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Intrinsic point defects were produced on ZnO (1010) surfaces by thermal treatment, uv illumination, and CO
exposure. Electronic structure and thermodynamics of surface defects as well as their influence on charge-transfer

reactions are discussed.

I. INTRODUCTION

Chemical reactions at semiconductor-gas inter-
faces, which generally involve changes in the con-
centration of free electrons, have been of interest
for many years in the fields of chemisorption and
catalysis, corrosion, semiconductor device
_technology, etc.

The present situation in understanding charge
transfer during chemisorption is characterized by
various theoretical approaches of different de-
grees of sophistication and a lack of detailed ex-
perimental results.!”® Experimental studies, how-
ever, have failed so far to verify quantitatively the
dependence of charge transfer on surface barrier
heights as it is expected from theoretical models.
A detailed quantitative study recently published by
Lagowski et al.'° was performed under moderate
vacuum conditions (P >107! Pa) only. Tempera-
ture dependence and absolute values of sticking
coefficients of the system ZnO-0O, determined in
this work deviate strongly from results obtained in
our earlier ultrahigh-vacuum (UHV) studies.!!*'?
Most probably, the discrepancy is due to contam-
inations and/or surface defects. The drastic in-
fluence of intrinsic defects on electronic proper-
ties of ZnO surfaces is studied systematically in
the present paper.

Intrinsic defects are thermodynamically stable
in every solid at T #0 K. Equilibrium surface con-
centrations (“coverages” ©) of defects are ex-
pected to deviate from corresponding bulk values.
This generally leads to band bending, changes in
concentrations of free electrons at the surface and
hence changes in rates of charge transfer during
chemisorption or catalysis as a function of ©.

Mainly for experimental reasons and in spite of
their general importance, surface defects of com-
pound semiconductors have not yet been studied
systematically. We therefore started extensive
work on a “prototype surface,” i.e., ZnO (1070),
on which surface defects can be studied under con-
trolled conditions: ZnO (1010) does not irrevers-
ibly form surface compounds in the presence of

residual gas which cannot be removed by thermal
treatment under UHV conditions.'®* This surface
exhibits well-defined surface-atom reconstruction
and has negligible concentration of electronic sur-
face states in the band gap.!*'!* Several earlier
papers indicate the existence of donor-type of ZnO
defects near the surface.'®:1®

The present study deals with surface defects of
ZnO (1010) which will be produced by high-temper-
ature treatment, by uv illumination, and by CO ex-
posure. Definitions to characterize space-charge
layers due to defects are given in Séc. II. After
presenting experimental details and results in Sec.
III, the discussion starts with geometric models of
defects in ZnO (Sec.IVA). The following Sec. IVB
deals with concentration profiles of defects near
the surface. In Secs. IVC and IVD electronic
structures and conductivities of bulk and surface
Zn0O are discussed. We conclude the discussion
with a thermodynamic treatment of surface defects
(Sec. IVE) and the correlation between surface de-
fects and reactivity (Sec. IV F).

II. DEFINITIONS

In order to calculate space-charge layers due to
donor-type surface defects, we, in a first ap-
proximation, assume that electrostatic potentials
have a dependence on the space coordinate z nor-
mal to the surface only. In this case, uniform
work functions ¢ and surface conductivities Ao can
easily be correlated by means of solutions from
the Poisson equation.

¢ is given by electron affinity x, conduction-band
edge E., bulk Fermi level E,, and band bending
at the surface eV :

¢=x+(E;-Eg)-eV,. (1)

The surface conductivity Ac¢ is defined by the de-
viation of the resistance R from the value R, in
flat-band situation'”: '

A0 =0~ 0, Vempe A =12/A(1/R = 1/R,) ()

with o =sheet conductance, ¢,=bulk conductivity
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given by elementary charge e, concentration of
electrons n, as well as defect electrons p, and
corresponding mobilities w,q,; !=length, Vampe
=volume, and A =total side area of samples with
uniform geometric cross sections. Neglecting con-
ductivity in surface states (until now not observed
experimentally, see, e.g., Ref. 9), the equation

Ac=e(, , AN +[1, ,AP) (3)

holds. [i;,0( iS the mean mobility of elec-
trons (defect electrons) in the space-charge layer,
AN the excess surface concentration of electrons!’

AN=[Q [n(2)=n,]dz, 4)

and AP the corresponding concentration of defect
electrons in space-charge layers with Debye
lengths Ly, small as compared to the sample thick-
ness.

