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Well-aligned ZnO nanorods were prepared by the vapor phase transport method on Si covered with

a ZnO buffer layer. After the nanostructure growth, Cu was doped into the ZnO nanorods by

diffusion at three different temperatures and for different times. Undoped and Cu diffusion-doped

ZnO samples are highly textured, with the c axis of the wurtzite structure along the growth

direction. The incorporation of Cu caused some slight changes in the nanorod alignment, although

the wurtzite crystal structure was maintained. X-ray photoelectron spectroscopy measurements

revealed that Cu ions were in a divalent state and substituted for the Zn2þ ions of the ZnO matrix.

Photoluminescence results at 10 K indicate that the incorporation of copper leads to a relative

increase of Cu-related structured green band deep level intensity. Magnetic measurements revealed

that both undoped and Cu diffusion-doped ZnO samples exhibited room temperature

ferromagnetism. It was also found that bound magnetic polarons play an important role in the

appearance of room temperature ferromagnetism in Cu diffusion-doped ZnO nanorods. VC 2012
American Institute of Physics. [doi:10.1063/1.3673861]

I. INTRODUCTION

One-dimensional materials including nanowires, nano-

rods, nanobelts, and nanotubes have drawn much attention

due to their importance in basic scientific research and poten-

tial technological applications in nanodevices such as nano-

wire field-effect-transistors, nanolasers, and nanogenerator.1–3

Among the already known semiconductor nanomaterials, ZnO

has attracted increasing interest due to its potential applica-

tions in many areas such as field-emission displays, solar cells,

and gas sensors.4 ZnO has also emerged as a promising mate-

rial for dilute magnetic semiconductors (DMSs).5 DMS are

formed by partial replacement of cations in a nonmagnetic

semiconductor by 3 d transition metal ions (e.g., Co, Mn, Fe,

Cr, Ni, and Cu) and are currently attractive materials for semi-

conductor spintronic applications.6 The field of semiconductor

spintronics has the goal of utilizing the spin as well as the

charge of the carriers in a new generation of devices such as

spin-valve transistors, spin light-emitting diodes, and logic

devices.7–9 To realize these devices, it is necessary to develop

semiconducting materials that show ferromagnetism at room

temperature. In 2000, Dietl et al.10 predicted theoretically that

Mn-doped ZnO and GaN would be ferromagnetic at room

temperature and would, therefore, be suitable for applications

in spintronics. Following this direction, using ab-initio calcu-

lations based on the local density approximation, Sato and

Katayama-Yoshida11 theoretically demonstrated that V-, Fe-,

Co-, Ni-, and Cr-doped ZnO should show ferromagnetic

ordering at and above room temperature. After these theoreti-

cal studies, Ueda et al.12 experimentally reported ferromag-

netic behavior with a Curie temperature higher than room

temperature for Co-doped ZnO films grown by pulsed laser

deposition, however Jin et al.13 observed no indication of fer-

romagnetism in films grown on sapphire (0001) by laser mo-

lecular beam epitaxy. Early studies explained ferromagnetism

in ZnO in terms of a free carrier mediated mechanism result-

ing from ferromagnetic behavior in oxide based DMS.11 How-

ever, more recent studies proposed that defects like oxygen

vacancies are giving rise to ferromagnetic ordering.14 These

results are indicative of the broader state of affairs with regard

to ZnO, i.e., that there is no consensus on ferromagnetic

behavior and its origin for ZnO-based materials.

Recently, there has been a lot of interest in studying

transition metal-doped ZnO nanostructures.15–17 Among

these reports, Cu-doped ZnO studies have aroused a lot of in-

terest because the substitution of Cu at the sites of Zn atoms

with appropriate doping content supports a ferromagnetic

ground state which was proposed by several first principles

calculations.18–20 These theoretical predictions were later

supported by experimental observations of room temperature

ferromagnetism in Cu-doped ZnO thin films.21–23 However,

there are few reports on one-dimensional Cu-doped ZnO

nanostructures, especially well-aligned nanorod arrays.15,24

There are various methods to fabricate one-dimensional

transition metal-doped ZnO materials. These techniques

include chemical vapor deposition,25 hydrothermal method,26

thermal evaporation,27 ion implantation,28 and vapor phase
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transport method (VPT).29 Among these methods, VPT

