J Supercond Nov Magn (2013) 26:187-195
DOI 10.1007/s10948-012-1710-2

ORIGINAL PAPER

Exciting Dilute Magnetic Semiconductor: Copper-Doped ZnO

S. Karamat - R.S. Rawat - T.L. Tan - P. Lee -
S.V. Springham - Anis-ur-Rehman - R. Chen - H.D. Sun

Received: 28 April 2012 / Accepted: 25 June 2012 / Published online: 22 July 2012

© Springer Science+Business Media, LLC 2012

Abstract The present study is focused on the copper-doped
ZnO system. Bulk copper-doped ZnO pellets were synthe-
sized by a solid-state reaction technique and used as target
material in pulsed laser deposition. Thin films were grown
for different Cu doped pellets on sapphire substrates in vac-
uum (5 x 107> mbar). Thin films having (002) plane of
ZnO showed different oxidation states of dopants. M—H
curves exhibited weak ferromagnetic signal for 1-3 % Cu
doping but for 5 % Cu doped thin film sample showed the
diamagnetic behavior. For deeper information, thin films
were grown for 5 % Cu doped ZnO bulk pellet in differ-
ent oxygen ambient pressures and analyzed. PL measure-
ment at low temperature showed the emission peak in thin
films samples due to acceptor-related transitions. XPS re-
sults show that copper exists in Cu?>t and Cu't! valence
states in thin films and with increasing O, ambient pressure
the valence-band maximum in films shifts towards higher
binding energy. Furthermore, in lower oxygen ambient pres-
sure (1 x 1072 mbar) thin films showed magnetic behavior
but this vanished for the film grown at higher ambient pres-
sures of oxygen (6 x 10~2 mbar), which hints towards the
decrease in donor defects.
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1 Introduction

From last few years, rapid efforts are in progress toward
spintronics technology, where the charge and spin degree of
freedom, both can be utilized in electronic devices. It is be-
lieved that spintronics devices will be higher in speed, effi-
cient and having less consumption of power [1]. Dilute mag-
netic semiconductors (DMSs) are the stronger candidates
in the realm of spintronics. Metallic-based spintronics de-
vices have become a substantial part of the today electron-
ics. The ground breaking discovery in spintronics develop-
ments started from the discovery of giant magneto resistance
effect observed in multilayered magnetic materials [2, 3].
In order to meet the demands of society, several spintron-
ics devices need to be developed, where the existing issues
should be resolved. In computing technology where infor-
mation processing is based on spins as the data carriers, it is
necessary that a device must have a component which pro-
duces spin polarized carriers and has reliable transport in it.
It means that a device should have ferromagnetic materials
which help in the electron spin storage and a semiconductor
material as well which would perform traditional device op-
eration. It looks easy to develop a device which contains fer-
romagnetic and semiconductor material together. Even so,
the conductivities between two materials should be matched
closely for efficient injection of spin polarized carriers into
the semiconductor part [4], like metal-metal junctions [5]. In
case of large difference between the materials conductivity,
the degree of spin polarization will be reduced in semicon-
ductors. To achieve high degree of spin polarization from
ferromagnetic part, it is essential that the conductivities of
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both materials should be matched closely. Both of these so-
lutions can be achieved easily in a heterostructure device
having ferromagnetic metal-semiconductor junction having
100 % spin polarization from ferromagnetic metal to semi-
conductor [6]. DMSs are excellent candidates in resolving
these issues because the presence of magnetic impurities in
semiconducting host lattice will be the source of spin po-
larized carriers giving a new approach of spin injection. By
utilizing DMSs, the difficulty of conductivity mismatching
at the interfacial layer of metal and semiconductor materials
would be removed [7]. However, many DMSs become un-
successful due to a low Curie temperature (less than room
temperature), hindering their practical applications. A lot of
research is still going on in order to achieve DMSs whose
Curie temperature will be higher than room temperature to
make their utility feasible in devices. Transition metal-doped
wide band gap DMS materials have the capacity to show
Curie temperature at and above room temperature and a lot
of researchers focused their attention on these materials.