The correlation between band bending eV, and
the average charge density @, at the surface is
given by charge neutrality

Qs + Q5o =0 (5)
Here,
Qsc=f p(2)dz (6)
0

is the average space charge per unit area obtained
from integration of the Poisson equation with z-
dependent charge density p:

a*viz) __ pk)

dz? €€,

(7)

III. EXPERIMENTAL RESULTS

Figure 1 shows techniques used in our work to
identify surface defects. Most experiments were
carried out in an extended Varian 120 low-energy
electron diffraction—-Auger electron spectroscopy
(LEED-AES) system.'® For details of ultraviolet
photoemission spectroscopy (UPS) experiments see
Ref. 14, Cleaning procedures of ZnO (1010) in-
cluded moderate high-temperature sublimation
(1050 K, 180 s under Langmuir conditions) and
subsequent oxygen treatment (typically 107¢ Pa,
700 K, 10* s). High sublimation rates at 7>1100 K
lead to irreversible changes in the surface struc-
ture.'® Ar bombardment could be avoided in the
absence of Ca impurities. This preparation yields
optimum LEED pattern with negligible surface im-
purities as checked by AES and thermal desorption
spectroscopy (TDS). In all experiments, not in-
tentionally doped (“undoped”) ZnO was used.

A. Formation of surface defects
1. Thermal desorption experiments

Typical TDS results of Fig. 2 indicate character-
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FIG. 1. Schematic diagram of experimental tech~
niques: EPR (electron paramagnetic resonance), TDS
(thermal desorption spectroscopy), PD (photodesorp-
tion), UPS [ultraviolet (He I, II) photoemission], ¢ (con-
ductivity measurements), EELS (electron-energy-loss
spectroscopy), AES (Auger electron spectroscopy), LEED
LEED (low-energy electron diffraction).

istic intervals of temperature for typical surface
reactions: Point defects become experimentally
observable above 700 K, where TDS of “stoichio-
metric” surfaces [i.e., ZnO (1010) with an ideal
Zn:O ratio of 1] leads to excess O, desorption.?’
If rapid heating (d7/dt> 10 K s™) is stopped at
temperatures 885 < Tyt < 977 K, the isothermal ex-
cess Langmuir desorption of O, decays with a
characteristic relaxation time 7=177+15 s, “Cov-
erages” © of excess Zn at the surface (i.e., “non-
stoichiometry”’) can be determined from the excess
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FIG. 2. Oxygen pressure during thermal desorption
dT/dt=3.3 K s-1). (a) After adsorption at Tas=100 K
[“physisorption” with negligible change in surface con-
ductivity (Refs. 12 and 13)]. (b) After adsorption at T
=300 K [“chemisorption”, formation of O, at the sur-
face (Refs. 11 and 13)]. (c) Desorption from nonideal
(edge and kink) surface-atom positions during the first
heating cycle of Ar-bombarded or chemically cleaned
ZnO (1010). (d) Sublimation of the crystal. The upper
slope is obtained during the first heating after chemi-
sorption at 300 K. P, in the hatched range is obtained
on surfaces with different point-defect concentrations
(Ref. 20). (e) High-temperature range of crystal pre-
paration determining bulk defects in ZnO samples.



22 INFLUENCE OF DEFECTS ON THE ELECTRONIC STRUCTURE...

6449
T UK
2.7510°  25-107 2.2510°  2.007°
2 o ‘ ' I ! togy, Tyy | Tuvls)
Oges lcm™¢)
-2
20 0 ~ /
. 3.0 -} 1000
" L 141072 \)\
110" - 3 °
\—)/x x
X _3 ,(
5‘1012 ___’_5 10 25"
o - 21073 .
210 2.0 4-100
—1:10'3 1 | |
350 400 450 500
TUV ( K)

FIG. 3. Maximum excess surface concentration © of Zn determined from the amount of atoms Oy, desorbing during
uv illumination at T,. T, is the characteristic relaxation time for decay of O atom desorption at T,.

amount of O, desorption at a given temperature
(107* <0,,,(T) <107%), Exponentially increasing Zn-
sublimation rates with temperature are independent
of ©, whereas preexponential term J,(O,) as well

as activation energy E;,(0,) of O, desorption both
depend on O:

1n‘Joo(02)=Esubl(Oz)/R X1002 K'*'anm,o(Oz) (8)

with 0(20 =0) <E;;(0,) <335+18 kI mol™'[20
=emx(T)] and J_,,O(OZ):l_leoxo cm™2 S-i.zo

2. Surface photolysis v

Surface defects may also be formed by uv illu-
mination, which is known to cause a continous rise
of surface conduction on ZnO single crystals.’® In
our experiments desorption of atomic oxygen could
be observed during illumination with band-gap light
(365 nm) at surprisingly low temperatures. Ata
given temperature, the amount Og.s (Fig. 3) decays
with characteristic relaxation times 7,,. Evident-
ly, the absolute values Og4,, may have large sys-