method is widely used because of relatively simple apparatus

requirements and has been employed to fabricate various

nanostructures of ZnO.30,31 Furthermore, there is much less

research on the use of VPT method for the growth of one-

dimensional transition metal-doped ZnO materials in the liter-

ature and it is our intention to undertake a novel and necessary

study of the use and potential of this growth method to grow

ZnO-based DMS. In this communication, we present data on

well-aligned ZnO nanorod arrays synthesized via VPT on

ZnO buffer layer coated Si substrates and specifically we

study the effects of different annealing temperatures and times

on Cu diffusion-doped samples using x-ray diffraction (XRD),

scanning electron microscopy (SEM), x-ray photoelectron

spectroscopy (XPS), photoluminescence (PL), and magnetic

measurements. We discuss the relationship between the opti-

cal and magnetic properties with a view to explaining the ori-

gin of observed room temperature ferromagnetism in our Cu

diffusion-doped ZnO nanorod samples.

II. EXPERIMENTAL DETAILS

Well aligned ZnO nanorods were grown on silicon sub-

strates using a three step approach consisting of an initial

seeding of substrates and followed by a chemical bath depo-

sition (CBD) and finally VPT nanorod growth. Full details of

the growth method may be found in Ref. 32.

n-type Si (100) wafers (thickness 508 6 20 lm, resistiv-

ity 5–9 X cm) were cut into 1� 1.5 cm2 pieces as substrates,

cleaned ultrasonically in sequence with acetone, ethanol, and

then blown dry with a nitrogen flow. To grow the ZnO seed

layer, zinc acetate dihydrate (Zn (OOCCH3)2�2H2O) was dis-

solved in the absolute ethanol with concentration of 5 mM

and this solution was coated onto Si wafers by drop coating

with a volume per area of 3.5 lL/cm2. The substrates were

rinsed with fresh ethanol after drop coating after 20 s and

then dried with a nitrogen stream. This procedure was

repeated five times for each sample and then the samples

were annealed at 350 �C for 30 min in ambient air to produce

the initial textured ZnO seed layer which provides nucleation

sites for subsequent steps and also provides good alignment

to the ZnO nanorods to be grown by the CBD method, as

described in Refs. 32 and 33.

In the CBD process, 25 mM zinc nitrate hexahydrate

(Zn(NO3)2.6H2O) was dissolved in deionized water (40 ml) and

25 mM hexamethylenetetramine (C6H12N4) was added to the

solution to induce the formation of ZnO nanorods.34 ZnO

seeded substrates were immersed vertically into the aqueous so-

lution and heated at a constant temperature of 80 �C using

water baths for 40 min, with stirring. After deposition, samples

were taken from the solution, ultrasonically cleaned with deion-

ized water for 5 min to remove white loosely adherent powder

precipitates, rinsed with ethanol, and dried with nitrogen.

For the VPT growth stage, 0.06 g of ZnO and graphite

powders were thoroughly mixed together and placed in the

middle of an alumina boat. Substrates which were covered

ZnO buffer layers (seed layer plus CBD) were placed directly

above the source material with the growth surface facing the

powder. The boat was loaded in the central part of a tube fur-

nace. The growth was carried out at 925 �C with a 90 sccm

flow of argon for 1 h. The furnace was then cooled down to

room temperature and the samples were taken out.

Cu metal with purity of 99.98 at. % was evaporated on the

vertically aligned ZnO nanorods by e-beam evaporation (Ley-

bold Univex 350). The system pressure during deposition was

�6� 10�6 Torr. The amount of copper deposited onto ZnO

nanorods was controlled by a quartz crystal thickness monitor

(Inficon XTM/2) and equivalent thickness of the Cu layer was

�5 nm. After the Cu deposition, the samples were annealed in

a quartz tube at various temperatures ranging from 500 �C to

700 �C for 8 h and a fixed temperatures of 700 �C for different

times ranging from 8 h to 24 h in a vacuum of �10�2 Torr.

