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Nanocrystalline ZnO particles were prepared using the high-energy ball milling technique and

investigated with electron paramagnetic resonance (EPR), impedance, and Raman spectroscopy to

reveal the origin of surface and core defects. We observed two distinct EPR signals with different

g-factors, g� 2.0 and �1.96, indicating EPR-active defects on the surface and core, respectively.

Using the semi-empirical core-shell model, we identified that sufficiently small nanocrystals

(below 30 nm) can show p-type character. The model can also explain the origin of the

non-linearity of the U-I behaviour in nanocrystalline ZnO. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4725478]

I. INTRODUCTION

Intrinsic and extrinsic defects in bulk and nano-sized

ZnO materials have been investigated intensely for quite some

time both experimentally and theoretically, and the results

have been summarized in excellent monographs and

reviews.1–3 The microscopic origin of such defects is, how-

ever, still under debate. This is due to the lack of microscopic

investigations, which yield direct information on the elec-

tronic structure and the environment of defect centres. Stand-

ard bulk characterization techniques are not well suited for the

analysis of such defect centres. Electron paramagnetic reso-

nance (EPR) spectroscopy, however, is one method of choice,

which affords, due to its extensive selectivity and sensitivity

towards centres with unpaired electrons, examination of

defects, and their environment even at very low concentra-

tions. Although a wealth of papers on ZnO is found in the lit-

erature, the role of defects in nanoscale-structured defect

chemistry, preparation technique, and defect properties have

not received much attention to date. Despite its simple chemi-

cal formula, ZnO has a very rich defect chemistry.4 It is well

known that the ZnO structure is relatively open with a hexago-

nal close-packed lattice, where the Zn atoms occupy half of

the tetrahedral sites. All the octahedral sites are empty, hence,

there are plenty of sites in ZnO to accommodate intrinsic

defects and extrinsic dopants.5 These defect-related issues are

of particular interest for ZnO, which is an important semicon-

ductor with widespread applications.6,7 With respect to the

abundance of surface morphologies, ZnO offers the most

diverse nanostructures of any material known today. Its large

direct band gap of 3.437 eV and the large exciton binding

energy of EB¼ 60meV at room temperature make ZnO a

prominent candidate for device applications. The key chal-

lenge that needs to be overcome for practical realization of

most ZnO-based applications is the fabrication of p-type

material. P-type ZnO may be obtained by doping5 of group-I

elements on Zn-sites or group-V elements on O-sites.

Although significant progress has been made recently,8 full

control over the materials’ conductivity type has still to be

achieved. Hence, comprehensive investigations of the funda-

mental properties of acceptors in ZnO and the study of surface

defects on a nanoscale are needed.9 Here, we demonstrate

clearly how n-type ZnO can be transformed into p-type ZnO

without doping. Such transformation of n-type ZnO nanocrys-

tals could in principle offer a new approach to using p-type

ZnO semiconductors in device technology.

Intrinsic defects play a vital role for changing the prop-

erties of nanocrystals. For a deeper understanding of the

intrinsic and extrinsic defects in undoped and doped nano-

crystaline ZnO, further improving synthetic control and dop-

ant incorporation, optimisation of their concentrations and

processing, and investigations of emerging phenomena are

required. Defect studies have been considered for more than

50 years, but now there is need for a revisit in the context of

normal applications using nanostructured materials. In the

past, defect chemistry was studied in relation to ZnO proper-

ties and applications as ZnO varistor: defects significantly al-

ter the grain boundary (GB) properties and also U-I

characteristics. But the origin of non-linearity in U-I charac-

teristics in nanoscale ZnO is still not clear.

