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Surface electronic states and oxidation properties of CdTe (110), [111],and (100) surfaces and CdSe [0001]
surfaces have been studied with low-energy electron-loss spectroscopy, Auger-electron spectroscopy, and low-energy-
electron diffraction. The surface losses due to the transitions from the Cd-4d core level locate the empty Cd-derived
surface states at 2.5 [for the (110)and (111)plane] or 3.0 eV [for the (100)] in CdTe and 2.7 eV in CdSe, with respect
to the valence-band maximum. The losses appearing at 61 and 66.2 eV in CdSe are identified as due to the
transitions from the Se-3d core level to the Se-derived surface states lying at about 8 and 13 eV above the valence-
band maximum. No corresponding Te-derived empty surface states, i.e., transitions from the Te-4d level to Te-
derived surface states, have been detected for CdTe. Oxygen uptake on the ordered surface is very slow when the
surface is exposed to molecular oxygen; the initial sticking coefficients are 10 "for CdTe (100), less than 10 "for
CdTe (110),and 10 "for CdSe (0001). Oxidation is stimulated drastically by electron-beam irradiation on the
surface exposed to molecular oxygen and bulklike oxide overlayers are formed. Upon oxidation of CdTe
surfaces, the shifted Te-4d loss due to TeO, occurs at rather early stages of oxidation and grows in magnitude
with oxygen uptake, and the loss spectrum from the heavily oxidized surface resembles that of TeO„while
formation of neither a CdO nor a Cd element is evident. 'These findings indicate that the oxygen adsorbs
preferentially on surface Te atoms by breaking the back bonds at the initial stages of oxidation, and then
oxidation proceeds into the bulk, forming the oxide overlayer composed entirely of TeO, . In the case of the
CdSe (0001) surface, oxygen adsorbs only on the surface Se atoms without breaking the back bonds at the initial
stages of oxidation, and then it seems to adsorb with a breaking of the back bonds, and both selenium oxide and
cadmium oxide are formed, although part of the selenium oxide sublimes away from the surface, leaving the
oxide overlayer rich in CdO.

I. INTRODUCTION

We have been investigating in the past several
years electron- energy-loss spectra of low- index
surfaces of ZnSe, ZnTe, and CdTe, ' 3 3.nd have
tried to determine the energy position of the sur-
face state involved in the transitions from the
cation (Zn and Cd) and anion (Se and Te) d core
levels. The results show that the empty cation-
derived surface state of these compounds lies
above the bottom of the conduction band; i.e. , there
are no empty surface states in the band-gap region.
We demonstrated also that oxygen uptakes on these
surfaces were less than one monolayer coverage
after exposing well-ordered surfaces to molecular
oxygen, but electron-beam irradiation during the
course of measurements of energy-loss and Auger-
electron spectra stimulated oxidation and true bulk-
like oxides were formed by beam irradiation on the
surface exposed to oxygen. Qxidation of ZnSe and
ZnTe contained both cation and anion oxides, while
sublimation of the volatile anion oxides of SeQ~ and
TeQ2 led to a formation of the bulklike oxide over-
layer composed entirely of ZnQ on the very heavily
oxidized surface of the Zn compounds. In the case
of CdTe a formation of the bulklike anion oxide
was evidenced by comparing a loss spectrum of the
oxidized surface with that of Teos (Ref. S), but the
detailed chemical composition of the oxide over-

layer has been undetermined as yet because of a
possible presence of the cation oxide and/or the
Cd element in the oxide layer.

In the present paper we will report in detail on
the energy-loss spectroscopy(ELS) of (110), (111},
and (100) surfaces of CdTe and (0001} surfaces of
CdSe. Cleanliness and orderliness of the surface
are examined with Auger electron spectroscopy
(AES) and low-energy-electron diffraction (LEED).
CdTe itself is of interest in a systematic under-
standing of surface properties of II-&I compounds.
In addition, we expected that oxidation of CdSe
might lead to a formation of the bulklike CdQ layer,
and the resulting loss data could provide valuable
information for deeper understanding of oxidation
properties of the cation in CdTe. The present re-
sults on the clean and oxidized surfaces of CdTe
and {.dSe will be compared with, those on the Zn
compound surfaces reported previously.

II. EXPERIMENTAL

Single crystals of n- and P-type CdTe grown
from the melt and of n-type CdSe obtained from
Eagle-picher Inc. were employed. The x-ray
oriented (111},(100), and (0001}surfaces were
chemically polished with a K~Cr&07-HNQ3 solution.
at room temperature for about 2 min and then
were treated with a NaQH solution at 50 C for

22 1980 1980 The American Physical Society



SURFACE PROPERTIES OF CLEAN, AND %1TH ADSORBED. . . 1981

several seconds. The (110) surface was prepared
by cleaving the crystal in air just prior to intro-
ducing it into the chamber.