The present paper is on the study of copper-doped ZnO
thin films using pulsed laser deposition (PLD). Copper-
doped ZnO is of interest because metallic copper and its
oxides (CuyO, CuQ) are not magnetic in nature, which in-
creases the chances of DMS which has ferromagnetism only
due to doping. Different reports showed contradictory re-
sults about the nature of the copper-doped ZnO system, it
gives us motivation to gain deeper insight in the system by
detailed structural and compositional analysis.

2 Experiments

Thin films were grown by PLD from (ZnO);_(CuO),
(Al203)0.002 With x < 0.05 series of targets. The PLD tar-
gets were made from the powders copper oxide (CuO) and
zinc oxide (ZnO) powder with 0.2 % Al,O3 addition. CuO
powder of different percentage (1-5 %) was mixed with host
ZnO according to the required stoichiometric values. This
combined powder was mixed and ball milled. After milling
for 16 hrs, powders were calcined for 14 hrs at 400 °C. Cal-
cined powders of (ZnO)1_, (CuO), (Al,03)¢.002 Were com-
pressed to form pellets of 25 mm diameter and further sin-
tered at 1200 °C for 16 hrs. After detailed structural, com-
positional, magnetic characterization of bulk samples, they
were used as a PLD target in pulsed laser deposition sys-
tems. Nd:YAG laser (A = 532 nm) having 10 Hz repetition
rate was used to ablate copper-doped ZnO targets. Differ-
ent numbers of laser shots were used to grow films in vac-
uum (5 x 107> mbar), and O, ambience. The film thickness
was analyzed by a profile meter. The study of the crystal-
lographic structures of the pellets and thin films was per-
formed using a X-ray diffractometer. The electronic states of
elements and compositional % of Zn, O and Cu, were esti-
mated by XPS for bulk and thin film samples. The structural
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information of the ZnCuO system was also obtained from
their vibrational modes using Renishaw Raman spectropho-
tometer. He—Ne laser (632 nm) was used for excitation and
the incident laser power was 40 mW. Magnetic measure-
ments were performed for bulk and thin films using VSM at
room temperature. Photoluminescence (PL) spectroscopy of
thin films were done to get knowledge about different emis-
sions. The electron carrier density in thin films was investi-
gated by Hall effect measurement.

2.1 Results and Discussions

Figure 1(a) shows the XRD spectra of the copper-doped
ZnO bulk samples. XRD patterns for all bulk samples con-
sist of peaks corresponding to ZnO (host lattice), with
the absence of any secondary or impurity phase. The Ri-
etveld refinement was done for some samples to get an
idea about the change in lattice parameters due to copper
ion substitution. Information about a and c, lattice param-
eters of bulk samples were obtained by Rietveld quantifi-
cations, which showed difference from the standard val-
ues of ICSD-26170 ZnO lattice parameters. lattice param-
eter a = 3.2510 A obtained from Rietveld refinements giv-
ing 0.0021 A increase from the standard value (3.2489 A),
while the lattice parameter ¢ = 5.2031 A shows a decrease
of 0.0018 A from the standard value (5.2049 A). Substitu-
tion of Cu ion into ZnO causes a change in lattice spacing.