Just from the basic principles of defect formation, it is far

from being straightforward to determine which types of intrin-

sic defects could be present in the sample. The origin of these

defects and their assignment are still controversial issues. Con-

ceivably, probable intrinsic defect centers in ZnO are: (i) zinc

vacancies (VZn), (ii) zinc on interstitial sites (Zni), (iii) oxygen

on interstitial sites (Oi), and (iv) oxygen vacancies (VO). From

the perspective of EPR, these four probable intrinsic defects

can be rationalized as follows: (i) The EPR signal from VZn

defect centers should have a g-factor larger than the one of

the free electron, g� 2.0023 (Ref. 10) when a hole is involved

as lattice defect.11 (ii) Observation of Zni defect centers by

EPR is not possible. Zni as an interstitial has an electronic
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configuration ending with 4s2, and thus, is diamagnetic. There

must be an external effect, such as light or thermal, to transfer

an electron into the conduction band of ZnO (Zni
þ
þ e). The

EPR signal of a paramagnetic Zni
þ state can only be detected

when the electronic wave functions of Zni
þ centres do not

overlap so that a metastable impurity level arises where the

unpaired 4s1 electrons are localized and detectable by EPR.

(iii) Oxygen on interstitial sites (Oi) has possible electronic

configurations ending with 2p4, 2p5, and 2p6, giving Oi, Oi
�,

and Oi
2�, respectively. The Oi

2� state is diamagnetic, and

therefore, EPR inactive. The Oi state with the 2p
4 configuration

has a triplet multiplicity. The Oi
� state with the 2p5 electronic

configuration can be attributed as paramagnetic centre which

can be easily observed by EPR. However, the interaction of

paramagnetic defects with other diamagnetic or paramagnetic

defects of ZnO for this centre has to be taken into account.12

(iv) Oxygen vacancies can be recognized in three possible

states: (a) A diamagnetic oxygen vacancy that does not trap an

electron with respect to the lattice. This vacancy is doubly pos-

itively charged and can be safely assigned as VO
2þ. It has four

surrounding Zn2þ ions so that it is rendered diamagnetic

because there are no unpaired electrons left. (b) The vacancy

of oxygen occupied by an electron assigned as VO
þ. This va-

cancy originates by reduction, trapping an electron from the

conduction band so that, with respect to the lattice, it carries

one positive charge. This defect centre may also be assigned as

a F-centre in alkali halides. (c) Finally, the vacancy attributed

as VO is neutral compared to the lattice and captures two elec-

trons. The VO defect centre is diamagnetic when the spins of

both electrons captured in the vacancy somehow compensate.

If they do not, then one may expect the existence of a triplet

state, which is also an EPR-active center.

Different techniques are routinely utilized to produce

ZnO nanocrystalline materials, such as sol-gel,8 hydrother-

mal,13 solution-based,14 and combustion15methods, and

many more.16 All these chemical and metallo-organic meth-

ods have drawbacks with respect to large-scale production,

reproducibility, maintenance of stoichiometry, and homoge-

neity in composition, and furthermore, require external high

calcination temperatures17 of 350 �C and above for the proc-

essing of mono-phases. In contrast to the above-mentioned

techniques, high-energy ball milling (HEBM) provides an

environmentally friendly way to prepare ZnO nanoparticles

with exceptionally high diffusivity, sinterability, and un-

usual formability in conventionally brittle materials at room

temperature.18

In this contribution, we propose a core-shell model to

explain intrinsic defects in nanostructured ZnO. A new mech-

anism is revealed by which the intrinsic defects arising in

nanostructured ZnO can be understood. This will help to tailor

specific properties of nanostructured materials for nano-device

applications such as field-effect transistor (FET)19 thin film

printing,20 and many others based on nano-architectures such

as nanorods,21 nanowires,1 or nanocables.22

II. EXPERIMENTAL

We have used x-ray diffraction, EPR, Raman, and

impedance spectroscopy methods to characterize ZnO

nanocrystalline materials. Details of each characterisation

method, experimental conditions, and the synthesis route of

the materials are given in the supplementary information.61

III. RESULTS AND DISCUSSION

The average crystallite size of the ZnO was determined

from x-ray peak (101) broadening using a Voigt peak profile

analysis after eliminating the instrumental broadening and

strain contributions. It was observed that the crystallite size

decreases with increasing milling time as shown in Fig. 1(c)

of the supplementary information.61 Specifically, the nano-

crystallite size of ZnO ranges from 200 lm before milling to

22 nm after 7 h of milling.

