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Study of Nanostructured Co and Al doped ZnO films
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ABSTRACT

Electroless Co(x = 0.04, 0.03, 0.02) and Al(y = 0.01, 0.02, 0.03) doped ZnO nanostructured thin films have
been deposited on soda lime glass in the present work. The wet deposited films are dried in air and subsequently
annealed at 5000C for 2 hr in a muffle furnace in air environment. The film deposited samples are
characterized by SEM, XRD, Superconducting quantum interference device (SQUID) magnetometer and UV
visible spectrophotometer. Microstructure of the Co and Al doped ZnO film is strongly affected by different
doping concentration into ZnO matrix. X-ray diffraction analysis confirms the absence of metallic Co or Al
clusters or any other phase different from wurtzite type ZnO. The field dependence of magnetization (M-H)
curve of different concentration of Co and Al doped ZnO films measured at room temperature exhibits the clear
ferromagnetism with saturation magnetization (Ms) and coercive field (Hc) of the order of 3.843 to 4.813 10-
3(emu) and 400.389 to 436.769(0e) respectively. It is found that ferromagnetism increased correspondingly
with Co concentration. The relevant ferromagnetism mechanisms at room temperature in Co and Al doped ZnO
films are discussed.

Keywords: Doped ZnO Film; Electroless; Magnetism; Dilute Magnetic Semiconductor.

semiconductor materials point of view, this feature
can be promising for strong ferromagnetic exchange
coupling between localized spins due to carrier
induced ferromagnetism such as Ruderman- Kittel-
Kasuya-Yosida interaction and double exchange
interaction [4]. In case of Co and Al codoped

ZnO system, extra carriers provided by Al
interact with Co atoms thereby introducing permanent
dipole moments aligned in one direction. Al acts as
donor dopant by providing a free electron for
conduction in the dilute magnetic semiconductor
system. It also provides optical transparent films in
the visible region for magneto-optical devices.

Al doped ZnO films have been investigated

1.0 Introduction

There has been great interest in growth and
characterization of dilute magnetic semiconductors
for their potential technological application to
transparent spintronics devices such spin solar cells,
spin light emitting diodes, optical isolators and ultra
fast optical switches. Dilute magnetic semiconductors
are produced by introducing small fraction of
transition  metals into  non-magnetic  host
semiconductors e.g. 111-V and 11-VI compounds [1].
Wide band gap semiconductors such as Gd doped
ZnO have been identified as promising dilute
magnetic semiconductor materials as they exhibit
ferromagnetism at room temperature and are optically

transparent to visible light [2].

Opto and magneto electronics application
point of view ZnO is attractive because of high
exciton binding energy = 60 meV and band gap = 3.3
eV [3]. It is resistive to high energy radiation,
environmentally friendly, easily available and
economical. Heavy electron doping is possible in
ZnO by using appropriate donor dopant of group Il
elements like Al, Ga, In. Dilute magnetic

by manyresearch [5, 6] because they have potential
applications in avariety of opto-electronic devices
such as solar cells, flatpanel displays and transparent
heat mirrors. ZnO filmsdoped with magnetic metals,
for example, Co, Ni, Fe, havebeen studied as diluted
magnetic semiconductors [7, 8].Tominaka et al [9]
reported the sputter deposited Co-dopedZnO: Al
films and then heated them in air from
roomtemperature to 673 K. They found that the
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conductivity ofthe films is stable until 573 K. Minami

et al [10] preparedCo-doped ZnO: Al films by DC

magnetron sputtering with amixture target of ZnO,

Al203 and CoO (or CoCl2).Theyfound that the Co-

doped ZnO:Al films exhibited betterchemical

stability without a significant alteration of theoriginal
electrical and optical properties after HCI and

KOHetched.

Most of the researchers [6, 10] reported
thedevelopment of Co and Al doped ZnO film by
RFmagnetronsputtering process.

Very limited literature isavailable on
magnetic metals and Al doped ZnO thin filmsby
electroless process.

Since, the deposition of thin films
bymagnetron / pulse laser process (PVD process) is
complexprocess as it requires high vacuum and costly
targetmaterials.

Also, size of the samples deposited is
limited.

In the present research work, Co and Al
doped ZnOfilms with different mole fraction are
developed byelectroless deposition process and its
advantages are givenbelow:

. The process is simple, cheap, easy to handle
and nosophisticated elements or instruments
are required [11,12].