The crystal structure of the samples was investigated

using a Bruker AXS D8 advance texture diffractometer with

CuKa radiation, operated at a voltage of 40 kV, and a current

of 40 mA, over the range 2h¼ 20�–60� with a step of 0.01� at

room temperature. The crystal quality was further studied by

x-ray rocking curve (XRC) measurements of the ZnO (002)

reflection. The surface morphology and bulk composition

were studied with a Zeiss EVOLS 15 SEM equipped with

energy dispersive x-ray spectroscopy (EDS). An acceleration

voltage of 20 kV was used in all cases for these studies. The

chemical composition and bonding at the surface (sampling

depth �5 nm) were characterized by using XPS with Al Ka
radiation (1486.6 eV). The kinetic energy of the photo emitted

electrons from the surface was measured in an electron energy

analyzer, operated in constant pass energy mode under ultra

high vacuum (�10�10 mbar). Due to charging effects, the C

1 s photoelectron peak at 285.0 eV was consistently used as a

reference for the charge-correction of binding energies of core

level peaks. PL measurements were performed at 10 K, using

a SPEX 1704 monochromator, with a closed cycle cryostat

(Janis SHI-950-5). PL spectra were excited with the 325 nm

line of a He–Cd laser operating at 200 mW. Magnetization

measurements of the samples as a function of magnetic field

and temperature were carried out using a quantum design

physical property measurement system (PPMS) system with a

vibrating sample magnetometer module.

III. RESULTS AND DISCUSSION

Figs. 1(a)–1(d) shows the powder 2h-x XRD patterns of

undoped and Cu diffused ZnO nanorods annealed at a con-

stant temperature of 700 �C for 8 h, 16 h, and 24 h in vacuum

atmosphere, respectively. The only peak related to ZnO is the

(002) peak and these XRD results suggest that all the samples

have the hexagonal wurtzite structure with a highly c-axis pre-

ferred orientation perpendicular to the substrate, which is con-

sistent with the SEM results shown later. No traces of copper

and its oxides such as CuO, Cu2O were detected in our sam-

ples within the detection limit of the XRD measurements. The

ZnO (002) reflection peak of undoped ZnO nanorods is

located at 34.43� which corresponds to a c-lattice parameter

value of 5.21 Å, consistent with the value for bulk material

within the accuracy of our experimental system.35 Compared

with the undoped sample, the c-lattice constant values of

ZnO:Cu samples have not changed significantly, probably due

to the very similar ionic radii of Zn2þ (0.74 Å) and Cu2þ

013903-2 Yılmaz et al. J. Appl. Phys. 111, 013903 (2012)



(0.73 Å). The weak peak at �33� is due to the nominally for-

bidden Si (002) reflection which is allowed by double diffrac-

tion effects.36

To further investigate the crystallinity and alignment of

the one-dimensional ZnO nanorods, XRC measurements

were carried out. Figs. 2(a)–2(d) presents the XRC data for

the ZnO (002) diffraction peaks obtained from the same sam-

ples shown in Fig. 1 (and in the same order). The full width

at half-maximum (FWHM) value of the undoped ZnO sam-

ple is 3.36�, which indicates excellent alignment of the nano-

rods perpendicular to the substrate surface. A very similar

value of XRC FWHM was reported by Wang et al.37 for Cu-

doped ZnO films synthesized with magnetron sputtering. On

the other hand, Yanmei et al.38 found a larger FWHM value

of 10.4� for undoped ZnO in hydrothermal grown Ni:ZnO

nanorods. After Cu evaporation and subsequent annealing

and diffusion, the intensity of the ZnO (002) peak compared

to the undoped ZnO firstly decreases slightly and then

increases slightly for the sample annealed at 700 �C for 24 h.

This change in (002) intensity is likely to be related to

changes in the FWHM values which firstly increases to 5.08�

and 5.74� for the samples annealed 700 �C for 8 and 16 h,

respectively, and then decreases to 5.28� (Ref. 39).

