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In this paper, we report on the optical and electrical transport studies of TM ion (Ni, Ti, V, Fe, Cr, Mn, and
Co) doped ZnO polycrystalline samples. Diffuse reflectance spectroscopy of doped ZnO showed the existence
of absorption bands which were attributed to the d-d transitions of respective dopants. Electrical resistivity was
found to decrease in case of Ti-, V-, Fe-, and Ni-doped ZnO bulk samples as compared to undoped. We explain
the above behavior on the basis of impurity d-band splitting model. It is observed that with increase in dopant
content the temperature range where variable-range hopping is valid shrinks to lower values and the activation
energy lowers. Increase in characteristic temperature and decrease in localization length was observed with
increase in TM ion content pointing towards the delocalization of electrons that sets in with doping.
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I. INTRODUCTION

ZnO which occurs naturally as the mineral zincite, finds a
wide range of applications in varistors, pigments, UV protec-
tion lotions, magneto-optic, and spintronic devices. Highly
crystalline bulk ZnO presents possibilities for short-
wavelength (blue/UV) light-emitting diodes, laser, magneto-
optic, and optoelectronic applications. The interest in deter-
mining electrical transport and optical properties of doped
bulk ZnO has motivated us because of the need to develop an
understanding of the material response to impurities intro-
duced by doping.!

ZnO is a direct wideband-gap semiconductor and can be
readily made into an n-type degenerate semiconductor with
high dielectric constant (~10) and exhibits activated
conduction.? Realization of diluted magnetic semiconductor
(DMS) behavior in such wideband-gap materials provide
an important insight into spin injection applications as in
spin filters and spin transport media. There has been an in-
tense search for inherent wideband-gap-oxide-based DMS
systems ever since the theoretical prediction of Dietl.> ZnO
normally crystallizes in hexagonal wurtzite crystal structure
with a=3.25 A and ¢=5.12 A, and a c/a ratio=1.6. In
ZnO, the Zn atoms are tetrahedrally coordinated to four
oxygen atoms, where Zn 3d electrons hybridize with the
oxygen 3p electrons. Addition of impurities to ZnO lattice
often induces dramatic changes in the physical proper-
ties. Doping ZnO lattice with Ga or Al increases the car-
rier density [~10°-10?! cm™] compared to undoped
[~10'-10" ¢cm™] ZnO (Refs. 4 and 5). Nanophased ZnO
phases doped or alloyed with Ga,%” Ni,® Cd,” and Mg,'° have
also been reported. There has been a great deal of focus on
search for magnetism in transition metal ion (TM) doped
ZnO.''"* Theoretical calculations predict that for V-,
Cr-, Fe-, Co-, or Ni-doped ZnO, ferromagnetic state is stable
without the need for any additional carrier-doping
treatment. '

Despite its technological importance, the electrical prop-
erty of TM ion doped ZnO is not well understood and the
resistivity behavior of bulk TM ion doped ZnO needs to be
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investigated systematically. In our recent work'® on transport
property of Ni-doped ZnO, we showed a significant decrease
in resistivity of the Ni-doped ZnO with very small Ni con-
centrations (1 and 2 mol %). We explained this decrease in
the bulk resistivity of Ni-doped ZnO based on the impurity
d-band splitting model invoking Katayama’s ab initio calcu-
lations on doped GaN- and ZnO-based systems.'”*¢ This re-
sult has motivated us to investigate further the influence of
other transition metal ions, namely, Cr, Mn, V, Fe, Co and Ti
dopants on the transport and optical properties of ZnO (bulk
and thin film). In this study, we systematically studied the
electrical resistivity of doped ZnO compounds in bulk and
thin-film form and correlated the results with optical and
Raman data. Attempts were made to study the room-
temperature magnetic nature of the samples. All these results
are presented in the following sections to elucidate the opti-
cal and electrical properties of doped ZnO systems and to
find if magnetism exists in this wideband-gap material.