The experimental setup used in the present work
is the same as that of our previous work. ~ 3 The
stainless-steel chamber is equipped with a 220-
I/sec ion pump, a titanium sublimation pump, a
single-pass cylindrical mirror analyzer (CMA)
with a coaxial electron gun, a four-grid LEED
optics, an Ar' sputtering gun, Bayard-Alpert(B-A)
and extractor gauges, and aquadrupole mass filter.
The base pressure of the chamber was 1 x 10 "Torr
and the workingpressure was 3 x10 ' Torr. Onex-
posing the surface to oxygen, high-purity oxygen
gasses were introduced in the chamber. To reduce
contamination from the electron gun, it was nec-
essary to preheat the filament of the gun for more
than about 90 min after introducing oxygen gasses
into the chamber.

Energy-loss and Auger spectra were measured
with the +MA at primary electron-beam normal
incidence on the surface and back-scattered elec-
trons were detected with the CMA in a cone of 42'
half aperture. The second derivative d N/dE' of
the energy-distribution curve was recorded for
energy-loss spectroscopy (ELS) with modulation
voltage ~ V of 0.2 or 0.5 V peak to peak with
primary electron energies E~'s from 50 through
300 eV. In AES, the first derivative dN/dE was
recorded with a primary electron energy of 2 kep
and & V of 1 V peak to peak for Auger electron
energies below 200 eP, and 2 P peak to peak above
200 eP. The energy resolution in the loss spec-
trum was within 0.3 eP.

Clean surfaces were prepared by repeated
cleaning by Ar' bombardment and annealing.
Ordered surfaces without impurities within AES
detection limits were provided except for the
CdTe (111)and CdSe (0001) surfaces. While Ar'
bombardment provided clean surfaces without any
impurities, annealing led to contaminations with
K on the polar anion surfaces. Repeated cycles of
Ar' bombardment and annealing could not eliminate
the K impurity. It diminished, however, with
oxygen uptakes and disappeared on the heavily
oxidized surface. The other commonly detected
impurity is oxygen. The detection limit for the p
impurity was about 0.01 of a monolayer coverage.

III. RESULTS

A. CdTe

No significant differences were observed in en-
ergy-loss and Auger spectra and I.EED patterns
between the n- and P- type crystals except for the
(111) surfaces. While oxygen impurities were
eliminated below an AES detection limit, electron-

beam irradiation during ELS and AES measure-
ments caused detectable oxygen contamination on
the (111)and (100) surfaces. Contamination with
oxygen was not detected on the ordered (111) sur-
face on beam irradiation up to 80 min. For the
ordered (110) surface, electron-beam-stimulated
oxidation is not so remarkable as in the case of
the (111)or (100) surface.

The (110) and (111)surfaces exhibit clean and
well-defined 1x 1 and 2x 2 LEED patterns, re-
spectively. The (111) surface of the n-type crystal
displays a 1x1 structure after annealing at 400 C
for 30 min. Subsequent annealing at 450 C for 10
min does not produce any visual changes in LEED
pattern, but further heating at a temperature be-
tween 450 and 550'C offers a faceting pattern
superimposed on a 1 x 1 structure. The p-type
crystal exhibits weak facets on a (111)2 x 2 surface
and a faceting structure on the (111) surface. The
(100) surface has a 1 x 3 structure, where the
periodicity of the unity is along the direction of
the Cd broken bonds, if the surface is assumed to
be a Cd-terminating one.

The oxygen uptake of the ordered (110) surface is
extremely slow for exposures to molecular oxygen;
no detectable oxygen Auger signal was noticed after
2 min of AES measurement after exposures
up to 10~3-L 02 [1 L (langmuir) =10 .

6 Torrsecj
for sampling a fresh area which had not been ir-
radiated previously by electron beam. The beam-
stimulated oxidation, however, occurred during
the course of AES or ELS measurements. The
Auger peak-to-peak-height ratio of the Q signal at
510 ep to the Te signal at 485 ep, which had been
initially below the detection limit, increased to
0.014 after 9 min of AES measurement and then
to 0.037 after 102 min of the AES and ELS measure-
ments. The (100) surface is more active in oxygen
uptake than the (110) surface. The oxygen uptakes
of the fresh areas on the ordered surface after the
2-min measurement were Xo/Xr, =0.003, 0.025,
and 0.11 for exposures of 9x10'-, 3x 10"-, and
1.5x 10'3-L 0, respectively. As will be described
in the next section, one monolayer coverage of
oxygen corresponds to an Auger ratio of Xo/Xr, of
about 0.2 for the (100) surface.