To learn more on intrinsic defects in ZnO, we used

X-band and Q-band EPR by which one can not only deter-

mine the concentration of paramagnetic defect centres but

also obtain detailed information on the electronic and struc-

tural properties of defects in their nanocrystalline surround-

ings. In Fig. 1, we present results from continuous-wave

EPR at (a) X-band and (b) Q-band obtained at room tempera-

ture. In the X-band data, we identify two groups of signals

that can be assigned to different defect centres, one around

g� 1.96 and the other around g� 2.00. These two signals

have been often reported, either showing up isolated23,24 or

both simultaneously,19,20,25 however, their assignment is still

controversially discussed.9,10,12,24–36 Recently, by means of

optically detected magnetic resonance,37–39 both zinc and

oxygen vacancies have been detected. Below we will give an

overview on the different viewpoints in assigning these two

EPR signals.

The precise origin of the signal with a g-factor around

1.96 is still not fully established. This signal is generally

attributed to a shallow donor and assigned to the presence of

singly ionized oxygen vacancy defects (VO
þ).25,40–42 How-

ever, in some cases, it was also attributed to unpaired elec-

trons trapped on oxygen vacancies41 or shallow donor

centers such as ionized impurity atoms in the crystal lattice

of ZnO.29,32,43 Even an assignment to free carriers in the

conduction band has been put forward.33 In contrast to these

assignments, there are reports supposing that the EPR signal

at g� 1.96 may be due to one electron being weakly bound

to ionized impurity atoms.44 This would mean that the elec-

tron from a shallow donor level is not completely delocalized

into the conduction band but stays weakly bound to the origi-

nal atoms, and behaves much like an electron in a hydrogen-

like atom with a large Bohr radius.44 Irradiation with

UV-light is expected to produce excitations and, once bound,

this excitation would give rise to a paramagnetic signal at

g� 1.96, thus, suggesting that the signal is not related to

oxygen vacancies.44 Furthermore, arguments in favor of a

Zn-O divacancy or even a Zn-O-Zn trivacancy have been

presented for the origin of this center.45 Recently, this center

was used for monitoring electron photoexcitation from the

deep level centres in ZnO gap46 or photoexcitation of the

conducting electrons from Pb centers37 where they related

this photosensitive defect centre to conduction electrons

located at donor centers in bulk and near the surface of ZnO

particles. The photosensitive nature of this signal, i.e., its
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enhancement in UV-light,20 supports that this signal could

also be attributed to electrons in conduction-band states,

since UV-light can promote electrons into these sites.47 In

case of extrinsic Co2þ doping,48 the signal at g� 1.96 was

not observed due to broadening by fast spin-spin relaxation

of the shallow donor electrons in the presence of the many

unpaired Co d-electrons. The same effect holds for Mn and

Fe doping (extrinsic defects). Recent theoretical studies12,26

reported first-principles calculations showing that the oxygen

vacancy mainly assigned for the g� 1.96 signal is not a shal-

low donor but a deep donor. Thus, oxygen vacancies are not

responsible for the n-type conductivity often observed in

ZnO.12,26

EPR investigations on undoped ZnO have been pre-

sented before,24,28,31,49–51 and the signal at around g� 2 has

been assigned to a singly ionized Zn vacancy in Refs. 28 and

50, whereas others have attributed this signal to an unpaired

electron trapped in an oxygen vacancy site,24,49,51 i.e., Fþ

center.31 The former assignment is based on the resolved

hyperfine interactions with the four neighboring Zn nuclei,

which has only been seen when ZnO was irradiated.35 This

is consistent with the results from density functional theory

calculations26 which indicate that a certain excitation is

required to generate the paramagnetic þ1 state. On the other

hand, the O2� ion vacancies at the ZnO surfaces30 are stable

and can trap electrons under interaction of external magnetic

field to form paramagnetic centers (F-centers), and generate

a stable EPR signal at g� 2.0 originating from O2� vacan-

cies. In summarizing, we shall note that considerable con-

flicts in the assignment of the EPR signals near g� 1.96 and

g� 2.0 persist.

