwz210
eV.!' In wurtzite CdS, CdSe, and ZnS, for exam-
ple, the interband oscillator strength is nearly used
up by this energy and the reflectivity is rapidly de-
creasing and essentially devoid of structure.? In
contrast, the reflectivity of ZnO is seen to rise
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sharply for 7Zw =10 eV and exhibits an extremely
broad asymmetric peak. The rapid rise of the re-
flectivity above 10 eV has been discussed earlier
in connection with the “notch” in the quantum yield
and was attributed to an increasing number of
transitions from the high-VB density-of-states
region near - 1.6 eV.

We suggest that the reflectivity of ZnO displays
a characteristic broadened peak because when the
onset of d-band transitions (3d - I';) occurs for
7w=~11 eV, transitions from the lower VB’s are
still contributing strongly to the reflectivity. Of
all the II-VI compounds, this situation is peculiar
to ZnO. In CdS, for example, the onset of transi-
tions from the Cd 4d states occurs when transi-
tions from the upper VB’s are nearly exhausted. 2
Consequently, there is an abrupt rise in the re-
flectivity corresponding to transitions 4d -T';. It
is then relatively easy to separate out the contribu-
tion of the d-core levels to the higher-energy re-
flectivity. Unfortunately, this is not the case for
ZnO.

At this point it is useful to consider the transi-
tion strength €,w* which is presented in Fig. 9.
We have calculated ezwz using values of the imag-
inary part of dielectric function €; obtained by
Hengehold et al.** The shoulder at Zw=~11,2 eV
suggests the onset of d-band transitions (3d - I'y).
We have not, however, assigned structure observed
in €,w? in the region 12-15 eV to d transitions
since the density of final states accessible from
the 3d states at these photon energies is probably
very low. At higher energies, a rather weak
shoulder observed near 16 eV suggests that transi-
tions are occurring from the d bands (- 7.5 eV) to
the high-CB density of states near 8.5 eV. The
transition strength then suddenly levels off at 20
eV and begins to increase slightly. This behavior

400r— T T T T T T

300~ —

szwz (ev?)

200 1

| 1 L
10 12 14 16 18 20 22 24
Tiw (eV)

FIG. 9. Transition strength of ZnO—the imaginary
part of the dielectric function times the square of the
photon energy. We evaluated this function using optical
data obtained by Hengehold et al. (Ref. 11).
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seems unrelated to core-state transitions. ROss-
ler, however, has theoretically located p-anti-
bonding states some 17 eV above the VBM. ** The
onset of transitions from p-bonding to these p-anti-
bonding states would then occur for 7w =20 eV.
The peculiar behavior of €,w® near 20 eV may then
mark the beginning of transitions to these high-
lying p-antibonding states.

V. BAND STRUCTURE OF ZnO

Recently, renewed interest in ZnO has been gen-
erated by the first published band structure for
that material which we reproduce in Fig. 10. Ac-
cording to this calculation by R6ssler, !* using the
Korringa-Kohn-Rostoker (KKR) method, 2% the band
structure of ZnO exhibits a broad free-electron-
like lowest conduction band, relatively wide (1.6
eV) Zn 3d levels lying closely below the upper VB’s,
and p-antibonding CB states 17 eV above the VBM.

The Green’s function (KKR) approach appears to
have been reasonably successful in predicting the
electronic band structure of such cubic II-VI semi-
conductors as ZnS, ZnSe, and ZnTe.2?* This meth-
od involves the use of an ad hoc potential with only
a single adjustable parameter which is adjusted to
obtain the correct band gap. Such a calculation,
then, does not require the input of a great deal of
experimental data. Indeed, it is significant that
for ZnO the first calculated band structure actual-
ly precedes much of the relevant optical data. In
this case, experimental results will be particular-
ly valuable in confirming or correcting the theoret-
ical model used in the band calculation.

Since the threshold for photoemission from our
ZnO sample was nearly 8 eV, it was not possible
to observe CB states lying less than this energy
above the VBM. We were therefore unable to con-
firm the shape of the lowest conduction band as
predicted by the KKR theory (Fig. 10).