Figure 1 shows the loss spectra from the (110)
surface for E&'s from 50 through 250 eV. Struc-
tures called E, Cd-4d, 5+„and h~ are of bulk
origins; E is a bulk interband loss, Cd-4& is due
to the transition from the Cd-4d level at 10.5 eP
below the valence-band maximum (VBM)4 to a con-
duction-band state, and Av, and @co are correlated
to the surface- and bulk-plasmon losses, respec-
tively. A structure called S is of surface origin3:
The S, loss at 4.2, S, at 5.8, and S, at 10.7 e7 are
well resolved in the spectrum at E&

——120 ep. The
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CdSe ix«

initial stages of oxidation, the 61- and 66.2-eV
losses called A~ and A3, respectively, shift to the
lower-energy side and locate at 59.6 and 64.8 eV,
respectively, at the oxygen coverage of about 0.6
of a monolayer; at this coverage both losses ex-
hibit the maximum shift of 1.4 eV with respect to
each of their original positions, For further oxida-
tion, new losses appear at 60.2 and 65.6 eV, where
the former becomes small in magnitude and almost
disappears for the very heavily oxidized surface.
The loss at 56.4 eV, A„gradually reduces in mag-
nitude with oxidation and almost disappears for
the heavily oxidized surface. These results indi-
cate that the A& loss may be of bulk origin, where-
as the other two may be of surface origin. The
Auger Se signal at 42 eV reduces in magnitude
with oxygen uptakes, and decreases to about 0.20
of its initial magnitude accompanied by an ap-
pearance of a dip near 27 eV for the heavily oxi-
dized uptakes, and decreases to about 0.20 of its
initial magnitude accompanied by an appearance of
a dip near 27 eV for the heavily oxidized surface,
as shown in Fig. 7. Qn the other hand, the Auger
Cd signal remains unchange in magnitude at the
very initial stages of oxidation (8 0.1) tends to
decrease slightly (8~ 0.6), and then increases
for the further oxidation. While the A2 and A3
losses shift in position to the lower-energy side,
no changes in either the magnitude or in the energy
position occur for the Cd-4d surface loss for the
very initial stages of oxidation (8~ 0.1), showing
that the oxygen adsorbs preferentially on the sur-

face Se atoms and does not adsorb on the surface
Cd atoms at least at the initial oxidation. Further
oxidation produces a decrease in magnitude for
the Cd-4d surface loss and also for the losses at
7.2 and 9.6 eV, as the b and & curves in Fig. 5

show. These losses diminished in magnitude at
oxygen uptakes larger than a monolayer coverage.
The oxygen effects on these losses can be ex-
plained by the assumption that they are associated
with the Cd-derived surface state. We can see in

Fig. 5 that the loss spectrum from the surface with
oxygen uptakes larger than a monolayer coverage
differs drastically in shape from that of the CdSe
surface, allowing us to conclude a formation of a
bulklike oxide overlayer. The transition energies
of the surface losses for Cdge and their possible
identification are summarized in Table Q.

IV. DISCUSSION

A. Chemical composition

Vfe attempt to obtain information on the surface
chemical composition from the AES data on the
basis of a layer model described in our previous
paper. 2 Considerations of chemical composition
are useful for the study of surface properties.
For instance, we can say that the drastic change
in loss spectrum between the ordered and dis-
ordered (100) surfaces may be correlated pri-
marily to a difference in chemical composition
between these surfaces. The layer model yields
the intensity of the Cd Auger signal X«, for ex-
ample, for the (111)Cd surface is proportional to
Icg[1—exp(-d/f cos42 )], where I« is called the
Auger sensitivity of Cd in our previous work, / the
mean free path of the Auger electron, and d the
layer distance given by d=ao/~3, using the lattice
constant ao. Assuming stoichiometry of the non-

polar (110) surface prepared by Ar' bombardment

TABLE II. Transition energies for surface losses of
the CdSe {0001}surfaces and their possible identification.
Cd SS and Se SS are Cd-derived and Se-derived surface
states, and Cd-4d and Se-3d are the Cd-4d core level
lying at 10.5 eV (Ref, 4) and the Se-3d core level lying
at 53.1 eV (see text) below the valence-band maximum.

4l
C3

lk

26.
Transition
energy (eV) Possible identification

= ENERGY(eV)

FIG. 7. Auger Se spectra of CdSe surfaces with ad-
sorbed oxygen.

2.3
7.2
8.3
9.6

11.5
12.7
61
66.2

Transition to Cd SS
Transition to Cd SS

Transition to Cd SS

Cd-4d to Cd SS
Se-3d to Se SS
Se-M to Se SS
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TABLE III. Auger peak-to-peak-height ratios of the
Cd signal at 380 eV to the Te signal at 485 eV in CdTe.
The experimental values are from the {110)1&&1, (ill)
2&2, (111}lxl, and (100) 1x3 surfaces, and the cal-
culated ones are obtained by an assumption of stoichi-
ometry of the (110) 1&1 surface (see text).