II. EXPERIMENTAL DETAILS

High pure ZnO and oxides/carbonates of transition metals
were used to prepare bulk Zn,_,TM,O (x=dopant concentra-
tion and TM=transition metal ion) by conventional sol-gel
technique. Sol-gel technique was used in order to realize
good homogeneity and atomic-scale mixing of ingredients.
The chemical ingredients were weighed in stoichiometric
proportions and dissolved in about 40 ml of deionized water,
and stirred continuously using a magnetic stirrer. After about
an hour of stirring, proportionate weight of citric acid was
added and the resulting solution was almost clear. However,
to make it completely transparent, a few drops (~3 ml) of
HNO; were added. The resulting solution was again stirred
for about 2 h. The temperature of the solution was slowly
raised in small steps (5 °C after every 2 h). After the forma-
tion of gel, the temperature was further raised to 100 °C so
that the water in it completely boiled off. The resultant pow-
der was heated first at 600 °C for 24 h and then again at
900 °C for 24 h, with intermittent grindings, to completely
remove water vapor, citrate, and nitrate impurities. The pow-
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der was then made into disk-shaped pellets (~8 mm diam-
eter and ~2 mm thickness) by uniaxial pressing. In order to
densify the targets, the disklike specimens were sintered at
1200 °C for 24 h. Thin films of the above samples were
grown on Si (100) substrates by pulsed laser deposition
(PLD) at a substrate temperature of 500 °C and at an oxygen
partial pressure of 5X 107 mbar.

The phase purity of ZnO and TM ion doped ZnO was
studied by x-ray diffractometer (PAN analytical Xpert-Pro-
PHILIPS) using Cu Ka; radiation (\=1.5405 A). The other
characterization studies involves were scanning electron mi-
croscopy (PHILIPS, QUANTA-200), diffuse reflectance
spectroscopy (Ocean optics USB 2000 spectrophotometer),
photoluminescence [Spectro fluorometer (Jobin Yvon)], Ra-
man spectroscopy (Jobin Yvon), and electrical resistivity
(linear four-probe method). For photoluminescence measure-
ments the samples were excited at a wavelength of 325 nm at
room temperature. Diffuse reflectance spectra (DRS) of ho-
mogenized powder samples were recorded using an Ocean
Optics UV-VIS-NIR spectrometer by collecting scattered
light from powdered samples. These spectra were recorded
using a BaSO, powder compact (white in color) used as a
reference sample. Raman-scattering measurements on the
bulk samples were performed using He-Ne laser (632.8 nm)
at room temperature. The resolution used in Raman measure-
ments is 0.1 cm™.

Room-temperature and low-temperature magnetic mea-
surements were carried out using superconducting quantum
interference device (SQUID) magnetometer and vibrating
sample magnetometer (VSM).

III. RESULTS AND DISCUSSION
A. Bulk undoped and doped ZnO samples

The solid solubility limit of TM ions in ZnO is found to
be dopant specific and to some extent depends also on the
preparation technique. For example, the solubility limit of Ni
in bulk ZnO has been reported as 3 mol %.18 However, under
our preparative conditions, impurity peaks of NiO were ob-
served for 2.5 mol % of Ni-doped ZnO.'® The valence states
of doped ions can be ascertained using DRS, where the tran-
sitions between impurity states appear as midband-gap ab-
sorption states. Ni-doped ZnO samples showed the existence
of d-d transition band states at 430, 580, and 655 nm which
are characteristic of Ni (IT) with tetrahedral symmetry.

We observed a decrease in resistivity, by about 2 orders,
in Ni-doped (1 and 2 mol %) bulk polycrystalline ZnO
samples.'® The decrease in resistivity was found to be in
accordance with the impurity d-band splitting model of
Katayama et al.'” As shown by this model (Fig. 1), the split-
ting of d levels under the influence of a crystal-field leaves
the antibonding states close to this conduction band (CB),
thus facilitating an increase in conduction, as carriers can be
transported into the CB with great ease. Ab initio electronic-
structure calculations'” showed that a half-metallic behavior
is expected for V-, Fe-, Co-, and Ni-doped ZnO. The mag-
netic impurity d states in DMS, generally appear near the
Fermi level (here TM ion is the magnetic impurity in ZnO).
These states exhibit splitting, resulting in the high-spin con-
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FIG. 1. Depiction of a model to understand the changes in elec-
tronic structure in the case of transition metal ion doping at a sub-
stitutional site in a wurtzite structure. (a). Crystal-field effect of
ZnO on 3d metal ion leading to doublet and triplet formation and
(b) Tmpurity states split under the influence of crystal field of the
host (ZnO in this case).

