
INTRODUCTION

Zinc oxide is an N – type semiconductor
which is having wide band gap of ~3.3 eV. ZnO
mainly exists in two crystalline structures hexagonal
Wurtzite and cubic Zincblende, wurtzite is most
common structure found because of its formation
at room temperature conditions. The growing
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ABSTRACT

Low temperature (70°C) deposition of Al-doped ZnO films are successfully reported by simple
electrochemical deposition technique. Simple three electrode setup is used with chemical bath containing
different molar ratios of Zinc nitrate and Aluminium nitrate (9:1, 8:2, 7:3 and 6:4), a constant potential
of -1.3 V is employed between electrodes for deposition of films. ‘2¸’ and‘d’ spacing variations obtained
from XRD with varied Al content proves doping of Al into crystal structure of ZnO. Al content from
Elemental analysis (EDAX) is in accordance with the compositions used. Morphology of films is
characterized by FE-SEM, where flake-like structures are observed. Variation of Electrical resistivity
with varying Al content in the films supports the argument of doping. Lowest resistivity is observed for
composition 7:3 i.e. 2.25x10-4 &! cm. Optical characterization is done on the film powder for measuring
band gap and transmittance, which showed 90% of transmittance and Band gap widening is observed
for different compositions, due to incorporation of Al into crystal structure of ZnO.

Key words: Electrochemical deposition, ZnO, Al Doped,
XRD Band Gap Widening and Transmittance.

interest in research on ZnO in recent days is on
account of its special properties like Tunable band
gap, transparent nature and UV light sensing. Some
of the devices that are built by ZnO thin films are
Nano – floating gate devices1, UV sensors2,
piezoelectric devices, Antireflective coatings3, Gas
sensor4 and solar cell5.
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Doping of ZnO is carried out in order to
improve the properties of ZnO like transparency and
conductivity. Wide variety dopant materials are
available, which are successfully incorporated into
the crystal structure of ZnO. Depending on the
change in property of ZnO by adding dopant, doping
is classified into two n-type and p-type. Some of
dopants reported till now as dopants to ZnO
structure are Gallium4, 6, Erbium7, Aluminum3, 5, 7 - 11,
Gold12, Cobalt13, Vanadium14, Yttrium15, Silver16,
Copper17, Tin18, Palladium19, Cerium20, Nickel21,
Iron22, Manganese22, 23, Magnesium24, Lithium25 and
Nitrogen26. Among all the above dopants, Al is most
used dopant because of its nature to enhance some
properties of ZnO like enhancement of Band gap,
transparency, electrical conductivity and non-toxicity.
There are many techniques employed for doping of
Al like RF sputtering27, Vacuum metal deposition
(VMD)28, RF Magnetron Sputtering29, 32, 34, Reactive
sputtering process30, MOCVD31, Sol gel process33,

38, Pulsed electron deposition35, DC Magnetron
sputtering36, Spray – Pyrolysis37. There are many
other methods which are mentioned above which
can incorporate Al into crystal structure of ZnO, and
have obtained promising results in terms of
Electrical resistivity and Optical transmission, but
all these methods need large equipment, heavy
maintenance, high power and other parameters like
pressure, voltage etc. so there is need for simple
method that can successfully incorporate Al into
crystal structure of ZnO. Our method employed here
is very simple, low temperature deposition
technique, takes less time of deposition and can be
employed for larger area coatings easily.
Comparison of results obtained by other methods
and remarks on its operations is listed in below
Table 1.

In comparison to above methods, solution
processing using Electro deposition technique is
low temperature, very simple method and can
obtain large area deposition. There are many reports
regarding deposition of pure and doped ZnO using
electro deposition such as Indium, cobalt and
Nickel39-51, Al reacts fast with oxygen to form
Aluminum hydroxide when it is used in solution
processing method like electro deposition, so they
are very less reports on Al doping of ZnO using
electro deposition. By varying parameters such as
distance between electrodes, temperature of

electrolyte used and voltage of deposition, we can
avoid the formation of secondary phase of Al and
instead incorporate Al into crystal structure of ZnO.
In this paper we are reporting successful doping of
Al in to crystal structure of ZnO by verifying the same
from XRD peaks which showed no secondary phase
formation, EDAX which is in accordance with zinc
nitrate and Aluminum nitrate compositions used.
Electrical resistivity and optical band-gap
measurements also support the doping of Al.