Experimental
Xc~/XT,

Calculated

(110)
(111)
(111)

(100)

1.43
1.70
1.25

1.50

1.63
1.25
1.76 (Cd surface)
1.14 {Te surface)

and annealing, the model provides the chemical
compositions of the ideal (111), (1I1), and (100)
surfaces, as presented in Table III. As a com-
parison, it contains the measured values. There
is a question of stoichiometry of the bombarded
and annealed surface. &cry recently we have made
AES measurements on a vacuum-cleaved ZnSe
(110) surface. The results show that although the
Auger ratio of the Se signal at 42 et& to the Zn
signal at 55 et', Xs, (42)/X~, (55) agrees fairly well
between the cleaved surface and the bombarded and
annealed one, the Auger intensities with respect to
the Zn signal at 990 et', Xs, (42)/X~, (990) and

X~,(55)/X~, (990) of the cleaved surface are larger
than those of the bombarded and annealed surface.
This fact indicates that the bombarded and an-
nealed surface is stoichiometric in a relative
sense; it is deficient in both the Zn and Se con-
stituents. In the case of CdSe (1120) surface,
Brillsona reported that Ar' bombardment produced
a surface rich in Se, but annealing could eliminate
almost completely surface nonstoichiometry. The
chemical compositions investigated in this work
are relative, i.e. , the surface is called stoichio-
metric when the Auger ratio of the cation signal
to the anion signal has a value corresponding to
each of the so-called ideal surfaces, even if the
surface is deficient in both the cation and anion.
The layer model also can provide the Auger Xo/
XT, ratio for the one-monolayer coverage of
oxygen (one oxygen atom for each of the surface
atoms). On the basis of the Auger sensitivity
ratios of Io/Iz, (990) = 3.88 for ZnO and IT, /I~, (990)
= 9.55 for ZnTe, it provides Xo/XT, = 0.19 and
0.28 for (100) Cd and (110) surfaces, respectively.
Comparing the measured value with the calculated
one shows that the (ill) 2 x 2 and (111) 1 x 1 sur-
faces are stoichiometric, the (100) 1 x 3 surface
may be a Cd-terminating one with a, deficiency of
Cd, and the bombarded (100) surface may be a
Te- terminating one. Consequently, the drastic

reduction in magnitude of the S6 loss measured on
the disordered (100) surface may be primarily at-
tributed to the change in composition from the
ordered surface to the disordered one. It is
noticed that there are no significant differences
in chemical composition and in the shape of struc-
tures in the loss spectrum between the ordered
and disordered (110) surfaces. We have shown
that in ZnTe the (111), (111), and (100) surfaces
are stoichiometric, and that the (100) 3 x 1 surface
is a Zn-terminating plane. We note that the (100)
surface of CdTe has the 1 x 3 structure, whereas
that of ZnTe is the 3x 1 structure.

%e have not yet examined the nonpolar surface
of CdSe and do not have data needed for the con-
sideration of the chemical composition of the polar
surface. A measure for the composition, however,
can be provided by using the Auger sensitivity ratio
I«/Is, obtained from the ratios I«/IT, =1.70 for
CdTe, IT, /I, „for ZnTe, and I~, IIz, for ZnSe. '3
The calculation yields the X«/X~, ratios to be
5.3 and 3.6 for the (0001) and (0001) surfaces, re-
spectively. By similar treatment, the one-mono-
layer coverage of oxygen on the (0001) surface is
given by Xo/X«=0. 15. The measured X«/Xs,
ratio of 2.4 for the (0001) surface is smaller than
the calculated one, showing that the CdSe (0001)
2&& 2 surface is deficient in Cd. %e emphasize that
in the calculation of the ratio we should take into
account a change in shape of the Se signal from
ZnSe to CdSe, because in ZnSe the Se signal at
42 eV lies in close to the Zn signal at 55 ep,
whereas in CdSe the Se signal is located far away
from the other signals. Nonstoichiometry of the
CdSe (0001) surface may be compared with the
cases of ZnSe and ZnQ. That is, we can conclude
that the polar surface of the compound having
rather ionic bonds seems to be nonstiochiometric,
whereas the compound with rather covalent bonds
has the polar surface with the stoichiometric com-
position. Calculations of electrostatic (Madelung
potential) surface energies performed by Nosker
et al. ~ suggest that the polar surface has a stable
structure with a nonstoichiometric composition.
The surface structures deduced from the LEED
pattern and the chemical compositions of the II-IV
compounds investigated in the present work are
summarized in Table Dt, along with the previously
reported results. ~ The difference in LFED pat-
tern between the n- and p-type crystals of CdTe
may be attributed to unidentified impurities con-
tain. ed in the crystals.

The sticking coefficients of oxygen on the CdTe
and CdSe surfaces are extremely small for ex-
posing the well-ordered surface to molecular
oxygen. Because of inevitable beam- irradiation
effects, we should direct our attention to mini-
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TABLE IV. Summary of LEED pattern and stoichiometry of polar surfaces of the zinc-
blende-type compounds of CdTe, ZnTe, and ZnSe and of the wurtzite-type compounds of CdSe
and ZnO. The nonpolar (110) or (1010) surface of these compounds exhibits a 1&&1 pattern.
The surface is called stoichiometric (stoichio. ) when the measured Auger peak-to-peak ratio
of the cation signal (Zn at 55 or Cd at 380 eV) to the anion signal (Te at 485, Se at 42, or 0
at 510 eV) agrees with the calculated ratio for the corresponding bulk truncated surface on
the basis of stoichiometry of the nonpolar suface; otherwise the surface is called nonstoichi-
ometric (nonstoichio. ).