Information about composition of Cu doped ZnO bulk
pellets was obtained from X-ray photoelectron spectroscopy
(XPS). For greater accuracy in compositional analysis, the
elemental compositions were measured on the surface and
beneath the surface (after etching) of the bulk samples. Sur-
vey scans of pellets’ surface showed the presence of differ-
ent elements: zinc, copper, oxygen, carbon, aluminum. To
get unambiguous information, pellets’ surface was etched up
to 100 nm, which removes the peak corresponding to carbon
appearing at surface. XPS results of etched pellets are shown
here for reliable analysis. XPS scans for Zn and Cu 2p core
peaks are shown in Fig. 1(b) and 1(c). For all Cu doping
percentages the Zn 2p core peak, refer to Fig. 1(b), showed
symmetrical trend in binding energy (BE). Zn 2p3,» peaks
having BE around 1020.4 £ 0.1 eV, showing a variation of
0.9 £ 0.1 eV from the reported of ZnO (1021.4 eV) [8].
Copper substitution may cause the shift in BE value. Fig-
ure 1(c) shows Cu 2p core peaks spectrum for same com-
positions. Core peak scan gives Cu 2p3» and Cu 2pj» BE
value around 931.9 0.3 eV and 951.7 & 0.3 eV, respec-
tively, for all pellets, giving information about +2 oxidation
state of Cu ions [9]. Cu™? ions have the capacity to substi-
tute successfully the Zn™2 ion in ZnO lattice which means
the existence of ZnCuO phase, and the magnetic moments
of doping Cu contribute as a source of magnetism in the
samples.
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Fig.2 M-H curves for (ZnO);_, (CuO), (Al,03)¢.002 bulk samples

VSM was used to get information about magnetic behav-
ior of samples at room temperature. M—H loops for all bulk
pellets are shown in Fig. 2. The shape of hysteresis curve in-
dicates weak ferromagnetism in samples. It is believed that
ferromagnetic interactions arise in bulk samples due to sub-
stitution of Cu®* ions in ZnO host lattice. Oxidation state
of Cu2t ions, which is +2, was measured by XPS. There
are few reports which showed that ferromagnetic behavior
in copper-doped ZnO system is dependent on doping per-
centage, the less the doping quantity, the more ferromag-
netic behavior [9], and results shown in Fig. 2 also support
this reason.

Bulk pellets after their characterizations were further
utilized as a PLD target and thin films were deposited
from them under different conditions. Thin films were de-
posited using 9000 laser shots in vacuum environment at
5 x 107% mbar background ambient pressure. XRD graphs
shown in Fig. 3 exhibiting strong (002) reflection peak of
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ZnO appear about 26 = 34.4° along with another weak peak
at about 72° corresponding (004) plane for all the thin film
samples grown on sapphire substrates with varying Cu dop-
ing concentration. The observation of diffraction peaks cor-
responding to the same (001) family indicates good texture
with the c-plane of the sapphire substrates for all the sam-
ples. The appearance of (00l) family of peaks shows only
one orientation in thin films. The average crystallite sizes
were calculated using Scherrer’s equation for (002) diffrac-
tion plane of thin films deposited on sapphire substrates
[10, 11]. The average crystallize sizes are in narrow range
of 16 to 20 nm, shown in Fig. 3, inset, indicating thereby
nanophase thin film growth.

Information about surface composition of thin films was
obtained by XPS. High resolution scan of Cu 2p core peaks
was measured for all samples, Cu 2p doublet of Cu 2p3/,
and Cu 2pj,» peaks appearing in all samples. BE value for
Cu 2p core peaks of all samples show asymmetrical trend.
The presence of different oxidation states of the element
may be the cause of asymmetrical behavior. In order to un-
derstand asymmetrical trend in BE and to verify the exis-
tence of various possible oxidation states, core peak spec-
tra of Cu 2p for all samples were deconvoluted-not shown
here. The appearance of peaks having BE at 931.5+ 0.4 and
933.0 £ 0.4 eV is reason to propose mixed valence state of
+1 and +2 charge of Cu, in which +2 is dominant oxida-
tion state. The electronic configuration of Cu?t is 3d?4s°
and that of Cu'* is 3d'%4s°. It is well known that Cu ex-
isting in the +1 oxidation state has no unpaired spins so
there is no ferromagnetic contribution; while Cu ion having
+-2 state has unpaired spins exhibiting net magnetic moment
and can contribute to ferromagnetic behavior. It is expected
that the thin film samples grown in high vacuum conditions
may exhibit ferromagnetic behavior because of the +2 ox-
idation state of Cu [12, 13]. Ols core peak spectrum, also

@ Springer



190

J Supercond Nov Magn (2013) 26:187-195

not shown here, exhibits asymmetrical trends in BE. The
presence of multi-component oxygen species is the reason
of asymmetry in oxygen BE values. In summary, a detailed
XPS analysis of films indicates different oxidation states of
dopants, of which the dominant state is +2, which is the ex-
pected cause of ferromagnetic behavior in thin film samples.