) Good adherence between films and substrate
can beobtained. Dopant addition can be easily
controlled byaltering composition of inorganic
precursors. Also,there is flexibility of size and
shape of the sample fordeposition of the film
by electroless.

Draw backs of electroless process:

Chemical bath cannot be re-used. Therefore,
onlyrequired capacity of the chemical bath is
prepared at a time,while in magnetron sputtering
process, target can be re-usedprovided a central hole
is not formed in the target.

The aim of the present research work is to
study theeffects of doping on structural, optical and
magneticproperties of Co(x = 0.04, 0.03, 0.02) and
Al(y = 0.01, 0.02,0.03) doped ZnO nanostructured
electroless thin films.

Electroless film process has an advantage of
low costfabrication in which the mole fractions of
ternary andquaternary compounds can be controlled
accurately.

2.0 Experimental Procedure

2.1 Preparation of plating bath

The electroless bath solution is prepared
using Zinc-Acetate-2-Hydrate [Zn (O2CCH3)2.
2(H20)] (SigmaAldrich, purity 99.99%), Cobalt
Sulphate [CoSO4. 7(H20)](Sigma Aldrich, purity
99.99%), Aluminum-Nitrate-9-Hydrate [Al
(NO3)3.9(H20)] (Sigma Aldrich, purity99.99%) and
Diethanolamine (Analytical Grade). Co(x =0.04,
0.03, 0.02) and Al(y = 0.01, 0.02, 0.03) doped
ZnOthin films have been prepared in the laboratory
usingelectroless process. Mole fraction Co(x = 0.04,
0.03, 0.02)and Al(y = 0.01, 0.02, 0.03) of the
constituent element inthe films has been controlled by
adjusting the Co and Al toZn weight ratio. The above
chemicals are used without anyfurther purification.
Initially, appropriate amount of ZincAcetate and
Diethanolamine are dissolved in distilled waterand
was stirred at 600C for 2 h. Then, Cobalt- Sulphate-
7-Hydrate and Aluminum-Nitrate-9-Hydrate with
differentmole fraction (x = 0.00 to 0.04 with step of
0.01 and y =0.00 to 0.03 with step of 0.01) are added
to it and the finalsolution is stirred for additional 2
hours, which served asbath solution after cooling to
ambient temperature.

2.2 Plating, Drying and Annealing the Sample

Soda-lime glass substrate (dimension: 25 x
25 x 1.33mm3) is used and it is cleaned in acetone
and distilled water.Finally, clean glass substrate is
dipped into the electrolessbath at 900C temperature
for 2 hr. After 2 hr dipping of thesample, the wet
deposited samples are dried in air at
roomtemperature. Samples are kept in the plating
position toavoid draining and blending of the just
deposited wet-films,which could lead to irregularities
in the layer thickness andto surface inhomogeneties.
The deposited films are heattreated in a muffle
furnace for 2 hr in air at 5000Ctemperatures. A series
of samples are prepared withdifferent mole fraction
of Co(x =0.00, 0.04, 0.03, 0.02) andAl(y = 0.00, 0.01,
0.02, 0.03). Standard conditions forsynthesizing of
different mole fraction of Co and Al dopedZnO films
are shown in Table 1. The structuralcharacteristics
are examined using X-ray diffraction (XRD),scanning
electron microscope (SEM). The optical propertiesof
the samples are analyzed by spectrophotometer in
thespectral range 300-600 nm. Magnetic



measurements  aretaken  with  superconducting
quantum interference device(SQUID) magnetometer
(QD MPMSXL).Crystal structureof Co and Al doped
ZnO films are determined by powderX-ray
diffraction. XRD data of the samples are taken usinga
Bruker AXS D8 advance diffractometer with CuKa
target( (1 = 1.54052 A ) radiation over the range
26=10-80° witha step of 0.01° at room temperature.
The surfacemorphology is determined by scanning
electron microscope(SEM-LEO

Table 1: Standard Conditions for Synthesis of
Co(x = 0.00, 0.04, 0.03, 0.02) and Al(y = 0.00, 0.01,
0.02, 0.03) Doped ZnO Nanostructured Films

Mol ZmeAceta ANt Dihaobmne  Cobalt
Facion_ -Mydate - Hydute Suphate
(o) Ay
Synthesis precarsors Mokt ()