(111)or (0001) (111) or (0001) (100)

CdTe 2 &2, stoichio.
ZnTe 2 &2, stoichio.
CdSe 2 && 2, nonstoichio.
ZnSe 2 &2, nonstoichio.
ZnO 1 & 1,nonstoichio.

1&1, stoichio.
1 & 1, stoichio.
1x1
(110) facets
1 && 1, stoichio.

1 &3, Cd surface, nonstoichio.
3 &&1, Zn surface, stoichio.

5 && 1,nonstoichio.

mizing the beam effects in deducing the sticking
coeffic'ient of the unexcited oxygen from AES data.
A typical beam effect observed in the present work
is adsorption of oxygen during the course of AES
and EI.S measurements. Figure 8 shows the Auger
peak-to-peak-height ratios of the 0 and Se signals
to the Cd signal as a function of beam-irradiation
period, where the Auger data were taken on a fresh
area on the CdSe (0001) surface, and then. the sur-
face was exposed to oxygen at an exposure of 9.1
&& 108-L 02. The Xo/X«ratio increases sharply
at first and then tends to show a saturation after
beam irradiation of several hundred minutes. The
Se signal at 42 eV remains unchanged in magnitude
for the oxygen uptake less than about 0.10 of a
monolayer coverage and then decreases gradually
for further oxidation. The Cd signal remains un-
changed until the oxygen uptake increases to about
0.3 of a monolayer, and then shows a trend of
slight decrease and has a magnitude of 0.9 of its
initial value at the coverage of about 0.6, which
occurs at 450 min after the oxygen exposure. With
further oxidation it grows in magnitude and shows
an increase of 40% of its initial value for the very
heavily oxidized surface. In the case of oxidation

of ZnSe, we observed a remarkable increase in
magnitude of the Zn Auger signal for the heavily
oxidized surface having a loss spectrum similar
to that of ZnO. The initial Auger peak-to-peak
height measured within 2 min on the well-ordered
CdTe surface shows sticking coefficients S= 10
for the (100) surface and a value less than 10 '4

for the (110) surface. The corresponding value for
the CdSe (0001) surface is the order of 8=10 '4.

We assume that the sticking coefficient thus ob-
tained corresponds to the value free of beam ef-
fects. Brillson reported S= 10 ' for a vacuum-
cleaved CdSe (1120) surface using x-ray photo-
emission spectroscopy.

B. Energy-loss spectrum

The transition energies of the bulk losses of
CdTe and CdSe surfaces obtained in the present
work are in good agreement with results of Henge-
hold and pedrotti and of Brillson, ' as presented
in Table V.

Upon Ar'bombardment, a new loss appears at
the lower-energy side of the Te-4d loss for CdTe,
whereas no such loss occurs in CdSe. The Zn

O
Q(0 — CdSe(0001)
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FIG. 8. Auger peak-to-peak-height ratios Xo/Xcd and Xse/Xca as a function of beam-irradiation time before the oxy-
gen exposure and after an oxygen exposure of 9 && 10 -L 02 in CdSe.
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Present work
CdTe (110)

HP
CdTe (110) Remarks

4.5
6.0
7.5
9.4

11.2
14.0
16.5
19.5
22.5
42.0
43.5

2.2
4.5
6.5

9.6
10.7
13.6
16.1

22.5

Cd 4d
k(dp

Te-4d, ~2
Te-4d3g2

Present work HP Brillson
CdSe (0001) CdSe (1010) CdSe (1120) Remarks

3.2

5.6

10.7
14.0
17.5
23.8
56.4

3.0

10.7
13.8
17.6
23.6

2.9
5
5.6
9.5

10.6
13.5
17.5

s
Cd-4d
k(dp

compounds of ZnTe and ZnSe behave in the same
way as the Cd compounds '; we can say that the
Te compounds of CdTe and ZnTe exhibit a new
Te 4d loss at 40.5 eV for both of them upon Ar'
bombardment, but no new loss appears in the case
of the Se compounds. As an origin of the 40.5-eV
loss, the presence of the Te element on the born
barded surface might be responsible for this loss.
However, comparing the loss spectrum from the
disordered surface with that from a Te metal
shows that this is probably not the case: Figure 9
shows the loss spectrum of the Te metal mea-
sured by the same apparatus used in this work.
It has a large peak at 4.6 eV, a weak peak at 7.7
eV, the surface- and bulk-plasmon losses at 11.6
and 17.7 eV, respectively, and a Te-4d doublet at
41.1 and 42.6 eV, in fairly good agreement with
r esults reported previously. " The energy position
of the Te-4d doublet is close to that of the 40.5-eV
loss, but no other losses characterizing the pres-
ence of the Te element are seen in the spectrum
from the disordered surface. Consequently, we
conclude that the new loss may be correlated to a

TABLE V. Transition energies for bulk interband
losses, the surface- and bulk-plasmon losses (@&, and
k~&), and the Cd-4d and Te-4d or Se-I core level losses
(Cd-4d and Te-4d or Se-3d) in CdTe and CdSe. For com-
parison, the ELS results of Hengehold and Pedrotti (HP,
Ref. 5) and of Brillson (Ref. 10) are presented.