The surface morphology of nanorods on ZnO buffer layer

coated Si substrates was investigated by SEM. Figs. 3(a)–3(d)

shows typical SEM images of ZnO nanorods for the sample

diffusion-doped with Cu and annealed at 700 �C for 16 h. Fig.

3(a) and 3(b) illustrate top view and 45� tilted view images of

the ZnO:Cu nanorod arrays, respectively, implying that

ZnO:Cu samples grew uniformly over a large area. The mag-

nified image of the top view is presented in the inset of Fig.

3(a), showing that ZnO:Cu nanorods have a well-defined hex-

agonal prism shape with a diameter of �100 nm. Figs. 3(c)

and 3(d) display a 45� tilted view image obtained from the

edge of the sample and cross-section image of ZnO:Cu nano-

rod arrays, respectively, showing that all the ZnO nanorods

grow predominantly vertical to the ZnO buffer layer coated Si

substrates, in support of XRD and XRC data, and that almost

all nanorods have similar lengths, typically up to 4.0 lm long.

Chemical composition and elemental homogeneity of

the samples were determined by EDS. Fig. 4(a) shows the

SEM image obtained from ZnO:Cu nanorod sample annealed

at 700 �C for 16 h. Figs. 4(b)–4(d) indicates EDS mapping of

Zn, O, and Cu elements, respectively. As can be seen in

Figs. 4(b)–4(d), Zn, O, and Cu elements indicate a uniform

distribution in the ZnO:Cu sample annealed at 700 �C for

16 h. In addition, it was found that the atomic ratio of Cu/

ZnþO for ZnO:Cu annealed at 600 �C for 8 h was �0.64 at.

%, however, the atomic ratios of Cu/ZnþO of all the other

ZnO:Cu samples had the same value of �1 at. %.

The incorporation of Cu ions into the ZnO lattice and

their valence states were characterized by XPS measurements.

Fig. 5(a) shows the full-range XPS survey spectrum for

undoped ZnO and ZnO:Cu nanorods annealed at 700 �C for

24 h and only peaks corresponding to Zn, C, O, and Cu are

identified. Fig. 5(b) illustrates Cu 2 p core-level XPS spectra

of ZnO:Cu sample annealed at 700 �C for 24 h in vacuum. As

can be seen from Fig. 5(b), the 2 p level is split into a doublet

with an energy separation due to the spin–orbit interaction.40

Cu 2p3/2 and 2p1/2 core levels of the sample were fitted with

Gaussian functions and centered at 933.7 and 953.5 eV,

respectively, implying that Cu is in a divalent valence state,

which is good agreement with the other studies in the litera-

ture.41,42 Furthermore, a satellite peak is observed at binding

energies in the range of 940-945 eV. CuO (Cu2þ) differs from

metallic copper (Cu0) and Cu2O (Cu1þ) because Cu2þ is

known to have Cu 2 p satellite peaks at higher binding energy

associated with the existence of Cu 3 d hole states (Cu 3 d9).

However, Cu1þ and Cu0 do not exhibit any satellite peaks

since the 3 d band of Cu2O is filled (Cu 3 d10) and the 4 s band

is unoccupied.43,44 Thus, based on all the discussions above,

we can conclude that Cu is in a divalent valence state.

In order to investigate the influence of Cu diffusion dop-

ing on optical emission and defect formation, PL spectra of

all the samples were measured at 10 K. Figs. 6(a)–6(f) shows

PL spectra of undoped and Cu diffusion-doped ZnO nano-

rods annealed at 500 �C, 600 �C, and 700 �C for 8 h and at

700 �C for 16 h and 24 h, respectively (all spectra normalized

to the near band edge (NBE) peak emission). The dominant

UV peak seen in all the samples is located at �3.367 eV and

FIG. 1. (Color online) XRD patterns of undoped ZnO (a), and Cu diffusion-

doped ZnO nanorods annealed at 700 �C for 8 h (b), 16 h (c), and 24 h (d).

