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The defect structure of ZnO nanoparticles is characterized by means of high-field electron paramagnetic resonance (EPR) spec-
troscopy. Different point and complex defects could be identified, located at the “bulk” or the surface region of the nanoparticles.
In particular, by exploiting the enhanced g-value resolution at a Larmor frequency of 406.4 GHz, it could be shown that the
resonance commonly observed at g = 1.96 is comprised of several overlapping resonances from different defects. Based on the
high-field EPR analysis, the development of a space-charge layer could be monitored that consists of (shallow) donor-type V§
defects at the “bulk” and acceptor-type V5, and complex (Zn{ — V},)* defects at the surface. Application of a core-shell model
allows to determine the thickness of the depletion layer to 1.0nm for the here studied compounds [J.J. Schneider et al., Chem.

Mater. 22, 2203 (2010)].
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1. Introduction

Recent research interest in nano-structured ZnO' is motivated
by novel applications as electrode material for dye-sensitized
solar cells,>~* light-emitting diodes,” photoluminescence,®’
thermoelectrics,® printable electronics® varistors'%-!!
sors.'? All of these applications exploit the semi-conducting
properties of ZnO, which is a direct wide-bandgap (3.3eV)
semiconductor.'? ZnO possesses a relatively open structure,
with a hexagonal close packed lattice where Zn atoms occupy
half of the tetrahedral sites and all of the octahedral sites
are non-occupied. Hence, there are plenty of sites for ZnO

or sen-

to accommodate intrinsic defects, such as zinc intersti-
tials or extrinsic dopants for instance. More generally, the

ICorresponding author.

semi-conducting properties of ZnO strongly depend on
defects and the control of defect structure impacts the number
of charge carriers. For that reason controlling the defect
structure of ZnO is of paramount importance for the above-
mentioned applications that exploit the wide range of prop-
erties of doped ZnO.

There are a number of intrinsic defect states within the
bandgap of ZnO; the donor defects being zinc interstitials
(Zn;*, Zn}), and oxygen vacancies (V3°, V), whereas zinc
vacancies rather form acceptor states (V7,, Vz.). The also
discussed V{3, V4, and Zn; rather present isovalent defects
in the band gap. Zn interstitials and oxygen vacancies are
known to be the predominant ionic defect types. However,
which point and complex defect dominates in native, undoped
ZnO is still a matter of great controversy.'* The different
defects are designated by using the standard Kroger—Vink
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notation, !> according to which the subscript indicates the lattice
site that a defect occupies and the superscript corresponds to
the electronic charge of the defect relative to the site that it
occupies. To indicate isovalent substitution charge, X is used,
e indicates a single positive charge, and ’ signifies negative
charge.

A sensitive means to study electronic and structural
properties of various defects in ZnO is provided by electron
paramagnetic resonance (EPR) spectroscopy.'®~!'° The ma-
jority of the afore-mentioned defects are paramagnetic and
thus accessible by EPR.? Different defects generally differ
by their g-values but, however, the differences sometimes are
very small such that the corresponding resonances overlap.
Here we report on the application of high-field EPR with
Larmor frequencies ranging between 9.8 and 406.4 GHz.
Beside advantages in enhanced spectral resolution for high-
spin functional centers,”' =23 we particularly exploit the
markedly improved g-value resolution at 406.4 GHz.

2. Experimental Methods

Zinc oximate dihydrate was synthesized by Schiff-Base
condensation of pyruvic acid and methoxylamine hydro-
chloride in aqueous solution followed by the addition of zinc
nitrate hexahydrate. The raw product was recrystallized twice
from distilled water. Analysis by inductive coupled plasma
mass spectrometry (ICP-MS) showed that ubiquitous trace
elements such as manganese were only present at a level of
parts per million (ppm). For the preparation of zinc oxide
nanoparticles a solution of the precursor in methoxyethanol
with a concentration of 5 mass % was prepared. The solution
was pressed through a syringe filter (Millipore, 200 nm) and
filled in teflon vessels (Savillex, 120 mL in volume, 50 mm in
diameter, maximum overpressure 5—6 bar). The conversion
was performed by heating in a conventional kitchen micro-
wave (800 W, 4min). The nanoparticles were isolated by
flocculation from the otherwise stable dispersions by addition
of water and subsequent centrifugation. Finally, the particles
were washed with acetone and distilled water and dried at
75°C in air. Transmission electron microscopy (TEM) was
performed using a Tecnai G2 F20 (FEI) operating at 200 kV.
Samples were prepared on lacy-carbon copper grid with
300 mesh. The obtained ZnO nanoparticles showed an almost-
monomodal size distribution of about 50 nm (see e.g. Fig. 1).