Ep= 100eV

z
CO

"a

2 4 6 8 10 12 14 16 1.8 20 22 24

ENERGY, E, (eV)

FIG. 9. Comparison of an electron-energy-loss spec-
tra of a Te (1010) surface with that of the disordered
CdTe (100) surface at E& =100 eU.

Te-derived surface state which appeared newly on
the disordered surface. It is noted that the loss at
3.2 eV for the disordered CdTe surface may be
correlated with the Te-derived surface state.

The disappearance of the S& loss and the S& loss
of the (100) surface of CdTe with oxygen adsorption
can be interpr eted by a shif t in energy of the Te-
derived surface states due to adsorption of oxygen
on the surface Te atoms. This fact shows that
they are associated with Te-derived surface
states. 'Q7e have already indicated that both losses
are correlated with the surface Cd atoms. There-
fore, we identify the S, and S5 losses as caused by
the transitions from the occupied Te-derived sur-
face states lying at -1.5 and -7 eV, respectively,
below the VBM to the empty Qd-derived surface
state at 2.5 or 3.0 eV above the VBM. The S3 loss
of the (100) surface is also correlated with a Te-
derived surface state. These possible identifica-
tions for the surface losses are presented in Table
I. According to the calculations performed by
Calandra and Santoro, occupied surface states of
the ideal CdTe (110) surface are located at or near
-4.5 and 8.5 e& below the VBM. The former type
surface state may be responsible for the S3 loss
and the latter the S~ loss of the (100) surface.

The energy position of the final state involved in
the Se-3d loss can be derived from the measured
loss energy with a help of the binding energy of the
Se-3d core level. Vesely and I.anger 3 provided
the binding energy with respect to the Fermi level;
54.18 and 55.08 eV for the Se-3d5 j~ and 3d3/p
levels, respectively, and 11.13 and 12.00 eV for
the Qd-4d5» and 4d3&2 levels, respectively. The
weighted average values are 54.54 eV for the
Se-3d level and 11.38 eV for the Cd-4d level. Ac-
cording to Ley et al. 4 the binding energy of the
Cd-4d level with respect to the VBM is 10.04
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+0.15 eP, being smaller by 1.44 eP than the value
of Vesely and Langer. We assume that this dif-
ference is due to the difference in energy refer-
ence employed in the two pieces of data, and we
subtract it from the value of 54.54 ep to obtain the
binding energy of the Se-3d level with respect to
the &BM. We use the binding energy of 53.1 thus
obtained to deduce the final-state energy involved
in the Se-3d losses, yielding 3.3, =8, and 13 eV
for the A&, A~, and A, losses, respectively. The
level at 3.3 ep may be a conduction-band state,
and the other. two correspond probably to Se-
derived surface states. The loss data can not lead
to a conclusion whether the 1.4-ep shift, being
measured on the A~ and A3 losses upon oxygen
adsorption, is attributed to the shift in binding
energy of the Se-3d core level or to the shift in
energy of the final states. According to pianetta
et al. ,

~4 the oxygen chemisorbed on the anion or
cation on vacuum-cleaved (110) surfaces of III-V
compounds always causes an increase in binding
energy of the d core level. Therefore it is more
likely that the shift in loss energy to the lower-
energy side is associated with the shift in energy
of the final state; the oxygen adsorbs on the surface
Se atoms without breaking the back bonds, resulting
in redistribution in charge and a shift in surface
states at 8 and 13 eV to the lower-energy side.
This assignment seems to be probable for the
identification of these losses as due to the transi-
tion from the Se-3d core level to the surface
states, since the adsorbed oxygen may affect more
seriously the wave function of the surface state
which is less localized on the surface atom than
that of the core level which is strongly localized
on the surface atom. In this connection, soft-x- '

ray photoemission studies, which may provide the
core-level binding energy, need to be done before
definitive conclusions may be drawn. In the case
of ZnSe, the Se-3d loss with the lowest energy
transition corresponds to a bulk loss and the
next two lowest losses may result from surface
losses. That is, in the Se compounds of CdSe
and ZnSe we found the empty anion-derived surface
states lying well above the conduction-band mini-
mum (CBM) to which the transitions from the
anion core level occur. No corresponding Te-4d
surface losses are seen in the Te compounds.
The final state involved in the (."d surface loss lies
at 2.7 ep in the one-electron picture for CdSe,
being above the CBM at 1.7 ep where the energy
reference is taken at the &BM. This surface loss
is sharper in structure than any other d core sur-
face loss measured in our laboratory. Qwing to a
rather poor resolution of our detector, the struc-
ture corresponding to this loss measured at 12.7
eV in the 50-eg spectrum, which was measured

with the modulation voltage 4p of 0.2 V peak to
peak, may be broadened. We should notice that
structure becomes broader at the measurement
with 4 V= 0.5 p peak to peak, while no changes in
shape are observed for all other structures with
the decrease in 4 V' from 0.5 to 0.2 V peak to peak.
(,"onsidering the rather-ionic character of chemi-
cal bonds in CdSe, the sharpness of the Cd-4d
surface loss seems to be understandable.