FIG. 2. (Color online) The Rocking curves of undoped ZnO (a), and Cu

diffusion-doped ZnO nanorods annealed at 700 �C for 8 h (b), 16 h (c), and

24 h (d).
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is ascribed to the NBE emission due to excitons bound to

donors (D0X, members of the so-called I line series).45 The

energies of these peaks are identical within about 4 meV for

all samples, indicating that the dominant donor bound exci-

ton emission energy is not significantly affected by the Cu

incorporation. This D0X emission is observed at a constant

energy below the band gap and thus indicates that the band

gaps at low temperatures in all samples are identical. The

inset of the Fig. 6 shows PL data of ZnO:Cu nanorod arrays

annealed at 500 �C for 8 h measured at 10 K in the range of

366-371 nm, scanned with a step size of 0.04 nm. As can be

seen from the inset, dominant lines located at energies

3.357 eV and 3.361 eV result from the neutral donor bound

excitons of I9 and I6, which are ascribed to Al and In donors,

respectively. The content of In may come from source of

powder used in our VPT system. The origin of Al contamina-

tion may be due to both source of powder and alumina boat

used to evaporate the powder mixture. Various other higher

energy bound exciton lines are seen due to other impurities

and also to excited states of neutral donor bound excitons

and ionized donor bound excitons and the free exciton emis-

sion positioned at >3.375 eV can be seen in the higher pho-

ton energy region of the spectrum.45

The deep level visible emission (DLE) region which is in

the range of 430-650 nm is usually attributed (depending on

the details of its shape and temperature dependence) to intrin-

sic defects such as zinc vacancy (VZn), interstitial zinc (Zni),

oxygen vacancy (Vo) and oxygen interstitial (Oi) (for the case

of the unstructured green band), as well as extrinsic impurities,

such as substitutional Cu (for the structured green band).46,47

The structured green luminescence band was clearly observed

in our samples. The energy spacing between two adjacent lines

in the structure is almost 72 meV and can be attributed to the

LO phonon replicas.48 As illustrated in Fig. 6, Cu-diffused

ZnO nanorods display this structured visible luminescence

band which increases gradually in relative intensity with both

annealing temperature and time indicating that Cu atoms have

substituted into ZnO lattice sites.49 There is likely to also be

FIG. 3. SEM images of (a) Top view, (b) 45� tilted

view, (c) 45� tilted view obtained from edge of sample,

and (d) cross-section of ZnO:Cu nanorods annealed at

700 �C for 16 h.

FIG. 4. (a) A SEM image and EDS mapping of (b) Zn,

(c) O, and (d) Cu elements of ZnO:Cu nanorod sample

annealed at 700 �C for 16 h.
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simultaneous creation of point defects due to the vacuum

annealing (to create Vo) and/or effects of Cu incorporation into

Zn sites and hence there may be some complexing of Cu with

native defects.50 In principle, the creation of Vo defects should

also lead to an increase of the unstructured green band but this

is probably masked in our samples by the strong Cu-related

structured green band in the same spectral region.

The electrical conductivity properties of the film are also

of relevance to analyses of the present type. The present sam-

ples are in the form of nanorods and thus do not form a continu-

ous conducting film (noting also that the underlying buffer

layer is quite thin and with a small grain size and thus will not

show significant conductivity). The nanorod morphology means

that measuring the conducting properties of individual nanorods

is quite challenging. However, the presence of a range of I-line

defects associated with donor bound excitons in the low tem-

perature PL spectra of the samples indicates that these samples

display background n-type conductivity in the nominally

undoped condition, in line with the overwhelming majority of

literature reports for nominally undoped ZnO material. Nomi-

nally, undoped ZnO nanorod samples are known from the liter-

ature to have carrier densities and mobilities of the order of

1017 cm�3 and 10 cm2 V�1 s�1, respectively,51 and we feel that

our nominally undoped samples, of similar crystalline quality

and grown at similar temperatures, would likely display similar

electrical properties. Doping with Cu, which can act as a deep

acceptor,49 is likely to compensate some of the donors and lead

to a reduction in free electron density, and most likely a reduc-

tion in mobility also due to increased defect scattering.