Recently, we have proposed a core-shell model in the

framework of quantum-size effects52 to describe the two

centres in ZnO ultrafine nanoparticles. In this model, the

EPR signal at g� 1.96 originates from defects in the bulk

(core), whereas the signal near g� 2.00 arises from surface

defects (shell). Closer inspection of the X-band EPR spec-

trum near g� 2.00 reveals a separation into two EPR lines

when going from the bulk to nano-size dimensions. EPR of

bulk ZnO shows one signal from both surface defects (shell)

and core at g� 2.00 and g� 1.96, respectively. Here, it is

worthy to note that, right after the HEBM process (from bulk

to 2 h milling) both defect signals revealed significantly

increased EPR intensity and asymmetric line-shape broaden-

ing. This is an expected effect due to mechanical activation

of defect centres both at the surface and the core during mill-

ing. Additional milling (performed in this study up to 7 h)

leads to further decreasing crystallite sizes, and accordingly,

to a decreasing core signal amplitude and an increasing shell

signal amplitude. The same trends have been observed in the

Q-band EPR spectra (Fig. 1(b)). Additionally, by Q-band

EPR, three different surface defect centres indicated as D2,

D3, and D4 are resolved (see Fig. 1(b)) with g-values of

gD2¼ 2.004, gD3¼ 2.010, and gD4¼ 2.012. Given the above-

mentioned ambiguities in signal assignments, we refrain here

from further speculations and refer the reader to work by

Kakazey et al.31 who have attempted a signal attribution.

But clearly, additional studies are required to further sub-

stantiate their findings. Since Q-band EPR is quite sensitive,

we observed also signals from Mn2þ impurities, which may

originate from the preparation stage or arise from the starting

materials.

The exact g-value of the core defect centre D1 deduced

from Q-band EPR is gD1¼ 1.964. From an analysis of signal

intensities and line shapes, we obtained the particle-size-de-

pendent core(D1)/shell(D3) ratio (Fig. 1(c)) and linewidths

(Fig. 1(d)). Note that signals from surface defects, designated

as D2 and D4, were not further analyzed since they were

FIG. 1. Room temperature EPR spectra of ZnO nanocrystals measured by (a) X-band and (b) Q-band microwave frequencies. Signals from Mn2þ impurities

are marked with asterisks. (c) The ratio of the core (D1) and the shell (D3) signal deduced from Q-band EPR spectra as a function of the milling time. (d) The

linewidths of the Q-band EPR signals (peak-to-peak) arising from the D3 surface defect centre and the D1 bulk defect centre. Milled 0.5 h and 1 h samples

were not included since their EPR signals were not sufficiently resolved so that intensity and linewidth parameters could not be unambiguously extracted.
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not fully resolved even at Q-band microwave frequencies.

To better resolve the D2 and D4 signals, it is necessary

to examine the milled ZnO samples by EPR at very high

microwave frequencies, e.g., by using W-band EPR or EPR

at even higher frequencies. This, however, will be deferred

to a subsequent publication. Fig. 1(c) clearly reveals strong

size effects on reaching the nanoscale. This can be rational-

ized by applying the core-shell model to the ZnO nano-

particles. The theoretical foundations of the core-shell model

have been published recently.19 Using the core/shell ratio,

we determined the thickness of the surface layer as 0.5 nm.

This compares to a thickness of 1 nm for ZnO samples

synthesized by microwave heating route.19 This shows

that the mechanical milling causes high strain on the particle

surface, thus, leads to line broadening in the shell signal.

We conclude that the crystallite-size dependent observed

spectral changes in the X- and Q-band EPR spectra are

directly related to the surface properties of these

nanocrystals.

Using the spin-counting procedure, the concentration of

defect centres can be determined from the EPR spectra;

details can be found in the supplementary information.61

Calculated by this method, the defect concentration depend-

ence as a function of the milling time is shown in Fig. 2. The

number of surface defects increases drastically with increas-

ing milling time. After 7 h of milling, more than 8 times as

many surface defects were found than after 2 h. Simultane-

ously, the number of core defects decreased by a factor of 4

when going from 2 to 7 h of high-energy ball milling. These

results agree well with the proposed core-shell model,19,52

which we outline schematically in Fig. 3.