X-band (9.85 GHz) continuous-wave EPR measurements
were performed on a Bruker spectrometer (EMX), where the
magnetic field was determined using a nuclear magnetic
resonance gaussmeter (ER 035 M, Bruker), and, as a standard
field marker, polycrystalline DPPH with g = 2.0036 was
used for the exact determination of the magnetic field offset.
Field-modulated continuous wave EPR experiments at high-
frequencies (100—400 GHz) were performed at 298 K at the

Fig. 1. TEM images of zinc oxide nanoparticles synthesized by microwave
heating. The inset shows the indexed SAED pattern corresponding to the
hexagonal zincite phase. (For further details see Ref. 9).

high magnetic field facility at the NHMFL, using a quartz
synthesizer for the microwave (mw) radiation and a setup
without resonator.?’

3. Theory

The spin Hamiltonian for a paramagnetic defect center with
S = % can be expressed by the electron Zeeman interaction®®

7-[S: = ﬁeBO ‘g Sv (1)

1
2

where g is the electron g-factor, S, is the Bohr magneton and
B, denotes the external field, given in the principal axes
system of the g-matrix.

On the other hand, the spin-pair Hamiltonian describing
the interaction between two electron spins with local spin
S =8 = % has to consider additional terms, such that the
corresponding spin-Hamiltonian is written as>’

2
Hs1=B.Y By g8 —JS;-8,+8-D-S,. (2
i=1

The last two terms describe the isotropic Heisenberg and the
anisotropic dipolar spin-exchange interactions, respectively.
In that notation, J is the isotropic exchange constant and D is
the fine-structure tensor that combines contributions from
anisotropic exchange interaction (D) and magnetic dipo-
le—dipole interactions (Dgyq). The fine-structure interaction is
commonly parameterized in terms of the sum Z;:qfffquZ
o{(s,, Sy, S;), with B! the fine-structure Hamiltonian coeffi-

cients, and Of the extended Stevens spin operators.

4. Results and Discussion

In order to characterize the intrinsic defects of nano-scale ZnO,
EPR at various Larmor frequencies between X-band (9.85 GHz)
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Fig. 2. EPR spectra of nano-scale ZnO recorded at 290K in a g-value
representation. X-band spectrum at a Larmor frequency of 9.85 GHz (top)
compared to high-field EPR at a Larmor frequency of 406.4 GHz. The sextet
hyperfine resonances owing to an Mn2*-impurity center are indicated by
asterisks.

and 406.4 GHz has been performed. The corresponding X-band
and high-frequency (v,,,, = 406.4 GHz) spectra are shown in
Fig. 2 clearly demonstrating the benefit of high-field EPR by
disentangling overlapping contributions with small g-value
differences. In that respect, the two isotropic resonances
observed at X-band, are resolved to at least three different
lines at low field and an anisotropic line at high field.

The origin of the signal at g ~ 1.96 is generally explained
by the existence of singly charged oxygen vacancies,”®3°
where the V) act as shallow donor centers. Furthermore, the
intensity of the resonance correlates with the sample electro-
conductivity.>> Whereas the X-band spectrum exhibits an iso-
tropic line shape for this resonance, at high Larmor frequency,
a small axial g-anisotropy can be resolved [see e.g. Fig. 3(b)],
which designates an axial site symmetry for the V3. This ob-
servation is consistent with recent ab initio calculations.*?

A particular advantage of an EPR analysis is the ability to
deduce relevant information on the nature and concentration
of (paramagnetic) defect states (see e.g. Refs. 34— 36). The
V§ are a result of the “bulk” defect chemistry of ZnO, after
which oxygen vacancies arise from the Schortky-type defect
equilibrium

X (1] 1
Znz, + 04 = Vz, + V5 +Zn/ + 500, 3

whereas molecular oxygen evaporates to the atmosphere
during high-temperature processing, the zinc atoms rather

-

sim.
(an. - VZ’n)X VO.
14.44 14:46 14'.43 14.50 14'.52 14.'54 ' 14..66 ' 14..68 ' 1;.70
B, [T] B, [T]
(@) (b)

Fig. 3. High-field EPR spectrum of nano-scale ZnO at Larmor frequency of
406.4 GHz recorded at 290 K. Experimental spectrum (top) compared to
numerical spectrum simulation (bottom) invoking the spin-Hamiltonian
parameters given in Table 1.

form interstitials. Concerning the oxygen vacancies, different

ionization equilibria allow various charge states, where only
the singly-charged V) is paramagnetic (S = %)

Vo =V5+e, )

Vo=Vy +é. 5)

On the other hand, at g ~ 2.0 the single resonance ob-

served at X-band transforms into a manifold of resonance lines

at 406.4 GHz, demonstrating that different defects are simul-

taneously present. The sextet hyperfine pattern owing a >>Mn

defect center with gy;,2+ = 2.0019 and Mg = 260 MHz, is

41—43 and thus isovalent

indicative for a divalent oxidation state
substitution of the Mn?* for the Zn-site (Mn,). The corre-
sponding resonances are marked with asterisks. The origin of
the Mn,-center are spurious contaminants in the raw mate-
rials with concentrations in the ppm region.