There is much evidence to suggest that ferromagnetism in

transition-metal (TM) doped ZnO is unambiguously corre-

lated with defects, which depend on the substrate temperature

and oxygen pressure used during film deposition;6,52 the

charge carriers are by products of these defects. Ney et al.53

have demonstrated that highly perfect Co-doped epitaxial

films, for example, are purely paramagnetic, with cobalt occu-

pying zinc sites and no sign of anything other than weak anti-

ferromagnetic Co-O-Co nearest-neighbor superexchange.

Droubay et al.54 show that Mn-doped epitaxial films are para-

magnetic, with Mn substituting for Zn, and no moments on ei-

ther oxygen or zinc. Barla et al.55 showed that the cobalt in

ferromagnetic Co-doped ZnO films was paramagnetic, and

there was no moment on the zinc. A study by Tietze et al.56

who investigated 5 at. % Co-doped films produced by periodic

lattice distortion (PLD) which exhibited a moment of �1 lB/

Co, corresponding to a magnetization of �20 kAm�1 came to

a remarkable conclusion; extensive XMCD (x-ray magnetic

circular dichroism) measurements on the Co and O edges with

a very good signal/noise ratio showed only the signatures of

paramagnetic cobalt and oxygen. There is no sign of element-

specific ferromagnetism. By a process of elimination, only ox-

ygen vacancies remained as the possible intrinsic source of

the ferromagnetism observed in the ZnO films.

Magnetization curves were measured for all samples at

300 K in the SQUID (superconducting quantum interference

device) magnetometer. Data were corrected for the diamag-

netic contribution of the Si substrate, which is determined

from the high-field linear part of M-H loops. Fig. 7 shows the

room temperature magnetization undoped and Cu diffusion-

doped ZnO nanorods annealed at 500 �C, 600 �C, and 700 �C
for 8 h in vacuum. It can be noted that all the samples exhibit

ferromagnetic behavior at room temperature; however Cu

diffusion-doped ZnO samples have higher magnetic moment

FIG. 5. (Color online) (a) XPS survey spectra of undoped and Cu diffusion-

doped ZnO nanorod array annealed at 700 �C for 24 h, (b) shows binding

energy spectrum of Cu 2p and Gaussian fitting.

FIG. 6. (Color online) Low temperature PL spectra of undoped ZnO (a) and

Cu diffusion-doped ZnO nanorods annealed at 500 �C for 8 h (b), 600 �C for

8 h (c), 700 �C for 8 h (d), 700 �C for 16 h (e), and 700 �C for 24 h (f).
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values compared to the pure ZnO one. Similar behaviour was

obtained by Kumar et al.57 for Cu-doped ZnO samples. The

origin of the ferromagnetism in undoped ZnO is probably due

to defects, based on the previous studies mentioned above,

suggesting that the magnetic moment does not originate from

d electrons but rather from localized holes in p-bands carrying

a magnetic moment.58 After annealing the ZnO:Cu nanorods

at 500 �C in vacuum, it was found to be the values of satura-

tion magnetization (Ms) and coercive field (Hc) of 0.19lB/Cu

and 8 mT, respectively. When the annealing temperature

increases from 500 �C to 600 �C, the saturation magnetization

of the sample is enhanced significantly and reaches a maxi-

mum value of 1.39 lB/Cu for the sample annealed at 600 �C.

This enhancement may be related to the atomic ratio of Cu/

ZnþO, determined from the EDS, because for ZnO:Cu

annealed at 600 �C, this ratio is lower than that of the others

and has the value of 0.64 at. %, which indicates that Cu solu-

bility in our ZnO nanorods is below 1 at. %.59 According to

the literature, similar trend was observed by Cho et al.60 that

showed that magnetization of ZnO:Cu films increases with

increasing Cu concentration up to 1 at. % followed by a

decrease in ferromagnetic behaviour for Cu content above 1

at. %. Additionally, Sudakar et al.22 found that ZnO films

with Cu concentration of x< 1 at. % grown by reactive mag-

netron co-sputtering method on c-cut Al2O3 substrates exhib-

ited very clear ferromagnetic behavior with a large Ms value

of 1.6 lB/Cu, however, for the samples with x> 1 at. %, satu-

ration magnetization decreased drastically to 0.4 lB/Cu at 2 at.