Major features appearing in the spectrum from
CdSe surface with the oxygen coverage larger
than one monolayer can be explained by the forma-
tion of the bulklike CdQ layer on the basis of re-
sults reported by Hengehold and pedrotti on a CdQ
surface. ' Comparing the loss spectrum from the
heavily oxidized CdSe surface with the reported
results~5 demonstrates that the losses at -4.5,
6.6, 7.2, 11.0, 15.9, and 18.1 eP are due to CdQ.
The energy positions of the losses for CdQ from
Ref. 15 are indicated by solid lines in the f curve
in Fig. 5. The large loss at 3.3 eV and the losses
at 9.9 and 13.4 ep are not seen in Ref. 15. The
loss spectrum and the Auger spectrum of the
oxidized CdSe surfaces are compared with ELS
and AES data taken on clean and oxidized Cd
metals, allowing us to conclude that the peak at
3.3, 13.4, and 65.6 ep in the loss spectrum (see
Figs. 5 and 6) and the dip near 37 eV' in the Auger
spectrum (see Fig. 7) of the very heavily oxidized
CdSe surface are correlated to CdQ. In addition, ,

'the comparison with the EI,S data yields no evi-
dence for the formation of Cd metal upon oxidation
of the (.'dSe surface. The results for the (:d metal
will be reported elsewhere. It is noted that the
65.6-eV loss may be interpreted as due to a tran-
sition from the Cd-4P level with a binding energy
of 70.2 ep with respect to the Fermi level. '3 The
transition energy sma11.er in EI S than the binding
energy may be due to excitonic effects in EI.S
transition. Qbservations that the 3.3-e7 loss
grows in magnitude with oxidation and the 13.4-eV
loss, which newly appears at the lower-energy
side of the Cd-4d loss in CdSe and increases in
magnitude with the growth of the 65.6-ep loss, do
not contradict the present identification. The
origin of the 9.9-ep loss is inconclusive. From
these considerations we conclude that in the oxida-
tion of CdSe both the cation and anion oxides are
involved, although at the first stages of oxidation
the anion oxide only is formed and a part of the
anion oxide seems to sublime away from the
heavily oxidized surface, leaving the oxide over-
layer rich in CdQ. The presence of the surface
Se atoms on the clean (0001) Cd surface is evi-
denced by the Auger data. As the selenium oxides
SqQ& and Se&p5 are considered from heats of form-
ation, 8 but the formation of SeQ2 may be more
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probable because there may not be sufficient oxy-
gen for the formation of Se~Q5, or owing to such
a high vapor pressure as 1.4x10 Torr at room
temperature, ' SeQ2 may sublime away from the
surface when oxidation proceeds to SeQ .

The oxidation behavior of the Cdge surface
seems to be interpreted by a model similar to
that proposed by pianetta et col. '4 for the GaAs
(110) surface. The oxygen adsorbs on the surface
Se atoms without breaking the back bonds at the
initial stages of oxidation with oxygen coverage 8
less than about 0.6 of a monolayer. The Cd-4d
surface loss remains unchanged at 8~0.1 and
then decreases in magnitude with further oxidation.
The oxygen adsorbed on the surface Se atoms may
produce a shift in energy of the empty Cd-derived
surface state, following theoretical calculations
of the density of states for the GaAs (110) surface
with adsorbed oxygen on various surface species
reported by Mele and Joannopoulos. ' Subsequent
addition of the excited oxygen leads to breaking
the back bonds and the oxygen adsorbs on the
surface Cd atoms as well as on the surface Se
atoms and both the cadmium and selenium oxides
are formed at 0 ~0.6. Further exposures to ex-
cited oxygen cause the oxidation to proceed into
the bulk (8&l), leading to the changes in shape of
both the loss spectrum and Auger spectrum in the
region below 50 ep. The decrease in magnitude of
the Auger Se signal at 42 ep indicates a decrease
in composition of the Se constituent in the oxide
overlayer. In addition, changes in shape of the
Auger signal from CdSe to selenium oxide may
produce the decrease. In fact, in the case of Te
metal, the Te Auger signal at 25 ep has a magni-
tude of about 0.4 of that of the Te signal at 485 ep,
whereas the Te signal at 25 e7 almost disappears
in the tellurium oxide. The appearance of the Cd
signal due to CdQ at about 27 eP may have effects
also on the magnitude of the Se signal at 42 ep.
There is another measure for the chemical com-
position of the oxide overlayer. The maximum
Auger ratio Xo/X«was 0.31 for the very heavily
oxidized CdSe surface, in good agreement with a
value measured for the heavily oxidized Cd metal.
Consequently, we conclude that the selenium oxide
sublimes away from the oxide overlayer, leaving
the overlayer rich in CdQ. In the case of the
oxidation of Znge, both the Auger Se signal and
Se-3d loss are reduced in magnitude without
changes in shape with oxygen uptakes and they
almost disappear for the heavily oxidized surface,
indicating that the selenium oxide sublimes from
the surface, resulting in a oxide overlayer com-
posed entirely of ZnQ.