Experimentally determined maxima in the VB
and CB density of states are sketched in Figs. 10

ZnO(hex)

A R LUM Z TaaA S

FIG. 10. KKR band structure for wurtzite ZnO (Ref.
14). The shaded sections represent maxima in the VB
and CB density of states as determined from the photo-
emission experiment. The vacuum level is indicated
by the dashed line at 7.8 eV.
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and 11. As noted earlier, the Zn 3d states were
found to lie 7.5 eV below the VBM, some 3 eV be-
low that predicted by the KKR calculation. Except
for the location of these core states, it appears
from Fig. 10 that the KKR calculation is in good
agreement with the experimental maxima. The
regiors of the Brillouin zone which one might as-
sociate with these high-state densities are proba-
bly the nearly flat region along U extending from
the zone edge at L to the zone face at M and the
region along P. There is considerable disagree-
ment, however, between the calculated VB width
(3.5 eV) and the value (5.0 eV) obtained from the
photoemission experiment.

In Fig. 11 we present a recent pseudopotential
band-structure calculation of ZnO by Bloom?® (the
notation of Rashba®® has been used so that I';, Ty
correspond to Rissler’s I'y, I';). In the pseudo-
potential theory, a local repulsive potential is con-
structed that cancels the crystal potential in the
core region resulting in a smooth pseudopotential,
Hence, such a calculation cannot describe d bands
at all. However, such an approach may be justi-

‘fied for ZnO if the Zn 3d band lies deep enough to

produce a negligible perturbation on the higher-
energy bands. As with the KKR calculation, the
pseudopotential calculation seems to be in general
agreement with the experimentally determined
maxima in the VB and CB density of states. From
Fig. 11, it appears that the region of the Brillouin
zone along P is associated with the high— CB-state
density near 8.5 eV while the region along U is
associated with the high-CB-state density near
10.4 eV. Realistically, a density-of-states cal-
culation is needed to determine how good in fact
this agreement is. In this connection, a calcula-
tion of EDC’s based on the theoretical band cal-
culations would be most useful. We further note
that the calculated valence-band width of 5.0 eV
is in agreement with the experimental value, It is
not surprising that the VB in ZnO is considerably
wider than that of any other II-VI compound. It

is seen from Table I, where bond lengths are
given for several II-VI compounds, that the O-O
distance for ZnO is smaller by about 1 A than the
Se-Se, Te-Te, or S-S distances in the other com-
pounds. The valence-band width in these IIB-VIA
materials depends strongly on the wave-function
overlap of the group-VIA atoms. Based on the
short bond length in ZnO, we expect the VB wave-
function overlap to be greater in that material than
in the other II-VI compounds. Hence, we expect
the VB width to be much wider for ZnO than for
the other II-VI compounds.

VI. ESTIMATE OF ESCAPE DEPTH

By making the assumption that no electrons
which pair produce (electron-electron scatter) can
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FIG. 11. Pseudopotential band calculation for wurtzite

7ZnO (Ref. 24). The shaded sections represent maxima

in the VB and CB density of states as determined from the
photoemission experiment. The vacuum level is indicated
by the dashed line at 7.8 eV.

escape from the crystal, we can easily estimate
an average escape depth for our high-vacuum-
cleaved ZnO sample. Since the minimum energy
loss through pair production is equal to the band
gap of 3.34 eV, and threshold is about 7. 8 eV; this
assumption will be valid for photon energies less
than about 11 eV. In this case, the yield ¥ can be
shown to be approximately?’

Y~0.5aLT/(1+aL) , )

where aL/(1+ aL) is the probability that an elec-
tron photoexcited about the vacuum level will not
pair produce during transport to the surface and

T is the surface-transmission probability. That is,
a fraction T of all the electrons reaching the sur-
face escape into the vacuum. The factor of 0.5 ac-
counts for those photoexcited electrons initially
heading away from the semiconductor surface.
can see from the EDC for 7Zw=10.8 eV (Fig. 2)
that the photoemitted electrons have an average
energy of about 9.2 eV corresponding to emission
from the peak in the VB density of states at about
-1.6 eV. At7w=10.8 eV, the absolute quantum
yield is 0. 047 for our ZnO sample (Fig. 6). If we
make a reasonable assumption that 7' lies between
0. 25 and 0. 50 for electrons about 9. 2 eV above the
VBM-—some 1 eV above threshold—then from Eq.
(7), 0.23 <aL <0.61. The absorption coefficient «
can be calculated from the value of the extinction
coefficient & at 7Zw=10. 8 eV by using a=4nk /X,