figuration of d electrons and the impurity states undergo hy-
bridization with valence p states of the host compound. For
phase pure samples, TM ion replaces the Zn?* ion which is at
the center of the tetrahedron. The d states of a TM ion split
under the influence of the tetrahedral crystal field of ZnO,
leading to lower doublet e, state and a higher-energy triplet
1, state. The t,, states hybridize with the p orbitals of the
valence band further splitting into #,,nging a0d Zyniiboding States.
The #,4n4ing States participate in bonding and hence are local-
ized. The antibonding states have higher energy and contain
itinerant electrons. The energy of the bonding states lie close
to the conduction band of ZnO and hence with the increase
in temperature, electrons in this state can jump easily in to
the conduction band because of thermal activation. However,
the amount of splitting leading to the proximity or overlap-
ping of antibonding states with the CB may differ for each
dopant ion. This study was further extended to other 3d tran-
sition metal ions, namely, Cr, Mn, V, Fe, Co, and Ti.

B. XRD studies of bulk undoped and doped samples

Figure 2) shows XRD patterns of doped and undoped
bulk ZnO. We found that under our preparative conditions,
the solubility limits of Cr, Mn, V, Fe, Co, Ni, and Ti in bulk
ZnO were 1 mol %, 3 mol %, 2 mol %, 1 mol %, 5 mol %, 2
mol %, and 2 mol %, respectively. Impurity peaks of respec-
tive oxides were observed for higher values of doping in
each case. Thus for the sake of uniformity, we restricted our
study to single-phase compounds of 1 mol% doped ZnO and
the results presented herein pertain to 1 mol% of dopant ion
in ZnO. The dopant percentage is within the solubility limit
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FIG. 2. XRD patterns of bulk undoped and 1 mol% Ni-, Fe-,
Co-, V-, Ti-, Cr-, and Mn-doped ZnO samples.

in each case. Besides this, in the present preparation tech-
nique, as atomic level mixing is expected in materials pre-
pared by sol-gel technique, upon subsequent we expect the
metal ions to be incorporated in substitutional sites replacing
the Zn?* ion and not precipitate out as secondary entities.
This view was further corroborated by the optical studies
performed on the doped samples.

C. DRS

DRS measurements on powder samples or pellets are
roughly analogous to transmission measurements on thin
films.!® Figure 3 shows diffuse reflectance spectra of ZnO
and transition metal ion doped ZnO bulk samples. Undoped
ZnO sample showed the absorption edge around 380 nm.
Doped ZnO samples exhibited absorption peaks in the vis-
ible region in addition to the absorption edge since the
samples containing TM ions will have bands from crystal-
field transitions of ions in tetrahedral coordination. These
absorption peaks in the visible region are attributed to vari-
ous transition metal ions substituted at the Zn site. In the
case of Co-doped ZnO, the absorption peaks are well sepa-
rated from absorption edge and absorption peaks at 612 and
568 nm are attributed to the presence of Co** in ZnO lattice.
These absorption peaks are expected to arise due to elec-
tronic transitions from the *A, ground state to the “T,(P)
state for the tetrahedral Co (II). The two sharp absorption
peaks of Co-doped ZnO are assigned as *A,(F)— *T,(P)
(612 nm) and *A,(F) —2A,(G) (568 nm).2° These d-d tran-
sitions indicate that Co is in the divalent state at the Zn site
with its high-spin electron configuration.

Absorption spectrum of Ni**-doped ZnO shows the
midband-gap states appearing at about 430, 580, and 655
nm, corresponding to the d-d transition bands, which are
characteristic of Ni (II) with tetrahedral symmetry.?! The ab-
sorption around 655 nm corresponds to the *T;(F)— T, (P)
ligand field transition of Ni** ions in tetrahedral symmetry.
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FIG. 3. (Color online) Diffuse reflectance spectra of bulk poly-
crystalline undoped and Co-, Ni-, Fe-, V-, Mn-, and Cr-doped ZnO
sample. Absorption peaks corresponding to dopant absorption states
are clearly indicative of dopant incorporation and formation of
midband-gap states.

Similarly, for Fe-doped ZnO samples, absorption band at 450
nm has been attributed to Fe** in tetrahedral co-ordination.??
Grygar et al.” reported that, for Fe-doped ZnO, the absorp-
tion at 512 nm can be attributed to some form of tetrahe-
drally or octahedrally coordinated Fe(III) ions. No significant
absorption corresponding to Fe?* ions were observed and
hence determination of the presence of tetrahedral Fe>* by
optical spectra was not possible.