NealCO) pp0lcm) e [ 107" Oco,
l/z”’}/{
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/} 313K
1072 107
107 10 10°°
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FIG. 4. Surface concentration n, (CO,) of CO, formed after 1200-s CO exposure to ZnO (1010) at 300 K as determined
from a subsequent TDS experiment. Circles: exposure to stoichiometric surfaces (pretreated at 700 K, Py, = 10~ Pa,

t=10° s), squares: exposure to surfaces with point defects (pretreated at T,4=950 K, Poz, act=6.65 x10~5 Pa, corre-
sponding to a point-defect concentration of 2.2 x 1013 cm‘z, compare Sec. IVE),



6450

tematic errors. Relative values, however, from
which 7, and the temperature dependence of

Oges in Fig. 3 are deduced, could be reproduced
within a few percent. The exponential increase of
Oyes below 400 K corresponds to an activation
energy of about 70 kJ mol™!. Photodesorption of
0,, H,0, Zn, or CO was below detection limit.
After CO exposure, however, CO, formation could
be observed mass spectrometrically at 300 K in the
presence of uv light.

3. Surface reactions with CO

In the absence of uv light, formation of surface
defects due to CO exposure could indirectly be de-
duced from subsequent TDS, in which CO, was
found. The TDS maximum temperature Ty, is
within experimental error identical with Ti,xo0f
chemisorbed CO,.2! The dependence of 7,4(CO,);z00
on © as well as P, (Fig. 4) indicates complex kine-
tics and thermodynamics of ZnO-lattice oxidation
at 300 K. For details see Ref. 22.

W. GOPEL AND U. LAMPE 22

B. Conductivities as a function of temperature

Conductivity measurements are an extremely
sensitive tool to determine quantitatively changes
of electronic properties at the surface: After high-
temperature formation of donor-type defects (“act-
ivation” of the surface at 7,4 and Po, act in range d
of Fig. 2), characteristic changes were observed.
For given T, and Po, . 0 Was a unique function of
the temperature below 750 K for different “activa-
tion times” 180 <#,, <1600 s and different cooling
rates 0.8 <dT/dt<8 Ks™! after high-temperature
“activation” (see typical results in Fig. 5). In
these experiments, Po, . Was reduced below 1077
Pa after ¢, at T, within a few seconds to avoid
“healing” up of defects due to O, reactions during
cooling down to temperatures where defects are no
longer stable (ranges a and 5 in Fig. 2, compare
Secs. IIIC and IV F). The conductivity measure-
ments indicate defects of donor type at the surface.

Particularly below 300 K the sheet conductance
og [Eq. (2)] shows drastic changes depending on
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FIG. 5. Typical conductivities o formally determined from 1/R of samples, which were pretreated in oxygen at T ot
and Poz' acte 0p~1/R, was determined in the absence of point defects at the surface, i.e., Ac=0.



“activation” conditions (Fig. 6). In this range of
temperature, mobilities are strongly influenced by
scattering at ionized defects and by piezoelectric
scattering.2®"%° Typical results are shown in Fig.
7 and Table I. Therefore, additional Hall mea-
surements are needed to estimate donor concentra-
tions from o. Above 500 K, however, unique y,
values can be taken from the literature to calculate
roughly mean concentrations of electrons » from
our conductivity measurements assuming p,=u, ,
(Fig. 8). m,=f(T), determined in the absence of
surface defects as well as chemisorbed O,, shows
drastic variations for different ZnO samples (Fig.
9). This indicates different bulk electronic defects
due to different preparation conditions (range e in
Fig. 2) of ZnO samples and has to be taken into ac-
count in our theoretical calculations of space-
charge layers (Sec. IV D).

The existence of donor-type surface defects also
follows from conductivities of epitaxial thin films
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prepared on single-crystal ALO, substrates. Dif-
ferent values T,, and Po, .. lead to different o val-
ues extrapolated to 4 =0 with unchanged slope, i.e.,
bulk contribution, for undoped samples (Fig. 10,
for further details see Ref. 41). By means of y,
=f(T) in Fig. 7, the og(d - 0) values can be used to
determine excess surface concentrations of elec-
trons AN from o, [Egs. (2), (3), and (4), AP can
be neglected for ZnO ]:

AN(P porr Taer) = (1.1£0.2) X105 P, ooy (Pa) 7021 20:03
x exp[-(58 +5) kJ mol™/RT] cm™2
(9)

follows for undoped ZnO.