For ZnO, the extinction coefficient has been ob-
tained by Hengehold et al.!! from a Kramers-Kronig
analysis of the measured reflectivity. We there-
fore calculate that a=6.02x10° cm™. Using this
value for @, we find that the escape depth for an
electron in ZnO 9. 2 eV above the VBM is 30-100A.
This value is roughly the same magnitude as es-
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cape depths calculated in a similar way for high-
vacuum-cleaved CdS, CdSe, and CdTe.?

VII. CONCLUSIONS

In conclusion then, photoemission measurements
have been used to determine important features in
the band structure for ZnO. In analyzing the photo-
emission data no distinction has been made between
direct and nondirect transitions because the data
represent transitions between relatively “flat”
bands (Figs. 10 and 11).

Based on the disappearance of structure in the
EDC’s as photon energy probes below the VB den-
sity of states, we have set the bottom of the valence
band. An estimate of 5.0 eV has been obtained for
the VB width. This is several volts wider than in
the other II-VI compounds.

Five maxima in the EDC’s have been associated
with maxima in the density of states.

Two maxima in the CB density of states are lo-
cated at 8.5+0.2 eV and 10.4+0. 2 eV above the
VBM. Maxima also occur at-1.6+0.2eV, -2.8
+0.2 eV, and at-7.5+0. 2 eV, where the zero
of energy is taken as the VBM. The former two
maxima occur in the VB density of states, whereas
the latter one is associated with the 3d levels of
Zn. We have summarized the structure observed
in the EDC’s for ZnO in Fig. 12. In this plot,
structure related to maxima in the CB density of
states plots horizontally (i.e., does not move with
photon energy) while structure related to maxima
in the VB density of states moves with photon en-
ergy (i.e., AE= Ahw).

With two notable exceptions—the location of 3d
core states and the VB width—the features of the
electronic band structure found in this work are in
general agreement with the two calculated band
structures for ZnO.'*? Both the KKR band calcula-
tion by R3ssler and a recent pseudopotential calcu-
lation by Bloom exhibit VB and CB densities of
states which seem in reasonable agreement with

TABLE I. Bond lengths of several selected IIB—VIA
compounds.

Compound Crystal structure Bond length (A)2
ZnO Wurtzite 3.25
ZnS Wurtzite 3.81
ZnS Zinc blende 5.41
ZnSe Wurtzite 3.98
ZnTe Zinc blende 6.09
Cdo Rocksalt 4,69
Cds Wurtzite 4,13
Cds Zinc blende 5.82
CdSe Wurtzite 4.30
CdTe Zinc blende 6.48

2Bond lengths are taken from Ref. 28.
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FIG. 12, Structure plot summarizing the structure in
the ZnO-energy-distribution curves (Figs. 1-5). The
slanted lines are lines of constant initial-state energy.

the photoemission results above. Both calculations
predict fairly wide VB’s; however, in this case
agreement with the pseudopotential calculation (5.0
eV) is considerably better than with the KKR cal-
culation (3.5 eV).

The location of the Zn 3d core states determined
by the photoemission experiment is some 3 eV lower
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than predicted by the KKR calculation. Our value is
in reasonable agreement with recent uv- and x-ray-
induced photoemission measurements, 12:'® and

is shown to be consistent with the low calculated
value of 7,4, at Ziw= 22 eV obtained from the reflec-
tivity. ! It will, however, be necessary to reinter-
pret the reflectivity spectrum where d-band transi-
tions have been previously assigned. 13 1n addition,
the absolute energy of the d bands and the CB maxi-
ma will have to be taken into account by any subse-
quent band calculation.

It would be useful to compare the results of the
photoemission experiment with a theoretical cal-
culation of the density of states for ZnO or, more
directly, with theoretically calculated EDC’s. Such
a calculation could be based on Rissler’s KKR
band structure but need not consider the d bands.
Alternately, such a calculation could be based on
a method which does not describe d states (e.g., a
pseudopotential band structure such as Bloom’s).
By not taking the d bands into account, the calcula-
tion is made much less difficult.
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