0 o 03 0.0 03 000
m om0 0010 03 0005
005 0 05 0013 03 0073
0o 08 00 03 0010

3.0 Results and Discussion
3.1 X-Ray diffraction (XRD)-structural studies

Fig.1 (a) Shows the X-ray diffraction
patterns of Co(x =0.000, 0.04, 0.03, 0.02) and Al(y =
0.000, 0.01, 0.02, 0.03)doped ZnO nanostructured
films. XRD results indicated thatall the samples
showed hexagonal wurtzite structureswithout any
characteristic peaks of impurities. The majorpeaks are
identified as (100), (002), (101), (102), (110),(103),
(200), (112), and (201) planes of reflections
forwurtzite structure of ZnO according to
PCPDFWIN CASNumber: PDF#800075. The (101)
peak shows the highestintensity in all cases, implying
that all the samples have ahexagonal crystal structure
with a preferred orientation.

There are no detectable diffraction peaks for
Co and Almetal clusters, Co or Al oxide secondary
phases or otherimpurity phases within the sensitivity
of our XRDmeasurements, implying that Co ions and
Al ions areincorporated into the interstitial site of

Study of Nanostructured Co and Al doped ZnO films

ZnO lattice sites. Inaddition, compared with un-doped
ZnO nanostructured film,increasing Co and Al
doping concentration caused a shift indiffraction peak
position of the Co and Al doped ZnOnanostructured
films. The ionic radii of Zn*?, Co* and Al**are 0.72
A, 0.58 A and 0.57 A respectively [13]. Theseseem to
be an easy ‘fitting in’ of Co and Al, which helps
toimprove the preferred growth along (101). For a
bettercomparability, Fig. 1(b) shows the X-ray
diffraction patternsof un-doped ZnO and different
concentration of Co(x =0.00, 0.04, 0.03, 0.02) and Al
(y =0.00, 0.01, 0.02, 0.03) dopedZnO nanostructured
films, only in the detection angle rangeof the
preferred orientations. It can be seen that the peaksare
shifted towards lower angles as compared to un-
dopedZnO and intensity of the peaks are also
decreasing byincreasing the doping concentration. It
confirms the easy fitof Co ions and Al ions into ZnO
lattice. The average crystalsize of the samples is
determined from the broadening of thediffraction
peaks (100), (002) and (101) plane using Debye—
Scherer’s formula [14],

ka
Bcost (1)

Where ‘D’ is the average size of crystallite,
‘B’ is the broadening of the diffraction line measured
at half maximum intensity, k is constant (k=1 is used
in the present work [14]), A is the wavelength of the
X-ray radiation (1.54052 A, CuKa) and 0 is the
Bragg angle. Instrumental broadening has been
accounted for the calculation of grain size, and its
value of 0.1(for standard Si sample) has been
subtracted from the full-width half maximum
(FWHM) value, from B value. Moreover, the
observed slight shift of the major diffraction peaks
towards a lower diffraction angle with increase in Co
and Al concentrations suggested that Co™ and Al*
ions would uniformly occupy interstitial sites in ZnO
lattice. Table 2 shows the 277 and full width at half
maximum (FWHM) values, cell parameters ‘a’ and
‘c’, d value and average crystal size (D) and lattice
strain for the different Co and Al concentrations,
where lattice strain are calculated using the formula
[15],

Lattice strain (€ )= BCost (2)

4
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Therefore, the increase in lattice parameters
and a small shift of main peaks of ZnO into lower
angles reveals that the interstitial incorporation of Co
ions and Al ions into ZnO lattice [16, 17]. The small
change in diffraction peaks and the broadening are
due to the increase of lattice strain.

Fig 1(a): XRD patterns of Un Doped ZnO and
Co(x = 0.00, 0.04, 0.03, 0.02) and Al(y =0.00, 0.01,
0.02, 0.03) Doped ZnO Nanostructured Films and

(b) XRD Patterns of Un Doped ZnO and Co(x
=0.00, 0.04, 0.03, 0.02) and Al(y = 0.00, 0.01, 0.02,
0.03) Doped ZnO Nanostructured Films, Only in

the Detection Angle Range of the Preferred
Orientations for Better Comparability.
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3.2 SEM microstructure of the films

Fig. 2(a-d) show the surface SEM
microstructure of undoped and Co(x = 0.00, 0.04,
0.03,0.02)

and Al(y =0.00, 0.01, 0.02, 0.03) doped ZnO
nanostructured thin films.

Fig.2 (a) represents the micrograph of
undoped ZnO film and has large rod type grains with
voids.