For V-doped samples the absorption around 560 nm rep-
resents typical d-d transition of V>* ions in a tetragonal crys-
tal field.** For Mn-doped ZnO, the broad absorption peak
centered around 420 nm is assigned to °A,(S)— *T,(G)
transition.”> The midband-gap states arising due to absorp-
tion at 460 and 580 nm correspond to the d-d transition
bands of Cr ions. The broad absorption band around 580 nm
corresponds to the *A,— *T, transition.2® However, for Ti-
doped ZnO sample the absorption around 600 nm could not
be attributed to d-d transitions of Ti ion and further studies
are needed to get an idea of valence state of Ti ion in the
parent ZnO phase.

D. Photoluminescence

Figure 4 shows the normalized room-temperature photo-
luminescence (PL) spectra of the bulk ZngyggTM o0
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FIG. 4. (Color online) Normalized room-temperature PL spectra
of the bulk Zng 9gTM; 9;O (TM=Transition metal ion) compounds.
The spectra corresponding to TM ion doped compounds have been
marked, respectively, by the dopant elements. Excitonic emission is
suppressed in doped compounds as compared to the undoped ZnO.
The different plots have been shifted vertically to show the different
peaks for each dopant.

samples. Compared with the undoped ZnO sample, the exci-
tonic emission is suppressed in doped compounds, which
indicates that the TM ion doping increases the nonradiative
recombination processes. The TM ions are expected to act as
killer centers to suppress the transitions resulting in radiative
recombination. These nonradiative transitions may arise
when free electrons recombine via a TM ion impurity level
instead of populating donor-acceptor pairs and can also be
attributed to energy-transfer processes from donor-acceptor
pairs to neighboring TM ions.?”?® Efficiency of nonradiative
recombination process depends on relative concentration of
different species involved, their carrier-trapping rates and
also the ionization cross section of TM ion which is different
for each TM ion and also the host.?”-?8

E. Raman spectra

A precise knowledge of the vibrational modes can give us
a fundamental understanding of the electrical and thermal
properties of a single crystal. In wurtzite ZnO (number of
atoms per unit cell being 4), the total number of phonon
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FIG. 5. (Color online) Normalized room-temperature Raman
spectra of the bulk Zng99TM, ;O compounds. The different plots
have been shifted vertically to show the different peaks for each
dopant.

modes are 12, namely, one longitudinal-acoustic (LA), two
transverse-acoustic, three longitudinal-optical (LO), and four
transverse-optical (TO) branches. The active Raman modes
include A, E;, and the two nonpolar E, branches. The A,
and E; modes are each split into LO and TO components
with different frequencies due to macroscopic electric fields
associated with the LO phonons. For the lattice vibrations
with A; and E; symmetries, the atoms move parallel and
perpendicular to the c¢ axis, respectively. The vibration of
heavy Zn sublattice gives rise to the low-frequency E, mode
while that of oxygen sublattice gives rise to high-frequency
E, mode. The modes E,(TO) and A;(TO) reflect the strength
of the polar lattice bonds.

Lu et al. and Ashkenov et al.?>*° reported the phonon
modes in PLD deposited ZnO thin films. The nature of the
different Raman modes occurring in ZnO have been reported
in detail before.3'*> Manjén et al.3* compared the experi-
mental results with the reported ab initio calculations of the
lattice dynamics in wurtzite ZnO. In various reports occur-
rence of additional lines were observed at 205, 331, and
539 cm~13*35 and were reported to be due to second-order
Raman spectra. Raman spectra of as prepared undoped and
doped samples are shown in Fig. 5. We observe the presence
of peaks at 663 (A,(LO)+E,(low)), 538 cm™' (2LA mode),
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FIG. 6. (Color online) Curve fits (solid line) to the experimental
data points (open circles) fitted to (a) resistivity with the thermal-
activated model p(T)=p, exp(AE/kgT); (b) resistivity with the
variable-range-hopping model.

437 cm™! (attributed to nonpolar optical phonon E, mode of
Zn0), 407 cm™! [E;(TO) mode], and 381 cm™' [A,(TO)
mode] for undoped ZnO. The peak at 331 cm™' can be at-
tributed to single crystalline nature of ZnO (Refs. 34-36)
and corresponds to the E2(high)—E2(low).3!