C. Conductivity changes upon O, exposure

If defects are produced by high-temperature
treatment, by CO exposure and subsequent CO, de-
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FIG. 6. Sheet conductance op for different pretreatments at T,, and Poz act *
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FIG. 7. Typical valuesfor Hall mobilities p, of ZnO sin-
gle crystals with different concentrations of bulk intrinsic
defects (donor-type oxygen vacancies V, and acceptor-
type zinc vacancies v, ) and conductivities o, (taken from
Refs. 23 and 24). Corresponding bulk concentrations of
defects are given in Table I.

sorption, or by uv illumination, subsequent O, ex-
posure at low temperatures T <700 K leads to
characteristic variations in conductivities. Total
changes as well as initial slopes (dAo/d?),-, during
O, exposure can be used as a monitor to detect
surface defects. Drastic changes in charge-trans-
fer rates are observed, which are shown in Fig. 11
for thermally activated and in Fig. 12 for uv-act-
ivated samples (P% =1,33x107* Pa).

TABLE 1. Bulk concentrations of donors (oxygen
vacancies V) and acceptors (zinc vacancies V) as
well as conductivities 0, at 300 K for differently pre-
treated ZnO single crystals. Corresponding Hall mo-
bilities p, are shown in Fig. 7.

Sample [V,] (em™®) [Vz,](em™) 0, (300 K) (7' em™)

1 1.0
2 3.5 x10'7 1.4 x10!7 1.4
3 9.4 x1016 4.3 x10!6 0.24
4 3.65x 1017 1.4 x10l7 1.8
5 4,16x10!7  1.75x10!7 1.4
6 7.3
7 4.4 x10'7  1.25%x10!7 4.3
8 50.7
9 62.7

D. AES, EELS, and LEED

Defects could not be observed in AES, e.g., by
changed peak shapes or Zn:O peak intensities.
Electron-energy-loss spectroscopy (EELS) enabled
no fingerprint type of identification of surface de-
fects. Experiments with better experimental reso-
lution are highly desired. In LEED intensity / vs
voltage U (I/U) curves, however, drastic changes
were observed, which indicate long-range per-
turbations due to defects. Results for 0/0 spot
intensities have been published previously.?! The
most prominent effect is an increase in the back-
ground intensity at 190 eV. Extra spots were never
observed. Further experimental details are given
in Ref. 12. LEED calculations on the basis of uni-
form variations in surface-atom reconstruction due
to surface defects are in progress.*

E. Photoemission and electron paramagnetic resonance

In UPS, surface defects lead to reduced (O-2p
derived) valence-band emission at 2—4 eV below
the top of the valence band E,. As in LEED, this
effect indicates long-range perturbation. UPS de-
tails are given in Ref. 14.

In EPR, defects lead to an almost symmetric
signal at £=1.9595 which can be annihilated com-
pletely by low-temperature (T < 700 K) O, expo-
sure. Relaxation times are of the order of min-
utes. If samples were pretreated over longer
times (£,4 >10* s), a minor part of the g=1.9595
signal is reduced with an order-of-magnitude long-
er relaxation time. This effect may indicate the
different reaction rates with bulk and surface de-
fects. Within experimental error, the same g val-
ue was observed for defects produced thermally,
by uv illumination and by CO exposure. O, expo-
sure below 400 K leads to an additional signal,
which in our earlier work'? had been attributed to
an O,” surface complex.

IV. DISCUSSION
A. Geometric models of defects in ZnO
1. Bulk defects

Usual preparation conditions of zinc oxide single
crystals lead to n-type conducting samples with
excess Zn. This effect may formally be described
by “nonstoichiometry” Zn,, 0 (5 <1073) and/or
structural disorder of ideal crystals due to point
defects.

6 has been determined in x-ray,*®*** channeling
blocking,*® or electrochemical measurements,*%:%7
by gravimetric analysis,*® hydrogen evolution,*?:5
and various chemical methods.?'"5" Attempts were
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FIG. 8. Mean concentration of electrons » as function of temperature after high-temperature pretreatment of sample
I at Ty and Po,,acte Further explanations are given in the text.

made to correlate “nonstoichiometry” with mobility
and conductivity data.®” The main problem in the
quantitative determination of 6 is to ensure homo-
geneity of defect concentrations in the sample.
This problem will be discussed in Sec. IV B.
“Segregation” of defects at the surface (Sec. IVD)
had always been neglected in these studies.
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FIG. 9. Electron concentrations 7, as a function of
temperature T determined from o, (compare Fig. 5) and
pe (compare Fig. 7) for various ZnO samples.
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FIG. 10. Sheet conductance o of epitaxial films mea-
sured at T,y as a function of film thickness d.
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FIG. 11. Derivative of surface conductivity versus time during O, exposure extrapolated to =0 for samples with dif-

ferent high-temperature pretreatments at 7', and Po,y,act*

The physical origin of defects in bulk ZnO after
various pretreatments is still not understood in
detail. 6+#0 may formally be explained by inter-

stitial zinc Zn; or oxygen vacancies V, both acting

as donors. Diffusion and transport phenomena as
well as conductivity data clearly show additional
existence of acceptor types of defects, such as in-
terstitial oxygen O, or zinc vacancies V. A vari-