Beside the Mn sextet hyperfine pattern, three distinct
additional resonances are resolved, where the two outer
resonances show identical intensity. Principally, this obser-
vation may be explained by three different scenarios: first,
this “doublet” may be due to two different paramagnetic
species of different g-value. In this case, the splitting between
the lines should be field dependent. Because the splitting of
the doublet remained invariant upon changing the Larmor
frequency from 300 to 400 GHz (not shown), this scenario
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can be ruled out. Accordingly, a field-independent interaction
has to be the origin of the observed doublet, which could be
either owing to a hyperfine interaction with a magnetically
active nucleus of nuclear spin I = % or due to a triplet state
with electron spin S = 1. However, as the observed splitting
between the lines is orders of magnitude larger than the one
reported for the hyperfine interactions of 'H-impurities, 83!
this model can be discarded as well. Correspondingly, the
origin of the observed doublet is due a triplet S = 1 state.

Concerning the defect-structural origin of the resonances
about g ~ 2.0, it was recently demonstrated that these signals
are owing to surface defects.”?>4° Commonly, oxygen va-
cancies are depleted at the surface layers'® and defects at
the surface are rather attributed to zinc interstitials or zinc
vacancies.'® Additional to the interstitials formed according
to the Schottky-type defect equilibrium (3), zinc interstitials
and zinc vacancies are generated owing to a Frenkel-type
defect equilibrium according to

Zny, =V, +7Zn/. (6)

Subsequent ionization equilibria again allow for varying
charge states

Vin =V +h°, (7
Vin =V +h°, (®)
Zn) =7n; + ¢, )
Zn; =7n;* +¢'. (10)

We assign the resonance at g = 2.0045 to a singly-charged
V.10 Because all of the intrinsic defects in ZnO bear an
electron spin of § = %, the only explanation for a triplet state
with § =1 is a complexation of two defects with S = %
Exploiting the Frenkel-type defect equilibrium (6), we propose
the formation of a (Zn? — V,,)* defect complex, where the
zinc ion that leaves a lattice site occupies an interstitial position
in the first coordination sphere of the initial site

Zn! + V5, = (Zn} — V5)*. (11)

Because both isolated defects mutually compensate when
forming the defect complex, the corresponding (Zn? — V) *
defect complex is electrically neutral. The assignment of
defect-complex formation is supported by recent photo-
luminescence experiments that anticipated the existence of
complex defects involving zinc interstitials to explain green
emission bands in the corresponding spectra,® in contrast to
the blue emission that is assigned to the electron transition
from shallow-donor Zn? point-defects.?” The existence of
such (Zn? — V5, )* defect complexes is in line with results
reported for ZnSe3® and may be compared to donor—acceptor
pair centers recently reported in Li-doped ZnO nanocrys-
tals.?® This assignment is furthermore in line with the more
general trend that oppositely charged defects tend to form
defect complexes in oxide compounds.*—48

Table 1. Refined set of spin-Hamiltonian parameters obtained
after numerical spectrum simulation of the high-field EPR
spectrum (Fig. 3).

V(.) Vén (an. - Vén)>< Mnén
8iso — 2.0045 2.0051 2.0019
g 1.97715 — — _
8L 1.97825 — _ _
B9 [GHz] — — 1.39 —
A [MHz] — — — 260

Taking the above derived defect structure into account, the
obtained high-field spectrum can accurately be numerically
simulated as demonstrated in Fig. 3. The corresponding re-
fined set of spin-Hamiltonian parameters is summarized in
Table 1.

For the here studied nanostructured ZnO compounds, the
confined length scales and accordingly enlarged surface-to-
volume ratio promotes surface defects to play a stronger role
in controlling materials properties. Most recently this effect
has been interpreted in terms of a “core-shell” model in
which the particles consist of a core region that is electron-
ically different from the surface of the ZnO nanoparticles.”-'”
Exploiting the above-derived defect structure, the core is
dominated rather by (shallow) donor-type V3, whereas at
the surface acceptor-type Vy, and (Zn? — V5,)* prevail. As
consequence, the development of a space-charge (depletion)
layer as schematically illustrated in Fig. 4 emerges, which
clarifies the defect structure anticipated for a grain-boundary
defect model.** In particular, application of the core-shell
model allows to determine the thickness of the depletion
layer to 1.0nm for the here studied compounds.'® Together
with the newly proposed (Zn! — V,)* defect complex, this
provides a means to discuss the manifold materials properties
of nano-structured ZnO for novel applications.?>-%-8-12

,bulk’
c.b.
s ovs vs Vs
Ep--======mm-m
v.b.

Fig. 4. Schematical illustration of the development of a space-charge layer
as function of the defect structure in nano-sized ZnO. Fermi energy (E),
conduction (c.b.) and valence (v.b.) are indicated.
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