The peak at 583 cm™' belongs to E; LO mode for un-
doped ZnO sample. In the Co-doped sample, only three
peaks at 331 cm™!, 437 cm™!, and 538 cm™! are promi-
nently seen, however they are found to shift to lower fre-
quency compared to undoped compound. For V-, Ni-, Ti-,
and Fe-doped ZnO samples all the Raman frequencies are
shifted toward the low-frequency side. Such a shift is ex-
pected to depend on residual stress, structural disorder, and
crystal defects present in the samples. The lattice defects and
disorder disrupts the long-range ordering in ZnO and weak-
ens the electric field associated with a mode. For V doping,
the 579 cm™' mode seems to merge with a mode at
609 cm™!. An additional mode appears at 744 cm™! for this
doping level. Such additional modes are also referred to as
anomalous modes (AMs). AM for the Fe-doped sample oc-
curs at 626 cm™'. Anomalous modes at 274, 598, 641.9, and
857 cm™! in Raman spectra of N-doped ZnO were reported
by Kaschner et al.3” who ascribed them to nitrogen-induced
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FIG. 7. (Color online) Curve fit of experimental data for resis-
tivity with the thermal-activated model p(T)=p, exp(AE/kgT) for
(a) 1 mol % (b) 2 mol % Ni doping. Inset shows curve fit of
experimental data for resistivity that fit to the variable-range-
hopping model.

local vibrational modes (LVMs). However, Bundesmann et
al.’® later observed that the same additional modes also
emerged in the Raman spectra of Fe-, Sb-, Al-, and Ga-doped
ZnO films, which suggested the LVMs originate from the
intrinsic host-lattice defects. Ye et al.® studied two possible
mechanisms to delineate the origin of anomalous modes:
disorder-activated Raman scattering (DARS) or local lattice
vibration. The DARS scattering is said to be induced by the
breakdown of the translation symmetry of the lattice caused
by defects or impurities due to the nature of the dopant or
due to the growth conditions.?? Therefore, it can be presumed
that AMs in our samples could arise due to either of these
two mechanisms.

TABLE 1. Temperature ranges where Arrhenius and VRH
mechanisms are satisfied.

Activated VRH
Sample (K) (K)
Undoped 300-220 below 205
1 mol Ni 300-215 80-196
2 mol Ni 300-190 80-190

045210-5



SHUBRA SINGH AND M. S. RAMACHANDRA RAO

TABLE II. Activation energies of undoped and Ni-doped
samples.

Activation energy

Sample (meV)
Undoped 270
1 mol Ni 180
2 mol Ni 170

F. Electrical resistivity

Electrical resistivity (p) plotted as a function of tempera-
ture for undoped ZnO (Ref. 16) showed a semiconducting
behavior, where resistivity was found to increase with de-
crease in temperature and ultimately p became too large to
be measured below 150 K. For doped ZnO phases, thermally
activated band conduction has been found as the dominant
mechanism at high-temperature region whereas in the low-
temperature region, variable-range-hopping conduction is
found to dominate. The thermal activation resistivity follows
the following functional form:

p(T) = py exp(AE/kgT), (1)

where kj is the Boltzmann constant and AE is the activation
energy. Equation (1) can be rewritten as In p=In p,
+(AE/kg)-T". Figure 6(a) shows the curve fits to the experi-
mental data points for resistivity of undoped ZnO with the
thermal-activated model p(T)=p, exp(AE/kg)-T~! and Fig.
6(b) shows the fitting of resistivity of undoped ZnO with the
variable-range-hopping (VRH) mechanism. From Fig. 6, we
could see that in our samples, the electrical conductivity de-
viates from the linear Arrhenius behavior at temperatures be-
low 220 K.

Figure 6(b) also indicates that the temperature depen-
dence of resistivity of undoped ZnO follows three-
dimensional (3D)-VRH more closely at temperatures below
220 K. ZnO compounds have been found to follow 3D-VRH
in previous reports by Natsume and Bandyopadhyay
et al>* The VRH mechanism is governed by p(T)
=p, exp(T,/T)"P, where p, and T, denote material param-
eters which do not (strongly) depend on temperature. The
dimensionality is given by p and the fitting parameters are
given by the following parameters:

po= (3¢’ vy {8 N(Ep)/ akyT]"*} (2)

and

TABLE III. The values of variable-range-hopping parameters
obtained for a temperature of 150 K.

Sample Activation energy
(I mol % doping) (meV)
Fe-doped ZnO 189
V-doped ZnO 20
Ti-doped ZnO 10
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T,=16 o’/[kzN(Ep)], (3)

where v,,(=10' s7!) is the phonon frequency at Debye
temperature, kz is Boltzmann’s constant, N(Ey) the density
of localized electron states at Fermi level, and « the inverse
localization length of the localized state.