ety of experiments indicates the existence of V,

(Refs. 24-38, 45, and 58-71) and V5, (Refs. 24, 38,

60, and 72). Some authors found indications for

Zn, (Refs. 43, 45, 23, 60, 64, 65, 68, 70, and 72—

75) and O, (Refs. 61 and 69). Hagemark®® dis-

cussed the coexistence of Zn; and V,. Theoretical
calculations on the basis of an electrostatic polar-

ization potential support the existence of V.
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FIG. 12. Derivative of surface conductivity versus time during O, exposure extrapolated to =0 for samples after uv

illumination at T, (f,,=10%s).
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A large number of coupled defect equilibria and
temperature functions of corresponding equilibrium

constants have been compiled without clearly
identifying stabilities of different types of defects
from high-temperature thermodynamics of bulk de-
fects in ZnO (see, e.g., Ref. 60).

Various experimental results however, do indi-
cate the existence of donor- as well as acceptor-
type defects, both of which may be neutral, or
singly- or doubly-ionized. The following discus-
sion of electronic properties of ZnO will be simpli-
fied by assuming that V, and Vy, are the only donor
and acceptor types of intrinsic defects in bulk ZnO
(see Fig. 13). Their concentrations and energetic
positions, estimated in Sec. IVC, determine the
concentrations of free electrons, band bending due
to surface defects (Sec. IVD), and hence charge-
transfer reactions at the surface (Sec. IVF).
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2. Surface defects -

Surface defects of ZnO powders were often
observed in EPR after thermal pretreat-
ment,®-7:%.78"78 or uy illumination with band-gap
light.”"# A variety of earlier results on single
crystals obtained by thermal or uv pretreat-
ment,'s*¢ by electron,®~#" neutron® or proton®
irradiation as well as our own results indicate don-
or-type paramagnetic surface defects.

The g value of our defects (Sec. IIIE) is, within
experimental error, the same as the value obtained
from ionized donors in the bulk after high—temper-
ature pretreatment.?®:*® Spin-orbit coupling and
geometrical surrounding of surface as well as bulk
defects are therefore assumed to be the same.
Following Hausmann,?% we tentatively assign the
signal to V and Vo (Fig. 13), respectively, and

(1010) Az(cation):::“\\'— 3 Az(amion) 5
\ /: A
N —N——
= =
[0001) . \
Qdd "-_'.._—;.. A
. '-..@;f—-—;-- g
// / -
/// VO / VZn (Q)
Evec ’ /
- /
H / /
F 180 meV 250 meV
Eps ™ =4 L i —
75eV / —_
ggiion-— 7/
gcrx‘rigﬁr?g 4 25V
bonds J
| - By V)
— ~Ey
mainly 0-2p
E /// / /
g 1l 2. z (10'7mj ( b)

FIG. 13. Geometric model of ZnO with bulk and surface defects (a) and corresponding electronic structure (b). En-
ergy values correspond to sample II at 300 K (for details see Sec. IVC).
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we exclude Zn,, or V,_with three nearest neigh-
bors at the surface. A proposed interpretation of
the g=1.9595 signal in terms of free conduction
electrons™-% may be excluded due to their rapid
EPR relaxation. The different kinetics during re-
duction of the EPR signal upon O, exposure (Sec.
IIIE) are assumed to raise from rapid reactions with
VOs as compared to slow reactions with deeper
lying V. Within experimental error, the same
EPR signal (Sec. IIIE) and behavior upon low-tem-
perature O, exposure (Sec. IIIC) is observed on
surfaces with point defects, no matter if the de-
fects were produced by thermal treatment, by uv
illumination, or by CO exposure. We therefore
tentatively assume that the same type of defect is
produced in all cases. We also exclude acceptor-
type surface defects, such as O;, or VZ,,S . This as-
sumption is supported by the facts that absolute
values of conductivities of defect-free surfaces
could be regained after O, exposure and EPR gave
no indication for defécts other than V.

B. Concentration profile of defects near the surface

The concentration of bulk defects is given by
preparation conditions of the single crystal at
1300 S T'4rep s 1600 K (range e in Fig. 2). We ob-
served surface defects below 1000 K, where equi-
librium concentrations of bulk defects per unit area
are orders of magnitude smaller than concentra-
tions of surface defects.® Bulk diffusion, however,
is kinetically hindered at T <1000 K. Quantitative
estimations of diffusion effects are complicated by
the fact that a unique picture about diffusion mech-
anisms in ZnO cannot be given at present. Exper-
imental values, e.g., for chemical diffusion coef-
ficients of oxygen, vary between 10722 < p <1071¢
cm™2g™! at 7=1000 K (Refs. 90-93), and a similar
variety of diffusion coefficients was determined
for oxygen tracer diffusion and for diffusion of
Zn.** In all cases, however, the expected mean
displacement of defects is at most a few atomic
distances under experimental conditions of our
work. This is supported by the experimental fact
that unique results for conductivities and conduc-
tivity changes (Figs. 5, 6, 8, and 10) could be ob-
tained for high-temperature treatment at a given
Po, act and T.» and various “activation times” (Sec.
IIIB). Also, different cooling rates led to the same
o values after high-téemperature treatment, Fur-
ther on, our thin-film results clearly indicate sur-
face effects (Fig. 10, Sec. IIIB).