M-H measurements were done using VSM at room tem-
perature for all thin film samples. magnetic background of
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Fig. 4 M-H curves for thin
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substrates was done for all samples. Film samples grown in
vacuum with 1 to 3 % doping are found to be weakly ferro-
magnetic, while the 5 % doping sample exhibits diamagnetic
behavior, shown in Fig. 4. Thin films grown from 5 % Cu
doped ZnO pellet give diamagnetic curve in vacuum depo-
sition, motivating us for further investigation to see whether
the thin film growth at certain oxygen partial pressure can
promote the ferromagnetic behavior in these thin films.

XRD spectra for films deposited at 750 °C using
(Zn0)¢.948 (Cu0)g.05(Al203)0.002 pellet, in different oxygen
pressures, are shown in Fig. 5(a).

It is observed that for all the XRD patterns of thin
films, shown in Fig. 5(a), only (002) and (004) reflections
are present at 26 = 34.44° and 72.56°, respectively. XRD
diffraction patterns of highly textured thin films clearly in-
dicate that at very early stages thin films achieved the pre-
ferred growth orientation. It was reported that the reason of
preferred orientation can be of chemical nature rather than
crystallographic. The main idea of this statement is based on
the opposition between Zn atoms and O atoms of the ZnO
while the attraction between bonded Zn atoms towards oxy-
gen atoms is present on substrate surface. It favors greater
population of two-dimensional Zn atoms along (002) plane
of wurtzite structure, and films grow along these orienta-
tions [14]. On crystallographic basis, the surface energy of
ZnO crystal becomes minimum along (002) orientation, it
helps the growth of c-axis oriented ZnO crystal. It was re-
ported that growth of ZnO along c-axis can be done at lower
oxygen pressure (0.013 mbar) [15]. In our case, lower oxy-
gen partial pressure (e.g. 1 x 1072=6 x 102 mbar) was used
and a minimum effect in (002) peak width was observed for
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Table 1 Crystallite size and dislocation density for (002) peak of thin
films

O, pressure 26 for (002) Crystallite Dislocati(o)n

refection (degree) size (nm) density (A)
1 x1072 mbar  34.44 56.04 3.18 x107°
2 x1072 mbar  34.44 60.04 2.77 x107°
4 x10~2 mbar 3445 52.54 3.62 x107°
6 x1072 mbar 3445 70.05 2.03 x107°

ZnCuO thin films. In order to obtain more information about
structural properties, average crystallite size (D) (using the
Scherrer formula) along dislocation density (§) was calcu-
lated for preferred orientations of thin films [10, 11, 16—18].
The higher the § values the lower will be the crystalline lev-
els in films, dislocation density values give the number of
defects in thin films. Average crystallize size, dislocation
density, change in peak width of preferred orientation for
thin films grown at different oxygen partial pressures are
given in Table 1. These values are comparative to other re-
ported work [16].

The most valuable information on the quality of the films
may be obtained by PL measurements. Photoluminescence
(PL) spectroscopy was used to get information about the
change in luminescence due to Cu doping in ZnO and dif-
ferent oxygen ambient pressure during thin films growth,
shown in Fig. 5(b). Near band edge (NBE) emission was
observed at about 3.27 eV (~380 nm) for thin film samples.