The temperature variation in resistivity of bulk Zn;_ Ni, O
(x=0.01 and 0.02) (Ref. 16) shows that the samples are semi-
conducting in nature and the resistivity of doped samples
decreases as dopant concentration increases. Figure 7 shows
the curve fits of experimental data for resistivity with the
thermal-activated model p(T)=p, exp(AE/kzT) and the
variable-range-hopping model for Ni-doped samples. Tables
I and II give an account of temperature range where Arrhen-
ius and VRH mechanisms are satisfied and an account of the
activation energies of undoped and Ni-doped samples. It is
observed that with increase in dopant content, the tempera-
ture range where VRH is valid reduces to lower values and
the activation energy lowers. The values of variable-range-
hopping parameters for undoped and Ni-doped samples ob-
tained for temperature of 150 K is given in Table III. The
decrease in localization length with increase in Ni content
points toward the delocalization of carriers that sets in with
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FIG. 9. (Color online) Simulation of experimental data for re-
sistivity with the thermal-activated model p(T)=p, exp(AE/kgT).
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TABLE IV. Activation energies of doped ZnO samples.

T, o Localization length
Sample (K) (cm™) (cm)
Undoped 3.2x108 1.13x10° 8.8x107°
1 mol Ni 2.54 %100 1.81%x10° 5.5%107°
2 mol Ni 5.83x10° 3.17X10° 3.1 107

Ni doping. The decrease in the localization length decreases
the spatial extent of localized states. The observed smaller
temperature range for Ni-doped ZnO film, in which VRH is
applicable, is consistent with the smaller localization length
found for the Ni-doped ZnO film. When this study was ex-
tended to other TM ion dopants, it was observed that Ti, V,
and Fe doping decreases the resistivity of bulk ZnO as com-
pared to the undoped ZnO (Fig. 8).!

The decrease in resistivity due to isovalent TM ion doping
of V and Ni (valence state as confirmed from DRS studies)
can be explained on the basis of band-splitting model as
discussed in the Sec. I with respect to Ni-ion doping.'® Ab
initio studies on the TM ion doped ZnO compounds have
also shown partial overlap of antibonding d states with the
conduction band of host compound.*?> The itinerant electrons
in these antibonding states can traverse to the conduction
band and may be responsible for the observed decrease in
resistivity of isovalent TM ion doped ZnO systems. How-
ever, in the case of Fe- and Ti-doped samples the presence of
higher valence states cannot be completely ruled out. For
example, the presence of Fe** ions in our samples was also
corroborated by the DRS spectra. These ions are expected to
give rise to donor defects, thereby making the sample more
conducting. Ti also goes as Ti** ion and brings about extra
carriers thereby lowering the resistivity.* Figure 9 shows the
curve fits of experimental data for resistivity of Fe, Ti, and V
with the thermal activated model p(T)=p, exp(AE/kgT) and
Table IV lists the activation energies of doped ZnO samples.
The values of variable-range-hopping parameters for Fe-
doped sample obtained for 7=50 K is given in Table IV and
V, and Ti followed the Arrhenius behavior throughout the
temperature range.

In case of other TM ion dopants, it was observed that the
parent sample becomes more resistive upon doping Co, Cr,
and Mn ions. Various other effects come into play in these
doped systems, as summarized below: Badaeva et al.** em-
ployed the hybrid PBEI calculations to show that the five
Co”* spin-up d electrons are delocalized in the VB of the
ZnO cluster while the spin-down d electrons are localized
just above the ZnO VB edges. Recent photoemission

TABLE V. Values of VRH parameters obtained for a tempera-
ture of 150 K.

T, a Localization length
Sample (K) (ecm™) (cm)
ZnO 32x108  1.13X10° 8.8X107°
1 mol % Fe L.I1X10°  249x10° 4x107°
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FIG. 10. (Color online) Comparison of room temperature p of
TM ion doped ZnO bulk polycrystalline samples and room-
temperature magnetic moment of TM ion doped ZnO bulk poly-
crystalline samples. Cr- and Mn-doped samples were insulating,
hence their resistivity values have not been included in the plot.

studies**® on bulk Co**-doped ZnO also show that pure 3d
Co?* states are located at the edge of the ZnO VB, well
separated from conduction band which may be the reason for
increase in resistivity of Co-doped samples.