We therefore conclude that extremely low bulk
equilibrium concentrations of defects at T <1000 K
are obtained at a distance from the surface, which
is small as compared to the Debye length, whereas

the majority of bulk defects remains unaffected,
i.e., is “frozen in” under UHV conditions. Surface
defects, however, which are stable in range d of
Fig. 2 can only be “frozen in” in the absence of
O,, since they react rapidly with oxygen even at
low temperatures (T <700 K, compare Sec, IV F).

C. Electronic structure and conductivity of bulk ZnO

Recent studies of Heiland and Kohl'® showed the
necessity of taking into account compensation in
interpreting surface phenomena of Cu-doped ZnO.
Three bulk levels were formally determined to ex-
plain bulk conductivities and to calculate space-
charge layers. A degeneracy of 16 was attributed
to deep-lying (probably Cu) acceptor levels.® The
physical origin of this defect, however, is not
clear at present. .

For our investigations on not intentionally doped
ZnO we will try to correlate thermodynamic results
of bulk defects with bulk electronic properties of
our samples. The following concept can be applied
to every compensated semiconductor with neutral
and singly and doubly occupied donor as well as
acceptor levels,

The ionization of defects is given by equilibrium
constants taking into account Fermi statistics and
degeneracy factors g;.°°™®" g, =3 (2) holds for ion-
ization of doubly (singly) occupied defects N}, (N5*)
and g,;=2 (3) for N (N;7). If we further on intro-
duce the conditions of electroneutrality as well as
constant total concentrations of donors N, =N} +N;,
+N3," and acceptors N, =N% +N, +N;", this leads to

Npkp ( n2+n,k 3 )
2k + Lo _T»T%D1 + S
no+ngkpy +kpikp, o kp, +m, Ny

- ny N, LIS ﬁnkkm)
nh+ny kg +hgikaz <2n,+ ay+mp T
(10)
with®®
k;=nypy=Nc Ny exp[-(E;—-E,)/kT], (11)

E¢ and E, are the conduction- and valence-band
edges. N, is the density of states in the conduction
band if parabolic bands are assumed with e
=0.28m, (Ref. 98) and m, =free-electron mass. N,
is the corresponding density of states in the valence
band with m = m;.

The equilibrium constants kpi 2, are given by

kep1 =Npny/No=gp Noexp[-(Ec-E,,)/kT],
(12)

kps =NE+”b/N3 =gmN¢ exp[—(Ec _Enz)/kT] ,
(13)
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TABLE II. Position of donor levels Ep,) and
acceptor levels E 4,) and corresponding concentrations
of donors Nj and acceptors N4 in the bulk of ZnO
samples used in this work.

Sample I Sample II Sample III
Ec—Ep (eV) 0.04 0.04 0.04
Ec—Ep, (eV) 0.190 0.180 0.350
Ec—E, (eV) 0.780 0.780 0.574
Eg—E, (eV) 2.500 2.500 2.500
Np (cm™3) 1.663x10'7  4.080x 107  1.40x10'6
N4 (cm™) 1.522x 1017 4.055x10'7  1.10%x 106

with E,, , =first and second ionization level of don-
ors. In analogy to kp, 5, equilibrium constants

k,, » are given by acceptor levels E,; , and corres-
ponding degeneracy factors.

The general equation (10) can only be solved nu-
merically, e.g., by fitting parameters to experi-
mental results »,(7T) in Fig. 9. Some ZnO param-
eters may be taken from the literature: E,~E,
=3.2 €V follows from Ref. 99. A first ioniza-
tion level of acceptors E,~E ,, =2.5 eV was de-
termined in Ref, 60. Shallow donor levels of higher
concentration than acceptor levels always lead to
n-type conductivity in compensated ZnO. The de-
termination of bulk defects can be simplified fur-
ther for some samples: For crystal I, in particu-
lar, a linear dependence of logrn=f(1/T) at T >900
K and T < 400 K indicates the prevailing contribu-
tion of one type of defect with corresponding ener-
gy E ,, and E,, respectively. The sets of param-
eters given in Table II allow a description of the
J

bulk electronic structure of different samples used
in this study over a wide range of temperatures.
This is necessary for the calculation of space-
charge layers in Sec. IV D.