Fig.2 (b-d) shows the surface morphology of
Co(x =0.04, 0.03, 0.02) and

Ally = 0.01, 0.02, 0.03) doped ZnO
nanostructured thin films.

Fig.2 (b) shows the microstructure of Co(x =
0.02) and Al(y = 0.03) doped ZnO nanostructured
thin and has small thin rod type grains.

According to the micrographs, the film
morphology shows a dependence on the doping
concentration.

In general, the grain shape and size change
with the doping concentrations, although a
meticulous observation, allows us to see as the large
spherical shape grains present in

Co(x = 0.03) and Al(y = 0.02) doped ZnO
nanostructured thin film (Fig.2. (c)).

Co(x = 0.04) and Al(y = 0.01) doped ZnO
nanostructured thin  film (Fig.2 (d)) shows
homogeneous and dense surfaces covered by
smallsize grains and free from voids.

From SEM analysis it has been observed
that Co and Al as do pant into ZnO matrix play a
great role in tuning of microstructure.

Co+2 ions and AI+3 ions occupy the
interstitial position into ZnO lattice and retard the
grain growth of ZnO film.

Due to this reason, Co(x = 0.02) and Al(y =
0.03) doped ZnO film has small thin rod type grain as
compared to undoped ZnO film (Fig.2 (a)).

When we increased the concentration of
Co(x = 0.03) and reduced the concentration of

Al(y = 0.02) into doped ZnO film, thin rod
type grains transformed into spherical shape grains
(Fig.2. (c)).

Further, we increased the concentration of
Co(x = 0.04) and reduced the concentration of

Al(y = 0.01) into doped ZnO film, small
spherical shape grains with dense microstructure is
found (Fig.2. (d))



Fig 2(a-d): SEM Surface Morphology of Undoped
ZnO and Co(x =0.00, 0.04, 0.03, 0.02) and Al(y =
0.00,0.01, 0.02, 0.03) Doped ZnO Nanostructured
Films, (a) Undoped ZnO Film, (b) Co(x = 0.02)
and Al(y = 0.03) Doped ZnO Film, (c) Co(x = 0.03)
and Al(y = 0.02) Doped ZnO Film, (d) Co(x = 0.04)
and Al(y = 0.01) Doped ZnO Film

o N Sy SR

3.3 Photoluminescence Studies

The photoluminescence spectra have been
carried out between the wavelength ranges from 300
to 600 nm under the excitation of Xenon lamp laser
with 325 nm line wusing a fluorescence
spectrophotometer (F-2500) at room temperature. The
photoluminescence emission intensity of the undoped
ZnO and different mole fraction of Co(x = 0.04, 0.03,
0.02) and Al(y = 0.01, 0.02, 0.03) doped ZnO films
are shown in Fig. 3.

It can be seen that the emission intensity of
photo luminescent of different mole fraction of Co(x
=0.04, 0.03, 0.02) and Al(y = 0.01, 0.02, 0.03) doped
ZnO films have lower value as compared to undoped
ZnO film. Among them Co(x = 0.04) and Al(y =
0.01) doped znO film has lowest value of
photoluminescence intensity.

The photoluminescence emission intensity is
related to the recombination of excited electrons and
holes, and thus, the lower emission intensity is
inductive of a decrease in recombination rate [18, 19].
Fig. 3 revealed that the Co(x = 0.04) and Al(y = 0.01)
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doped ZnO film has minimum recombination of
electron-hole pairs.

The process of recombination of carriers is
opposite to that of the generation of carriers. In this
process, excited electrons fall back from the
conduction band to the valence band, reoccupying an
empty energy state (a hole) in the valence band, thus
electron-hole pairs get destroyed.

The recombination of generated carriers is
not desirable on the surface of dilute magnetic
semiconductors and should be avoided as much as
possible.

Fig 3: Photoluminescence Emission Spectra of
Undoped ZnO Film and Co(x = 0.04, 0.03, 0.02)
and Al(y =0.01, 0.02, 0.03) Doped ZnO
Nanostructured Films for Better Comparison of
Intensity of Photoluminescence.

¥=0.00 2nd Y=0.00 (Un doped Zn0 film)

X=0.02 and Y=0.03

%=0.04 and Y=0.01

Photoluminescence Iintensity (A U)

I I T I T I T
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3.4 Magnetic characterization

The magnetic properties of the Co(x = 0.00,
0.04, 0.03, 0.02) and Al(y = 0.00,0.01, 0.02, 0.03)
doped ZnO nanostructured films are investigated at
room temperature with superconducting quantum
interference device (SQUID) magnetometer (QD
MPMSXL).