Energy(eV)

Wang’s group showed that NBE emission peaks become in-
tense with the increasing Cu concentration, NBE peak inten-
sity depends strongly on Cu. They observed increase in NBE
for 2 at.% Cu atoms doped in ZnO as undoped ZnO film
samples. Exciton related recombination is the cause of NBE
emissions in materials [20, 21]. In our case, thin films grown
in increasing oxygen ambient pressure show an increase in
ultra-violet (UV) luminescence observed in PL spectra. It
happens because of the decrease in oxygen vacancies be-
having as shallow donors when the ambient oxygen pressure
increases during thin films growth supply.

Figure 6(a) shows the emergence of emission peaks with
the decrease in temperature in cobalt-doped ZnO thin film.
PL spectra for copper-doped ZnO and undoped ZnO thin
film samples obtained at low temperature (10 K) being com-
pared in Fig. 6(b). Two dominant peaks appear around 3.357
and 3.312 eV were observed in PL spectrum of undoped
ZnO film, shown in Fig. 6(b). On the basis of peak position
it is assumed that the emission line appearing at 3.36 eV
is due to neutral donor bound exciton (D°X) complex, the
other dominant peak appearing around 3.33 eV is expected
because of two-electron satellite (TES) recombination line
of the D°X. The difference between D°X and TES is about
30 meV, which is well in agreement with the reported values
for D°X and TES appearing in ZnO [22]. PL spectra mea-
sured at low temperature for copper-doped ZnO thin films
exhibit weak donor bound exciton (D°X) emissions appear-
ing around 3.36 eV as compared to ZnO followed by FE
emissions at 3.37 eV towards higher energy side of spec-
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Fig. 6 (a) Low-temperature PL spectra for thin films grown in 1 x 10~2 mbar O,. (b) Different emissions appear at low temperature

trum. Furthermore, few peaks appearing around 3.30, 3.23,
3.16 and 3.09 eV indicate an enhancement in optical qual-
ity of thin films [23]. In copper-doped ZnO thin film, emis-
sion peak appears at 3.30 eV, becoming clearly distinguish-
able with decreasing temperature (at about 120 K) shown
in Fig. 6(a). Emission peak at 3.30 eV is expected due to
acceptor-related transitions like free electron to neutral ac-
ceptor (FA) and donor-acceptor-pair (DAP) [24-26]. In DAP
transition, some electrons of neutral donors combine with
holes of neutral acceptors and emit luminescence. The de-
fect binding energy for a donor lies between 5-50 meV and
for acceptor lies between 20-200 meV depending on the
nature of material [23]. The thermal energy can be com-
pared to the donor binding energy when the temperature
is higher, because electrons can easily cause ionization and
DAP transition can be replaced by free electron to acceptor
(FA). However, in our case, we see the FA emissions appear
around 3.32 eV and DAP emission around 3.30 eV. By com-
paring the series of peaks at 3.30, 3.23, 3.16 and 3.09 eV,
the most obvious difference is seen for the peak that ap-
pears at 3.30 eV, which has stronger line, others emission
are weaker having broad lines centered at 3.23, 3.16, and
3.09 eV. It is seen that the emission peak of 3.30 eV shows
a blue-shift with increasing excitation intensity; it can be at-
tributed to a DAP transition [27]. Three small shoulders ap-
pearing towards lower-energy side from DAP transitions are
given names as DAP-LO, DAP-2LO and DAP- 3LO, respec-
tively, the difference in the energy of peak positions is simi-
lar to LO phonon energy of ZnO. FA emission which is de-
pendent on temperature can be used to calculate the accep-

@ Springer

tor binding energy using the following equation: Ep4(T) =
Eo(T)—Ea+kgT /2, where E¢(T) and E 4 are the bandgap
energy and acceptor energy, respectively. The Varshini equa-
tion shows that the bandgap energy of ZnO has tempera-
ture dependence [27, 28], Eo(T) = E4(0) — «T?/(T + B),
where oc = 8.2 x 107* eVK™!, B =700 K and E,(0) =
3.44 eV [26, 29]. Based on the above mentioned values, the
estimated acceptor energy (E4) is 135 meV, which is rea-
sonable compared with the estimated range of energy val-
ues, 120200 meV.