Crystalline ZnO (bulk) has a hexagonal Wurtzite struc-

ture of point-group P63mc. Nanocrystals are formed when

the size of bulk crystalline ZnO decreases below 100 nm. A

number of physical phenomena, such as quantum-size (quan-

tum tunnelling) and surface effects (structural effects),

emerge for nanocrystal sizes below 30 nm. In nanocrystalline

ZnO, different intrinsic defects develop in the core (nega-

tively charged defects), in the shell (positively charged

defects), and at the GB. Surface defects become dominant in

mechanically activated ZnO nanoparticles, whereas bulk

defects prevail in non-mechanically activated ZnO.

Raman scattering is a sensitive method that yields infor-

mation on crystal structure and structural defects (see supple-

mentary Fig. 2).61 A blue shift of the Raman peak observed

when going to nanoscale suggests a possible donor-acceptor

pair recombination or trapping of electrons inside ZnO nano-

crystals.53,54 This increases the charge density, and hence,

the concentration of positively charged defects. Conse-

quently, this will lead to increased Hall conductivity.

Remarkably, when the shell is positively charged it may pro-

vide an opportunity to produce p-type semiconductivity by

core-shell ZnO nanocrystals without any doping ion.

To examine the transport properties of nanocrystalline

ZnO ceramic, we employed the two-point dc method for

electrical measurements. Figs. 4(a)–4(c) show potential-ver-

sus-current (U-I) curves of differently milled ZnO samples.

It is well known that contact properties depend on the work

function between the electrodes and the semiconductor sam-

ples and also on the type of majority carriers. When the work

function of the ceramic is smaller than that of the semicon-

ductor material, the n-type semiconductor exhibits an ohmic

contact, because the work function of ZnO is 5.30 eV.55,56 A

linear U-I curve of the 2 h milled ZnO nanocrystal is shown

in Fig. 4(a) indicating that this material is an n-type semicon-

ductor being ohmic in nature.

In Figs. 4(b) and 4(c), three distinct regions can be rec-

ognized in the U-I plots; in other words, three kinds of con-

ductivity due to a specific mixture of charge carriers exist: a

FIG. 2. Defect concentrations in the core and at the surface (shell) of differ-

ently sized ZnO nanocrystallites determined by the spin counting procedure.

FIG. 3. Schematic representation of the

core-shell model to rationalize intrinsic

defects in nanocrystalline ZnO observed

by EPR spectroscopy (GB: Grain

boundary).
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leakage region (slow-conduction), R1¼ 22.3 MX and

R1¼ 32.0 MX, a voltage clamping region (conduction), 45.6

MX and 69.3 MX, and an upturn region (saturation), 15.0

MX and 18.7 MX, with the specified values for 4 h and 7 h

milled ZnO samples, respectively. In the leakage region,

the resistance of the 2 h nanocrystalline ZnO sample is

102.5 MX, which is larger than that of the 4 h and 7 h milled

samples. There are several theoretical as well as experimen-

tal reports for the non-linearity in the U-I characteristics of

the bulk sample.55,57 However, none of the theories pre-

sented in these reports are able to explain the origin of non-

linearity in the nanocrystalline materials. However, the

mechanisms responsible for this type of behaviour in all

nanostructured materials examined here can be described by

the proposed core-shell model (Fig. 3). By this model, the

defect-charge density of nanocrystalline ZnO is divided into

two parts at equilibrium, with a contribution from the inner

core (linear) and one of the outer shell (non-linear). One or

more of the following reasons may be responsible for the

non-linearity in nanostructured ZnO materials:

(i) Defect distribution and interactions in the surface

structure, i.e., surface polarization, atomic termina-

tion, quantum tunnelling, interactions of shell–shell,

core–core, core–shell, GB–GB, shell–GB, core–GB,

interaction or absorption of trapped defect centres

within the core-shell of the nanostructured materials

(see Fig. 3).