D. Electronic structure and surface conductivity of
ZnO (1010)

The bulk-defect levels and concentrations of Ta-
ble II will be used to calculate band bending in de-
pletion and accumulation layers with limitation to
a nondegenerate conduction band, i.e., Ec-E. >0
at the surface. The degenerate case will only be
estimated roughly according to calculations by
Krusemeyer.® Deviations due to local electric
fields with additional x and y dependence (see e.g.,
Ref. 101) as well as effects due to quantized sub-
bands'®~1% wi]] be neglected to first approxima-
tion. \

The concentration of space charge is given by

pz)=—e[n(z)+2N;"(2) + N;(z)
- p(2) = 2N} (2) = N} (2)]

+e(n,+2N, "+ Ny —py - 2Np* - 2N3) .
(15)
For simplification, wé assume N% =0 (since E,
- E, »E; - E;) and N} =0 (since E, - E,, < kT for
T >300 K and limitation to calculation of nondegen-
erate conduction band). Fermi statistics control
the occupation of different donor and acceptor lev-
els at a given band bending eV (z).
Substitution of V'=kTv/e and integration of the
Poisson equation leads to

% =1{2e2(e€,kT) [n* +2N%™ " + N~ = p* = 2N+ = N§*—v(n, +2N; " +N;-p,— 2N},* = N}))]}/2 (16)
with

n*=Nc[v+In(1 +exp{[(Ec - Ep)/kT] - v}) - In{1+exp[(Ec— E)/kT]}], amn

N§** ==Np[in(1+3 exp{[(Ep, ~ E)/kT] -v}) —=1n{1+} exp[(Ep, - E;)/kT]}], (18)

Nﬁ* =Nplv+1n(1+3 exp{[(Ep, — Ep)/kT] - v}) = In{1+3 exp[(E, - Ez)/kT]}] (19)

and analogous expressions for N¥~, NX~~, and p*.
Surface densities of charge @,, [Eq. (5)] can be
estimated from Eq. (16) by means of

st=e€okTe'l<%) °=eeo(%) ; (20)

Characteristic results are shown in Fig, 14. The
range of degenerate conduction bands in accumula-
tion layers (thick lines) was estimated from

Qss = [87r€€03 "Zh-s(zmm)s/z (kT)5/2 ]1/2
X{[(EF_Ec)g=o]/kT}5/4(2)15'1/2 1)

r
assuming negligible quantization in subbands and

spherical bands near E;.'® Evidently, quantum
effects are negligible below @ ;=10 cm™. More
sophisticated calculations according to Eger
et al.'® lead to more than 20% deviation from the
semiclassical limit in Eq. (20) at eV,/kT >40rT. A
detailed discussion, however, is beyond the scope
of this article.

The surface density of mobile electrons AN [Eq.
(4)] can be determined from

anv=J" [nte)=m) (L) ao (22)
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FIG. 14. Surface-charge density @, of accumulation
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FIG. 16. Space dependence of n(z) and eV(z) in accu-
mulation layers for different band bendings eV, at the
surface at T=300 K. Further explanations are given in
the text.

with (dz/dv) =f"*(z) from Eq. (16). Results ob-
tdined by numerical integration are shown in Fig.
15. In degenerate conduction bands Q,, =AN was
assumed.

Band-bending calculations are not affected by the
unknown concentration profile of bulk defects in
ZnO. Figure 16 shows the dependence of concen-
trations of free electrons and band bending as a
function of distance from the surface. Results
were obtained by numerical integration of Eq. (16).
Under the experimental conditions of our work, the
inhomogeneous doping due to bulk diffusion extends
orders of magnitude less than accumulation layers
(see typical results for 300 K in Fig. 16). We
therefore conclude that our quantitative determina-
tion of surface charges and point defects from
changes in free-electron concentrations is valid
although inhomogeneous doping occurs near the
surface of “real” ZnO single crystals.

The donor level of defects is located in the con-
duction band (Fig. 13). Our earlier studies, re-
stricted to T>500 K measurements, indicated a
donor level 0.2 eV below E..»? This value was
formally deduced from the temperature dependence
of typical results shown in Fig. 8. Besides varia-
tions in AN, the temperature dependence of mobil-
ities, however, has to be taken into account, too:
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FIG. 17. Mean mobility fiy . of electrons in accumulation layers of sample II after different high-temperature pre-
treatments at T,y and Po,, ot which lead to well-defined values Ag=f(T) and hence AN as well as N} (compare Fig.

18).

Deviations in differently doped samples become
pronounced at low temperatures (compare Fig. 7).
Therefore, only high-temperature (7 > 700 K) re-
sults can be used to calculate AN from A¢ under
the assumption u, =T,  #f(AN).