The increase in resistivity of Co- and Mn-doped bulk
samples can be attributed to the shallow acceptor nature of
these impurities.*’*® In such cases, the available electrons
from the donor levels (the Zn interstitials and the oxygen
vacancies) are trapped by the divalent ions, which results in
the decrease in the n-type donor carrier concentration and
therefore an increase in resistivity. On the other hand, Han et
al.® calculated defect concentration and showed that Mn dis-
solved into ZnO forms a deep donor with an energy level of
~2.0 eV below the conduction-band bottom at room tem-
perature. The existence of Mn deep donors depresses the
concentration of the main shallow donor, thus increasing the
resistivity. Increase in resistivity of Cr-doped samples can be
attributed to the presence of Cr, which affects grain growth
(well known as Cr poisoning) and decreases the carrier mo-
bility due to carrier scattering at the grain boundaries.>

G. Magnetic measurements

Room-temperature ferromagnetism is the most sought af-
ter phenomenon in transition metal ion doped wideband-gap
DMS compounds based on ZnO. In carrier-induced ferro-
magnetism, magnetic states are controllable by changing the
carrier density.*> There have been various conflicting reports
on magnetism in TM ion doped ZnO samples.!*~!> The origin
of ferromagnetism in oxides remains a very controversial
topic. Many of the reports deal with the metallic clustering
problem and secondary-phase formation leading to the oc-
currence of ferromagnetism.!

A few reports support the absence of magnetic clusters or
secondary phases and support intrinsic ferromagnetic
origin.’? In order to investigate magnetism in our TM ion
doped bulk samples, magnetic-moment studies were carried
out using a Quantum Design SQUID magnetometer. It was
found that parent ZnO, as expected, was diamagnetic while
Ti-, V-, Ni-, Cr-, Co-, and Mn-doped samples were paramag-
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FIG. 11. (Color online) XRD patterns of undoped, Cr-, Mn-,
Co-, V-, Ti-, Fe-, and Ni-doped ZnO thin-film samples. Peak
marked with * corresponds to substrate (Si).

netic in the measured temperature range (5-500K). However,
Fe-doped samples exhibited a cusp at 12 K indicating the
presence of a Néel temperature and hence antiferromag-
netism. To further confirm whether this behavior is due to
intrinsic Fe doping or due to any impurity phase, we per-
formed *’Fe Mossbauer on these samples at room tempera-
ture. It was found that the sample showed a doublet splitting
indicative of the presence of Fe in 3+ states in a cubic envi-
ronment. This suggests that this behavior may be due the
presence of minority Zn,Fe;_ O, since Fe in ZnO is expected
to be in a tetrahedral environment.

The magnetic-moment values have been obtained from
the first quadrant of hysteresis loops for the respective
samples and were normalized (us7/pgp ratio of magnetic
moment at 3 T and magnetic moment at O T recorded at room
temperature) since the actual weights of the samples are not
taken in to account. The bulk conducting samples of Ti, V,
Fe, and Ni have magnetic moments ~0.7, 2.94, 6.8, and 3.29
(multiple of 10%) which are much higher than the magnetic
moments of 0.35, 0.37, and 0.2 (multiple of 10?) for that of
Co-, Mn-, and Cr-doped ZnO bulk samples (having higher
resistivity than undoped sample). Though the parent com-
pound becomes conducting on doping Ti, V, Fe, and Ni, yet
no itinerant ferromagnetism was observed in all of the above
cases. Figure 10 shows room temperature p of TM ion doped
ZnO bulk polycrystalline samples and room-temperature
magnetic moment of TM ion doped ZnO bulk polycrystalline

PHYSICAL REVIEW B 80, 045210 (2009)
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FIG. 12. (Color online) p (resistivity) vs T (temperature) of
undoped and TM ion doped ZnO thin films. Cr- and Mn-doped
thin-film samples were found to be insulating.

samples. One interesting thing to be noted is that the samples
with lower resistivity than doped compounds have higher
magnetic moment and vice versa. The above aspect of our
data is not clear and is under investigation.

H. Undoped and doped ZnO thin-film samples

The XRD profiles obtained on thin films (in Fig. 11) show
single-phase-doped ZnO thin films with wurtzite structure.
The films are epitaxial in nature with (002) peak appearing
along with the substrate peak.