(ii) Decrease of the core size with respect to the shell size

of ZnO nanocrystals with increasing milling time (see

Figs. 2, 3, and 5).

(iii) Different kinds of size distributions may be present in

the sample which is the source of the trapped and sur-

face defects causing clamping or creating an easy

path for conduction of the current. Thus, such kind of

intrinsic process affects the linearity of the U-I behav-

iour and causes non-linearity (see Fig. 4).

It is also observed that the GB plays a vital role to control

the electrical properties of nanocrystalline ZnO.58,59 How-

ever, when the core size of ZnO decreases to less than the

shell size, i.e., the defect density increases (Fig. 2) on the sur-

face of the core, hence increased non-linearity was observed

in Figs. 4(b) and 4(c). A quasi-periodic variation in the con-

duction and valence band throughout the microstructure may

occur. Thus, in nanocrystalline ZnO, where the crystallite size

is less than 30 nm, the nature of the conduction process may

be different and quantum-size effects become dominant.

The electrical properties of differently milled nanocrys-

talline ZnO ceramic samples were measured and are shown

in supplementary Fig. 3.61 The specific resistivity is reduced

drastically with increasing milling time. The relatively low

resistivity demonstrates that high carrier concentrations can

also be generated during longer periods of milling. This also

indicates the increase of the electrical conductivity by a fac-

tor of 3.5 when decreasing the crystallite size.

FIG. 4. Potential-versus-current (U-I)

measurements at room temperature for

(a) 2 h, (b) 4 h, and (c) 7 h milled ZnO

samples.

FIG. 5. Schematic representation of simulated EPR

spectra and the energy band gap of n-type and

p-type ZnO nanocrystallites.
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According to our EPR and resistivity data as well as

from a rationalization with the core-shell model, we present

schematically an overview of the relation between crystallite

size, EPR g-factor shift, and the electronic behaviour of ZnO

materials in Fig. 5. The reduction of ZnO to nanosize leads

to p-type semiconductivity through the formation of a sur-

face defect complex that increases the number of holes rela-

tive to the number of free electrons (Figs. 3 and 5). This

core-shell model is in very good agreement with our experi-

mental findings and simulated data (Fig. 5), and opens a new

direction of research to understand the intrinsic defect mech-

anism in nanostructured materials and the nonlinearity in U-I

characteristics.

In Fig. 6, we present a schematic illustration of our

defect assignment. The core is dominated primarily by shal-

low acceptors, whereas at the shell deep donors prevail. As a

consequence, the development of p-type ZnO is favorable

for sufficiently small particle sizes (below 30 nm). The core-

shell model suggests the negative charging of the core and

positive charging of the shell. This is supported by the

decrease in EPR intensity of the signal at g� 1.96 upon

decreasing the crystal (core) size. Clearly, more oxygen

vacancies are formed on the surface than in the core, and

conversely, more Zn vacancies are formed on the core than

in the shell.

Independent from our core-shell model, by a recent ex-

amination of Al/Ga co-doped ZnO an up-shift of the Fermi-

level by 0.6 eV and accordingly a decrease in resistivity

caused by extrinsic doping has been reported.60

IV. CONCLUSIONS

We have successfully generated ZnO nanoparticles by

using high-energy ball milling. Very pure samples were

obtained for which the crystallite size could be adjusted by a

careful choice of the milling time. This preparation route is

facile and economically friendly, allowing for a significant

reduction of the processing temperature in comparison to

any other reported method for fabrication of nanocrystalline

ZnO. Advanced characterisation techniques such as EPR,

Raman, and impedance spectroscopy revealed detailed infor-

mation on the electronic, vibrational, and electrical transport

properties. According to our experimental results, we intro-

duced a core-shell model and determined the thickness of

the shell as 0.5 nm. The origin of the observed non-linearity

in the U-I characteristics of nanocrystalline ZnO with parti-

cle sizes below 30 nm is consistent with this model.
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