Comparing the loss spectrum from the oxidized
CdTe surface with that from the oxidized CdSe

surface allows us to eonelude that no cation oxide
is involved in oxidation of CdTe. At the oxidation
of CdTe, the appearance of the Te-. 4d loss due to
TeOz at the very initial stages of oxidation (see
curve b in Fig. 3) demonstrates that the oxygen
adsorbs on the surface Te atoms with breaking
the back bonds from the initial stages of oxidation,
leading to the formation of TeQ2. No evidence for
a formation of the Cd element is seen in the loss
spectrum. Due to its high vapor pressure, ' the
Cd element, which may appear as a reduced ele-
ment upon the formation of TeQ2, may sublime
from the oxide overlayer. The Auger ratio Xr, /
Xo was 1.53 for the heavily oxidized CdTe surface.
Qwing to desorption of oxygen during the course
of AES and EI.S measuremenfs, no reliable Auger
ratio was obtained for the TeQz crystal; the Xr, /
Xo ratio changed from 1.20 measured immediate-
ly after beam irradiation to 1.58 after AES and
FLS measurements. The layer model shows it to
be 1.23, as deduced from an assumption that the
ratio is given by a half of the sensitivity ratio of

I~, /Io, which can be provided by the values for
Iz, /Ir, in ZnTe and I„/Io in ZnO. The estimated
value is in good agreement with the initially mea-
sured one. We emphasize, however, that the
estimation yields a measure for the Auger ratio,
because of no consideration of the crystal struc-
ture of TeQ~ and of a change in shape of the Auger
spectrum due to the close location of the Te and Q
signals.

We have already shown that in oxidation of
Zn Te, both ZnQ and TeQ~ are involved in the
oxide overlayer. The Te-4d loss due to TeQ~ is
seen at an oxygen coverage of about 0.5 of a mono-
layer, whereas the 40.5-ep loss appears at the
very initial stages of oxidation. The 40.5-ep loss
has been identified as due to the transition from
the Te-4d5» level to the Te surface state lying
-0.3 ep above the IBM in a one-electron picture.
Mele and Joannopoulos have indicated in their cal-
culation of the surface states for the GaAs (110)
surface that an anion-derived empty surface state
appeared in the band-gap region with adsorption of
oxygen on the surface anion atoms. The similar
oxygen-induced surface state may be responsible
for the 40.5-ep loss in ZnTe. The Zn-3d surface
loss in Zn Te diminished in magnitude with oxygen
uptakes at the rather initial stages of oxidation
due to a disappearance of the empty Zn-derived
surface state. The observation on the Te 4d loss
indicates that the oxygen adsorbs on. the surface
Te atoms, probably, without breaking the back
bonds at the initial stages of oxidation. The ob-
served result on the Zn-3d loss may also provide
another evidence for the adsorption of the oxygen
on the surface Te atoms according to the calcula-
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tion of Mele and Joannopoulos, ~~ but a possibility
of the adsorption of the oxygen on the surface Zn
atoms can not be ruled out completely. Calcula-
tions of the surface states for the surface with
adsorbed oxygen seem to be needed bef ore def ini-
tive conclusions are drawn.

We have found from the ELS and AES studies
that both the anion and cation oxides are involved
in the oxide overlayer developed on the CdSe,
ZnTe, and ZnSe surfaces, and only the anion oxide
is formed in the case of CdTe: The anion oxide
is formed without exception in all the II-pI com-
pounds investigated by us. These oxidation proper-
ties seem to be explained on the basis of heats of
formation for each of the oxides involved (see Fig.
10).~6'~8 We can see from Fig. 10 that both the
anion and cation oxides are more stable than the
corresponding Cd (and Zn) selenide or telluride
and that the cation oxide is involved in addition to
the anion oxide only when it is more stable than
the corresponding anion oxide, if SeQ2 is involved
as the selenium oxide. If Se,O„which is more
stable than SeQ~, is formed as the-selenium oxide,
sublimation of selenium oxide may be responsible
for the formation of the cation oxide. In this con-
nection, oxidation of the Zn and Cd sulfides may
provide more useful information on the oxidation
properties of the g-pI compound surfaces.

STANDARD HEAT OF FORMATION
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FIG. 10. Standard heats of formation from Refs. 16
and 18 for the Cd and Zn calcogenides and their anion
and cation oxides in the solid state and for some anion
oxides in the gaseous state.
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