Figure 12 shows the electrical resistivity versus tempera-
ture plot for TM ion doped ZnO thin films. The films are
found to be semiconducting in nature. Ti-, V-, Fe-, and Ni-
doped ZnO samples are found to have lower resistivity than
the undoped film, similar to the results obtained for their
bulk counterparts. The room-temperature resistivity values of
all samples, bulk as well as thin films, have been listed in
Table VI.

The findings agree with some of the previous reports on
the electrical resistivity of TM ion doped ZnO thin films.
Shimono et al> reported a decrease in resistivity [from
50 Q cm for undoped to a value of 0.14 € cm for 2 mol %
Ni-doped films] of Ni-doped ZnO thin film deposited by
spin-coating technique. A report on I-V curve for Ni-doped
ZnO nanowires showed a steep increase in conductance, in-
dicating a great enhancement in conductivity by doping (p
decreased from 390 () cm for undoped ZnO, to 12 ) cm
for doped films).>* Our Ni-doped thin films showed consid-

TABLE VI. Comparison of p (resistivity) of doped and undoped ZnO samples at room temperature.

T TM ion doped (1 mol %) doped bulk ZnO  TM ion (I mol%) doped ZnO thin film

(0 K)  Dopant p(kQ cm) p(Q cm)

300 undoped 11.34 8.5x 107!
300 \'% 0.41 5% 1072

300 Fe 0.23 2.6%1072
300 Co Insulating 4.38x 107!
300 Ti 0.14 1.2%x1072
300 Ni 0.2 2.3%1072
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erable decrease in resistivity from 8.5X 107! Qcm to
2.3X 1072 Q cm. Electrical resistivity of ZnO films was
also found to decrease from 4.14X107° Qcm to
1.02X 1073 Q cm after being doped with Ti.>® Ti doping in
ZnO has been shown to bring about changes in the electronic
structure close to the conduction-band edge and Ti dopants
were expected to act as donors.’® Lin et al.>® also reported
the donor property of Ti dopants in ZnO. Contrary to the
expectations, Co-doped ZnO thin films also showed a slight
decrease in resistivity as compared to undoped ZnO (the pos-
sible reason for which is under investigation).

A VSM was used to determine the magnetic properties of
TM ion doped thin films with the applied field perpendicular
to the film plane. For Co-doped thin-film hysteresis loops
were observed at 4 and 50 K, though in the presence of noise
because of weak signal. The coercivity was measured to be
about 100 Oe at 4 K. According to our experimental results,
low-temperature hysteresis loops could be realized even for 1
mol% doped samples of Co-, Mn- and Fe-doped ZnO. How-
ever at higher temperatures the M-H curve did not show any
sign of saturation. The source of magnetism of ZnO doped
with Co at low concentration is still not totally understood.
In our view, metal clusters may not be the source of magne-
tism at low Co concentration, as this concentration is well
below the solid solubility limit of Co in ZnO. It is known
that ferromagnetism is the usual explanation for hysteresis.
However it is worth noting that spin glass and superparamag-
netism below a blocking temperature can also be the cause of
the hysteresis loop. An investigation of magnetization depen-

PHYSICAL REVIEW B 80, 045210 (2009)

dence on temperature can give us a clear idea of the exact
nature of the magnetic behavior. However due to low signal
(1079=10"° emu) from the films the nature of M-T data ob-
tained from VSM was very noisy. Therefore at this point, it is
difficult to determine the nature of magnetization in our
sample.

IV. CONCLUSION

We have systematically studied the electrical and optical
property of TM ion doped ZnO. The presence of TM ions in
the host lattice was confirmed through optical studies (DRS,
PL, and Raman spectroscopy) on both doped and undoped
compounds. We find that while the resistivity of Ti-, V-, Fe-,
and Ni-doped ZnO decrease as compared to undoped ZnO,
for Co, Cr, and Mn doping there has been an increase in the
case of bulk polycrystalline samples. Similar to the undoped
compound the p-T behavior of TM ion doped samples follow
the Arrhenius conduction mechanism as well as 3D-VRH in
higher- and lower-temperature regions, respectively, however
the temperature range is different in each case. The decrease
in resistivity to isovalent TM ion doped ZnO samples is at-
tributed to the d-band splitting of the TM ion in the parent
ZnO lattice. No ferromagnetism is detected in the doped bulk
ZnO samples. Ti-, V-, Ni-, Cr-, Co-, and Mn-doped samples
were paramagnetic in the measured temperature range (5—
500K). However, Fe-doped samples exhibited a cusp at 12 K
indicating the presence of an antiferromagnetic Néel tem-
perature.
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