Raman spectra of thin film samples showed the of influ-
ence Cu doping in ZnO via the change in Raman modes of
ZnO for all the ZnCuAIO samples grown in different oxy-
gen ambient pressures. ZnO has a wurtzite structure with
P63mc point group symmetry. It was predicted on the ba-
sis of group theory that there are two Ay, two Eq, two E»
and two B; modes in the Raman spectra of ZnO [19, 30].
We obtained E; modes in our samples along with addi-
tional modes and some modes belong to the sapphire sub-
strates. A comparative study was done to see whether the
additional modes (AMs) appear in Raman spectra of Cu
doped ZnO films or not, on the other hand these modes
appear in undoped ZnO thin films samples deposited un-
der same ambient conditions, graphs are shown in Fig. 7(a).
The peak appearing at 99 cm™! represents E» (low) mode,
while the peak at 437 cm™! represents E, (high) mode
for copper-doped ZnO thin films. The peaks appearing at
577 cm™! are attributed to additional modes, also known as
defect-induced modes [19]. The appearance of E (high) is
a symbol of wurtzite phase of ZnO [19]. It can be seen in
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Fig. 7 (a) Raman spectra for the films grown in 2 x 102 mbar O,. (b) Cu 2p core peak spectra for thin films grown in different oxygen ambient

pressures

Fig. 7(a) that the E> (high) mode has higher intensity in Cu
doped thin film sample as compared to undoped ZnO in-
crease in intensity showing improved crystalline quality of
the ZnO film with Cu doping. Also the appearance of addi-
tional modes (defect-induced modes) at 577 cm™ (denoted
by AM1) is lower in intensity hinting toward minimum de-
fects, i.e. better crystalline quality, in Cu doped ZnO thin
films.

XPS was used to measure to obtain information about
different valence states, Fermi energy level and valence-
band maximum in thin films. For Zn 2p core peaks, bind-
ing energy (BE) values show a slight change as compared
to bulk ZnO reference (1021.4 eV). The Zn 2p3» peak
shows the BEs of 1021.8. 1021.4, 1021.6 and 1021.4 eV
and Zn 2p1,» peak shows the BEs of 1044.9, 1044.5, 1044.7
and 1044.5 eV for thin film samples grown at oxygen
ambient pressures of 1 x 1072, 2 x 1072, 4 x 1072 and
6 x 1072 mbar, respectively. A high resolution scan was
done to get core peak spectra of Cu 2p peaks. A detailed
scan is helpful to understand the bonding nature of oxygen
atoms with copper atoms substituted at Zn sites in the film
shown in Fig. 7(b). XPS core peak spectrum clearly differ-
entiates between oxidation states of Cu i.e. Cu?* and Cu!",
Cu”t is expected to produce satellite peaks towards higher
binding energy side, and the appearance of satellite peaks
indicates the presence of 3d hole states of Cu; in case of
Cu? and Cu'* not any satellite peak is expected [9]. The de-

convolution of the peaks that appear at 933.8, 933.8, 932.6
and 932.9 eV for thin films samples grown at 1, 2, 4 and
6 x 10~2 mbar O, was done. The deconvolution of peaks
clearly shows the +2 oxidation state because of the appear-
ance of peaks at BE values of 934.01, 934.28, 933.65 and
933.85 eV for each of the different samples. Satellite peak
of Cu 2p shows Cu?* presence, but this satellite position
varied with atomic environment of Cu®". It is expected that
there appears a very weak satellite peak of Cu?* around
943 eV. The area of satellite peak of Cu at 943 eV becomes
wider with the increase in ambient oxygen pressure [31].
The change in valence band is 0.90, 1.53, 1.89 and 2.20 eV
for thin films deposited in 1 x 10_2, 2x 1072, 4 x 1072,
6 x 1072 mbar oxygen pressure, respectively. The valence-
band (VB) spectra, obtained from XPS, for copper-doped
ZnO samples grown are shown in Fig. 8(a).