We observed distinct ferromagnetic behavior
in the doped samples only, no trace of
ferromagnetism is observed in the undoped ZnO
sample that is tested under similar conditions using
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the SQUID. Fig. 4(a) shows the magnetic hysteresis
(M-H) loop for Co(x = 0.03) and Al(y = 0.02) doped
ZnO  nanostructured  film.  The  saturation
magnetization (Ms), coercive field (Hc) and remanent
magnetization (Mr) of the sample is 3.84301 10-3
(emu), 436.769(0e) and 2.799 10-3 (emu)
respectively, where as Fig. 4(b) shows the magnetic
hysteresis (M-H) loop for Co(x = 0.04) and Al(y =
0.01) doped ZnO nanostructured film. The saturation
magnetization (Ms), coercive field (Hc) and remanent
magnetization (Mr) of the sample is 4.8310] 10-3
(emu), 400.389(0e) and 3.132 (1 10-3 (emu). Fig.
4(c) shows the magnetization curve for Co(x = 0.02)
and Al(y = 0.03) doped ZnO nanostructured film,
which exhibits ferromagnetic behavior with a small

coercive field and remanent magnetization with low
magnetized narrow hysteresis loop. No saturation
magnetization is reached in this sample with applied
fields H = 10000 (Oe).

The change in Ms and Hc for different
concentration of Co and Al doped ZnO
nanostructured films are compared (Fig.4 (a-c)). It is
found that Ms value is higher for Co(x = 0.04) and
Al(y = 0.01) doped ZnO film and the Ms Increases
with increasing the doping concentration. Higher Ms
in Co(x = 0.04) and Al(y = 0.01) doped ZnO film is
likely to be caused by enhanced doping and higher
ferromagnetism  ordering in  ZnO. Increased
ferromagnetism might be possible with the combined
features of Co and Al doping in ZnO and extended
defects may be responsible.

Doping of metals (Co and Al) essentially
plays the key role to the observed ferromagnetism. It
may be noted that high Ms value at room temperature
in the Co(x = 0.04) and Al(y = 0.01) doped ZnO film
observed in this study.

It is likely that due to large density of point
defects as well as extended defects such as
dislocations associated with the strain in the ZnO
lattice, magnetic interactions mediated by the
interaction of doping and defects is enhanced in the
doped ZnO films.

It is expected that samples with higher
concentration of defects/strain would show higher
magnetization. From XRD analysis it has been
confirmed that Co(x = 0.04) and Al(y = 0.01) doped
ZnO film has highest lattice strain (Table-2).
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Fig 4(a-c): Room Temperature Field vs
Magnetization (M-H) Loop Showing Hysteresis of
the Co(x = 0.04, 0.03, 0.02) and Al(y = 0.01, 0.02,
0.03) Doped ZnO Nanostructured Films, (a) Co(x
=0.03) and Al(y = 0.02) Doped ZnO Film, (b) Co(x
=0.04) and Al(y = 0.01) Doped ZnO Film, (c) Co(x
=0.02) and Al(y = 0.03) Doped ZnO.
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4.0 Conclusions

Co(x = 0.00, 0.04, 0.03, 0.02) and Al(y =
0.00, 0.01, 0.02, 0.03) doped ZnO nanostructured thin
films have been synthesized by electroless process.
XRD analysis confirmed the hexagonal wurtzite
structure without any impurities. The increase of
lattice constants, the slight shift of XRD peaks
towards a lower angle and the reduction in average
crystalline size indicated that Co and Al have really
doped into the ZnO lattice. The mechanism for the
ferromagnetism at room temperature in Co and Al
doped ZnO nanostructured films are possible of the
dopant ions. Co(x = 0.04) and Al(y = 0.01) doped
ZnO film shows higher Ms value due to smaller
grains size and large amount of lattice strain. It may
be highlighted that dense, uniform and small grain
size (22.9 nm) of Co(x = 0.04) and Al(y = 0.01)
doped ZnO film can be obtained by low cost
electroless process and have optimum combination of
optical and magnetic properties. It can be considered
to be important steps for the development of
semiconductor devices that can retain good



ferromagnetism properties at room temperature for
the commercial or mobile devices.
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