EXPERIMENTAL

Deposition of Films
Electro-deposition of Al doped ZnO films

are carried out at temperature of 700 C by three
electrodes configuration shown in fig 1, in which
Ag/AgCl is used as reference electrode, Pt wire is
used as counter electrode and Zn foil (0.5 cm2) is
used as working electrode. Electrolyte used is
mixture of source material as Zinc nitrate hexa
hydrate (Zn (NO3)2 6H2O) and dopant material as
Aluminum Nitrate (Al (NO3)2 9H2O) of different
molar ratios of 9:1, 8:2, 7:3 and 6:4 respectively.
Before deposition rigorous stirring is done for
making dopant material completely dissolved in the
electrolyte. Amperometric (i – t curve) technique is
used for deposition of films with CH Instrument, at a
constant voltage and time of -1.3 V and 15 min,
respectively. The optimized distances between the
electrodes for which we obtained continuous films
were, distance between working and counter
electrode is 1.5cm, working and reference electrode
is 2cm and counter and reference electrode is 2.5cm.

Characterization details
Crystal structure and phase changes due

to doping were characterized by X-ray diffraction
(XRD, D8 Advance, BRUKER, Germany, Cu-K±:
»=0.1540598 nm). Surface morphology examined
by FE-SEM and elemental composition of doping
element in the deposited films was obtained from
EDAX. Resistivity measurements of the films are
carried out by two point probe method. Surface
height of film on the substrate is measured by using
AFM (NanoSurf Easy Scan2, Switzerland).
Absorption, Transmittance and Optical band gap
curves of colloidal powder of films are obtained from
Diffuse Reflectance UV-Vis spectrophotometer
(JASCO V-670).
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Resistivity Measurements
Resistivity of deposited films is measured

by two probe technique. Film Thickness is measured
by AFM and obtained as _ 1.5 µ m. Resistivity is
calculated using below formula.

Resistivity () -cm = [R*W*t] / L ...(1)

Where, ‘R’ is resistance obtained by two
probes method, ‘W’ is contact width of probes,‘t’ is
thickness of the film and ‘L’ is distance between
probes.

RESULTS AND DISCUSSION

Figure 2 shows the XRD patterns of pure
and doped ZnO films of different compositions
mentioned. Predominant peaks (100), (002) and
(101) are observed in the range of ‘2¸’ values of
31.56° to 35.84°, which corresponds to hexagonal
Wurtzite structure and there is no peak observed
corresponding to secondary phase formation due
to oxidization of Al. Lattice parameters of ‘a’= 3.282,
‘c’=5.26 and corresponding ‘c/a’ ratio of 1.602
closely matches with standard values of hexagonal

Table 1: Comparison of results obtained by other methods of Al doping

Deposition method ElectricalConductivity Optical Properties Remarks

RF Sputtering [27] 6 x 10-4  cm 85% (Transmittance) Use of Hydrogen gaswhile
deposition and high
temperatures of 100 - 250° C

Reactive Sputtering 1.43 x 10-3  cm 90.5 % Use of high basepressure
Process [30] andemploying H2/ ( Ar + H2)
RF Magnetron 4.8 &!/sq 85% High power of 120Wand
Sputtering [29] temperature of 300° C
MOCVD [31] 1.9  cm 80% High temperature of 620°C

and use of CO2

PED [35] 3.4 x 10-2cm 80% High discharge voltage of
20kV

Table 2: Variation in ‘2’ and‘d’ spacing values for different molar ratios

Molar compositions 2 Theta “d” spacing

(Zn nitrate: Al nitrate) (100) (002) (100) (002)

Pure ZnO 31.491 34.160 2.83859 2.62268
9:1 31.256 33.921 2.85944 2.75584
8:2 31.379 34.031 2.84853 2.63230
7:3 31.431 34.073 2.84391 2.62919
6:4 31.341 34.089 2.85190 2.62795

structure. From the peaks, it can be observed that
there is slight increase in the 2 values, which
corresponds to the decrease in‘d’ spacing of
respective planes. Table 2 shows corresponding
‘2’ and‘d’ spacing values of pure and doped ZnO
films.