% and 0.1 lB/Cu for 6 at. % Cu contents. Samanta et al.61 also

produced Cu-doped ZnO thin films with the pulsed laser depo-

sition technique on (0001) oriented sapphire substrates and

observed a maximum Ms value of 0.76 lB/Cu for 3 at. %

Cu-doped ZnO samples at 300 K, however, the saturation

magnetization decreased with the further increase of copper

concentration. On the other hand, higher annealing tempera-

tures significantly decrease the value of room temperature sat-

uration magnetization and it reaches to 0.31lB/Cu value. One

of the reasons for the decrease in magnetization at high tem-

perature may be attributed to movement and annihilation or

complexing of zinc interstitial atoms. The number of Zni

defects decreases at high temperature, which in turn could

lead to the decrease in saturation magnetization.62

It was proposed that oxygen vacancies and zinc intersti-

tials can cause a marked change in the band structure of host

semiconductors and make an important contribution to the fer-

romagnetism.63 The formation of bound magnetic polarons

(BMPs), which include electrons locally trapped by oxygen

vacancy or zinc interstitial, with the trapped electron occupy-

ing an orbital overlapping with the d shells of TM neighbors,

has also been suggested to explain the origin of ferromagnet-

ism.64 In addition to these theoretical studies, several experi-

mental groups have reported that the intrinsic defects play

crucial roles in the ferromagnetism of TM-doped ZnO. For

example, Hsu et al.65 have performed x-ray near edge spec-

troscopy on Co-doped ZnO films and shown that the enhance-

ment in ferromagnetism is directly related to an increase in

oxygen vacancies. Liu et al.66 indicated that point defects

such as Zni or VZn are responsible for ferromagnetism in

Cr:ZnO samples. Furthermore, Liu et al.67 suggested that two

key factors lead to the appearance of ferromagnetism in TM-

doped ZnO nanocrystals: one is the increase of the number of

defects and oxygen vacancies and the other is the exchange

interactions between the TM ions and the O ion spin moment.

The observed ferromagnetism of our Cu diffusion-doped

ZnO samples could originate from a number of possible sour-

ces. Metallic Cu is diamagnetic and cannot contribute to the

observed ferromagnetism. There is no contribution to magnet-

ization from binary copper oxide CuO, which is an antiferro-

magnetic phase with a Neel temperature of 230 K (Ref. 68)

and diamagnetic cupric oxide Cu2O.69 In addition, there is no

signature metallic Cu or CuO related bases in either XRD or

XPS measurements. The room temperature ferromagnetism in

our Cu:ZnO samples is intrinsic and probably results from the

magnetic exchange interaction between oxygen vacancies and

Cu2þ ions which aligns all the Cu2þ ions around the oxygen

vacancies, forming BMPs.70,71

IV. CONCLUSIONS

Based on the structural, optical, and magnetic measure-

ments of our samples the following main points emerge: (1) all

the samples exhibit hexagonal structure with a strong (002)

preferred orientation normal to the substrate; (2) surface mor-

phology analysis has revealed that the ZnO:Cu sample has a

well-aligned hexagonal nanorod morphology; (3) XPS results

showed the incorporation of Cu2þ into Zn sites in the ZnO

host lattice; (4) compared to the undoped ZnO, the number of

Cu-related optically active deep level defects increased for Cu

diffusion-doped ZnO nanorod samples; (5) Cu diffusion-doped

ZnO nanorod samples displayed ferromagnetic loops clearly at

room temperature and the origin of the observed room temper-

ature ferromagnetism is probably due to interactions between

substitutional CuZn in a divalent charge with other (intrinsic)

point defects, most likely oxygen vacancies, in the crystal.
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