As shown in Fig. 8(a), the weak peaks around Fermi
level, EF, are a kind of non-local states in the bandgap pos-
sibly caused by defects. Peaks observed around 4.6, 4.33,
3.97 and 4.11 eV for thin films grown at 1 x 1072,2x 1072,
4 x 1072 and 6 x 10~2 mbar O, pressure showed involve-
ment of O 2p orbitals, O 2p and Zn 4s orbitals hybridized
with each other. Peaks observed around 9.98, 9.97, 10.12
and 10.03 eV, respectively, are expected due to the Zn 3d
band. The shift in the binding energy is seen with the varia-
tion in the oxygen pressure inside the chamber. In peak re-
gions of O 2p, the uppermost valence-band edges (VBE),
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Fig. 8 (a) Valence-band spectra for (ZnO)g.943(Cu0O)g05(Al203)0.002 thin films in different O, pressures. (b) Hysteresis curves for

(Zn0)0.948 (Cu0)0,05(Al203)0.002 thin films

could be easily separated out. The VBE was linearly fitted
to determine the shift, AE,, as shown by diagonal lines in
Fig. 8(a). The tangents to the fitted curves were drawn and
their intersect is defined as VBM [32]. It is evident from
Fig. 8(a) that the VBM of thin films shifts towards higher
binding energy by increasing the oxygen pressure. It shows
that the oxygen partial pressure affects the valence-band po-
sition.

The magnetic characterizations at room temperature
show a weakly expressed ferromagnetic ordering in thin
films deposited at oxygen pressure of 1 x 10~2 mbar, shown
in Fig. 8(b). On the other hand, the films grown in oxy-
gen ambient pressure of 6 x 1072 mbar show no ferro-
magnetism. Experimentally, the O, partial pressure is an
important factor in the magnetic behavior of the material.
The main donor defects which induce ferromagnetism arise
in thin films when deposited in low oxygen pressure [33].
The oxygen vacancies defect is necessary to induce fer-
romagnetic coupling. Thin films deposited for 5 % Cu
doped ZnO gives magnetic behavior in low oxygen pressure
(1 x 1072 mbar), while the magnetic behavior vanished in
higher ambient pressures of oxygen (6 x 10~2 mbar) during
the film growth, which hints towards the decrease in donor
defects.

3 Conclusion

A detailed study on copper-doped ZnO system was done,
bulk and thin films of copper-doped ZnO system showed

@ Springer

ferromagnetism. Detailed XPS analyses were done on the
surface of bulk samples, which indicate the 4+1 and +2
oxidation states of copper ions. After the detailed char-
acterization of the bulk samples, thin film samples were
deposited on sapphire substrates in vacuum using pellets
with different Cu doping percentages. The preferred ori-
entation in thin films was found to be along the (002)
plane of ZnO. XPS analyses of films indicate different
oxidation states of dopants, the dominant oxidation state
of Cu dopant which is 42 is expected to contribute to
the magnetic behavior of thin film samples. M—H graphs
give weak ferromagnetic content for 1-3 % Cu doping
but for 5 % Cu doped thin film sample showed the dia-
magnetic behavior. Another set of thin film samples were
grown for 5 % Cu doped ZnO bulk pellet in different
oxygen ambient pressures. The preferred orientation in
thin films is along the (002) plane of ZnO. Raman spec-
tra showed a weak signal for thin film samples. Low-
temperature PL spectra show peak emergence at 3.30 eV,
which is due to acceptor-related transitions. XPS results
show that copper exists in Cu>* and Cu™! valence states.
The valence-band maximum of thin films shifts towards
higher binding energy with increasing oxygen pressure. Fur-
thermore, hysteresis curves showed the ferromagnetism only
for the thin films sample grown at low oxygen pressure
(1 x 1072 mbar), while the magnetic behavior vanished
for the film grown at higher ambient pressures of oxygen
(6 x 10~2 mbar), which hints towards the decrease in donor
defects.
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