The increase in ‘2’ values and decrease
in‘d’ spacing values is due to incorporation of Al

atom into crystal structure of ZnO, which can be in
two ways: one is replacing Zn atoms and other is
sitting in interstitial places of ZnO crystal structure.
Al3+ ion in four coordination and has size of 54 pico
meter which is less than size of Zn2+ ion size of 74
pico meter in the same coordination, which depicts
that if Al replaces Zn atom in the structure, ‘d’ spacing
of planes will decrease, which gives basic proof
that Al is successfully doped into ZnO.
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Fig. 1: Schematic diagram of Electrochemical
cell; W (working electrode-Zn foil), C (counter
electrode-Pt wire) and R (reference electrode-

Ag/AgCl)

Fig. 2: XRD plots of Pure and
Al doped ZnO compositions

Fig. 3: XRD plots of dominant peaks
of different molar compositions

Fig. 4: FE-SEM images of Al-doped ZnO films
deposited using different molar compositions

From all the XRD plots, it is seen that (100)
peak have high intensity which represents formation
of flake-like structures of ZnO. Fig 3 shows an
expanded view of XRD patterns showing only
dominant peaks. From this figure, it is apparent that
there is decrease in the intensity of peaks with
increase in the content of Al, which could be due to
decrease in the crystalinity of films [52]. From Table
2 it is observed that for the 6:4 composition there is
reverse trend, i.e. increase in‘d’ spacing, which
denotes that it is the saturation point of Al content
for doping.

Fig 4 shows Morphology characterization
using FE-SEM for all compositions obtained. Mostly
flake like structures are seen corresponding to
formation of ZnO structures, which is in line with the
dominant (101) peak observed in XRD results.

Elemental analysis (EDAX) is done to
characterize the amount of Al content in the films
deposited. Fig.5 shows the EDAX plots of all films of
different compositions with contents of Al, O and Zn.
Analysis is carried out at different regions of the
films in order to obtain the minimum and maximum
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Fig. 5: EDAX for different compositions films a) 9:1, b) 8:2, c) 7:3 and d) 6:4

Fig 6: Resistivity plot of different films
deposited using different molar compositions

amounts of Al. Table 3 shows atomic percentage of
Al, O2 and Zn contents at different regions.

Al content in films of different compositions
closely matches with the respective composition
used for deposition of films, which supports the
argument of Al doping. Resistivity measurements
of the films are done using simple two probes
resistivity method. From all above discussions, we
can draw basic conclusion that Al is doped into the
crystal structure of ZnO. If it is the case Al3+ ions
which replaced Zn2+ atoms initiate in the electron

flow in the films which decreases resistivity of films.
Fig.6 shows plot of resistivity values with variation
in the content of Al.

As Al content is increased, resistivity
decreases, which is in line with above discussions
of doping Al into the crystal structure of ZnO, lowest
resistivity is obtain for 7:3 composition i.e. 2.25x10-
4 cm. Increase in the resistivity for 6:4 composition
is in accordance with the reversal of trends observed
in XRD results, pointing to the saturation point of
doping Al. All films are deposited on Zinc foil, so

measurement of optical band gap and
transmittance of the films is difficult, so the films are
peeled off carefully from the substrate and are
characterized by UV-VIS. Fig.7 (a) shows the plot of
variation in the band gap for pure ZnO and 9:1 and
6:4 compositions films plotted using absorbance
data of the powder and Fig.7 (b) shows the optical
Transmittance of pure ZnO, 9:1 and 6:4
compositions.

From Fig.7 (a) it can be observed that there
is a band gap widening with the variation in Al
content in the deposited films, this is due to the
second argument discussed in XRD section the Al
ions can also sit in interstitial places of ZnO structure
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which increase the band gap of films. Transmittance
plots plotted in the Fig.7 (b) shows the increase in
the transmittance with doping which supports above
discussion of band gap widening. Very good
transmittance of 90% is obtained. From
Transmittance graphs it can be seen that UV rays
of wavelength below 300 can be blocked by using
these films and as band gap engineering is possible
with Al doping we can make use of these films for
UV sensing devices.

CONCLUSION

Successful doping of Al into crystal
structure of ZnO and improvisation of electrical
property and optical property of the deposited films

by the increase of Al content is reported by just
simple and low temperature deposition by three
electrode electro deposition techniques. XRD and
EDAX details support the above argument of Al
doping. We obtained low resistivity of 2.25 * 10-4 &!
cm for high doping composition of Al, obtained good
optical transmission of 90% for doped ZnO which
is more than that of pure ZnO. Optical band gap is
also calculated using absorbance data and shows
as there is as increase in composition of Al, the
band gap is widening is observed. With all these
results it can be concluded that deposited films show
high conductivity, as well as high transmittance and
with the opportunity of band gap engineering with
varying Al content, these films will have potential
usage in UV rays sensing devices.

Fig. 7: (a) (h ) 2 (vs) Photon energy (h) plots (b) Transmittance
spectra for compositions pure ZnO, 9:1 and 6:4 compositions
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