If we assume complete ionization of defects,
mean surface mobilities I, , can be estimated
from Ao(T) data as a function of Nj,. Results in
Fig. 17 show qualitatively the same trend as bulk
data with high defect concentrations due to excess
zinc (Fig. 7, curves 6,8,9) and as those results in
quantized accumulation layers on ZnO (Ref. 104)
with a maximum at about 190 K. Increasing [ ,
with N}, indicates cooperative scattering phenom-

ena in strong accumulation layers. The concen-
tration of ionized defects N} follows from N},
=Q,s€,'. Results in Figs. 14 and 15 enable the de-
termination of @, from AN at a given band bend-
ing. In this way, thermally produced defect con-
centrations Nj =f(P, et » Tact) and defect concen-
trations after uv illumination or CO exposure can
be calculated from Ao. Results are discussed in
the following section.

E. Thermodynamics of surface defects

Defect concentrations due to surface preparation
under thermodynamically controlled conditions at
Tacts Poyact sShown in Fig. 18 are formally given by

Nps Lem 2 log,NE ©
1 P
F1375 Ropiact PO
£133-10°° 1102
<5 _ x
.1013.+13.50 / * 66510
310 . 13310 ,
2 1013 x 5 h 2"10
--13'25/,
/ {11072
1:10"* 11300 / |
’ T 0 K
110 105 1.00
T T T
900 950 980 Teet (K)

FIG. 18. Equilibrium concentration of surface donors Np, as function of temperature T, and pressure Fy,, ot-
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Npy=(8.1£1)X101 P, o (Pa) 0182002
X exp[~ (96+10) kI mol™*/RT 4 Jem ™.
(23)

Small concentrations of defects, easily obtained
under UHV conditions, induce degenerate accumu-
lation layers (compare results in Figs. 15 and 18).
As a result, “metallic surface conductivity” oc-
curs at extremely low concentrations of surface
defects. It is interesting to note that degenerate
conduction bands with metallic surface conductivity
occur under experimental conditions of catalytic
oxidation reactions on ZnO,!08:107

Absolute values Nj, are of the order of AN values

obtained on epitaxial thin films [Eq. (9)]. Devia-
tions in preexponential and exponential terms are
mainly due to deviations in the bulk concentration
of intrinsic as well as extrinsic (In) point defects.
Details will be discussed in a following paper.*!

In a thermodynamic approach, the “defect unity”
Vo +ex V° may be treated as a ‘“negatively ad-
sorbed partlcle.” Adsorption isotherms obtained
from Eq. (23) enable the estimation of isosteric
heats of “adsorption”:

a]'n'PO act
= 2 2
qst ( aT >N+ RT (24)
with g , =-640+ 40 kJ mol™*. Since g, is the dif-
ference between molar enthalpies in the gas phase
(which are well known) and in the “adsorption”
state for the process ’

20,z 2V +2¢+0,,, ,

excess enthalpies and specific heats during forma-
tion of surface defects can be deduced from g¢,.

F. Surface defects and reactivity

Rates of charge-transfer reactions can be dras-
tically increased due to point defects at the sur-
face. For a quantitative estimation of this effect,
kinetic results in Figs. 11 and 12 were used to cal-
culate the ratio S, of electrons captured from the
conduction band per colliding O, molecule during
low-temperature O, exposure. After determining
N}, from B, ., and T .t for thermally produced de-
fects (compare Sec. IVD), results from Fig. 11

lead to
S$,(300 K)=1.8x10"%exp(5.0 X10™*N} /cm™2)
(25)
and
5,(700 K) =9.8 X107 +2.77 X 107N _/cm™
(26)

For “uv-activated” ZnO (1010), results from Fig.
12 were calibrated assuming N ;, =0Qqes (cOmpare
Fig. 3). Within experimental error, the same ex-
ponential dependence on Nj_ as in Eq. (25) was ob-
served at 300 K. The exponential dependence at
300 K indicates chemisorbed O, as precursor for
reactions with V, , whereas the linear slope at 700
K indicates direcf reactions of O, with V. In both
cases, isotopic exchange of 3°0, has been observed
for N Ds;eO. This effect illustrates the important
catalytic property of VOs to dissociate O, mole-
cules even at low temperature.!®” Further details
and implications for understanding the catalytic
oxidation of CO on ZnO (1010) will be discussed in
a following paper.1°®

IV. CONCLUSIONS

Free energies of formation for surface defects
are generally expected to deviate from bulk data.
The present study on our “prototype system” ZnO
(1070) shows that equilibrium surface concentra-
tions of intrinsic point defects may deviate signif-
icantly from corresponding bulk values. This ef-
fect leads to strong accumulation layers, orders of
magnitudes larger concentrations of free carriers
at the surface, drastic variations in rates of
charge transfer, and hence a strong influence on
catalytic properties.
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