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A B S T R A C T   

Interesting electrical and optical properties can be obtained from sol-gel doped Zinc Oxide (ZnO) materials by 
controlled introduction of dopants in the precursor solution. In this work we investigate the effects of annealing 
temperature on Al and Mg co-doped ZnO thin films. All samples were dip coated from the same solution, using 
identical techniques and pre-heating temperature, but were annealed in air at various temperatures ranging from 
500◦C to 650◦C. A three-order magnitude reduction in electrical resistivity was achieved for an increase of 100◦C 
annealing temperature. The structural properties and the energy band-gap remained relatively unchanged during 
this process. Photocurrent measurements carried out using an ultraviolet excitation source indicate a 5x increase 
in magnitude, along with increase in persistence behavior. The mechanism behind these effects has been linked 
to temperature-induced variation in Mg to Al ratio in the films, measured using energy dispersive spectroscopy. 
Our results indicate that strong in-plane variation of resistivity in ZnO thin films can be carried out using 
localized heating, opening the way to simpler fabrication processes.   

1. Introduction 

Zinc Oxide (ZnO) is an important group II-VI semiconductor with 
attractive electronic and optoelectronic properties. High electron 
mobility, high thermal conductivity, wide and direct band gap (~3.25 
eV) and large exciton binding energy (60 meV) make ZnO suitable for a 
wide range of optoelectronic, field-emission and MEMS devices [1–4]. 

In order to develop heterojunction electronic devices, doping and 
alloying of ZnO materials must be carried out [5]. Alloying of ZnO with 
small amounts of MgO leads to an increase in the band gap [6]. As the 
ionic radii of Mg2+ and Zn2+ are nearly equal, this results in very little 
lattice distortion. Challenges arise due to the difference in the crystal 
structures between ZnO (wurtzite) and MgO (rock-salt) which limit the 
alloy range and related band-gap tunability [7]. On the other hand, 
Al-doped ZnO (AZO) films have a significant application as Transparent 
Conductive Oxides (TCO) used in solar cells, liquid crystal displays, heat 
mirrors, gas sensors, optical position sensors and acoustic wave trans-
ducers, making it a good alternative to the more commonly used Indium 
Tin Oxide (ITO) [8]. Recently doping and co-doping studies on ZnO has 
been carried out using various elements to either achieve p-type con-
ductivity (N, In) [9,10], for spintronics applications (Mn, Co) [11] or to 

improve electrical and optical properties in ZnO (Ga, Al Sn, In etc) 
[12–17]. 

While sol-gel is a relatively simple low-cost technique, the process 
allows effective doping of ZnO thin films with various elements by 
introducing their salts into the precursor solution. Several researchers 
studied the effect of higher annealing temperature during sol-gel fabri-
cation of Zinc Oxide thin film either doped or co-doped conditions 
[18–20]. If annealing temperature gradually varied from 450◦C to 
800◦C, the deposited ZnO thin film improved structurally, optically and 
electrically [21–23]. In addition to these incorporated elements acting 
as dopants, or modifying the energy band-gap; the improvement of the 
materials properties may be brought about by other complex mecha-
nisms. These include the modification of grain size and size distribution 
during growth [24]; incorporation of impurities selectively at grain 
boundaries thereby affecting current transport and photoconductivity 
decay [25], and modification of binding energies which in turn effects 
point defect formation, such as zinc or oxygen vacancies, anti-site de-
fects [26–28], etc. 

In our work ZnO thin films have been deposited on soda lime glass 
substrate using sol-gel. During the deposition of the ZnO thin films, the 
dip-coated samples were initially baked at 300ºC before a final 
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annealing step in air. This final annealing temperature was varied be-
tween 500ºC and 650ºC, while maintaining all other parameters the 
same. We report on the anomalous variation of resistivity with annealing 
temperature, and discuss the possible mechanism for the same. 

2. Experimental details 

Sol-gel technique was employed to growth thin films of ZnO on soda- 
lime glass substrates. Zinc acetate dihydrate (Zn(CH3COO)2.2H2O) was 
dissolved in Isopropanol to form a 0.5 M solution. Subsequently, 
Diethanolamine (HN(CH2CH2OH)2) was added to act as a stabilizer 
keeping 1:1 ratio with (Zn(CH3COO)2.2H2O). The solution was stirred at 
60◦C for 2 h. For Al/Mg co-doping purpose, Magnesium acetate tetra-
hydrate [Mg (CH3COO)2.4H2O], and Aluminum nitrate nonahydrate (Al 
(NO3)3⋅9H2O) were added, respectively. A precursor solution was pre-
pared with Al/Zn and Mg/Zn atomic ratio of 0.03 and 0.01, respectively 
[29]. A series of samples are prepared by dip coating 25 mm x 20 mm 
soda lime glass substrates in the precursor solution, using a vertical 
motion at a rate of 1 cm/min for insertion and withdrawal, and heated at 
300◦C for 10 min in air. This process was repeated thrice to generate the 
desired thickness. During the final heat treatment process, four samples 
were heated at 500ºC, 550ºC, 600ºC and 650ºC for 30 min to produce 
co-doped ZnO thin films (measured thickness ~ 100 nm), and the details 
are given in Table 1. 

XRD measurements were carried out using a Rigaku SmartLab (9KW) 
rotating anode system using the copper Kα line, in the ω-2θ configura-
tion. For optical characterization purpose, optical transmission was 
carried out using an Ocean Optics Jaz Spectrometer. Photoluminescence 
spectroscopy was carried out using a He-Cd laser as an excitation source. 
The surface morphology and the content of Al/Mg in the ZnO thin films 
were determined by optical microscopy, SEM (Scanning Electron Mi-
croscopy) and EDS (Energy-dispersive X-ray Spectroscopy) mounted on 
a Zeiss EVO 18 scanning electron microscope. UV photo response and 
persistent photocurrent measurements were conducted using a Keithley 
236 Source Measure Unit and mercury lamp. Silver was used as the 
metal for the formation of Ohmic contacts [30]. Colloidal silver liquid 
was deposited on the samples as dots of 1mm dimension, then heated on 
a hot-plate to remove the solvent. 

3. Results and discussion 

3.1. Resistivity measurements 

The samples were investigated by a number of characterization 
methods in order to determine their structural, electrical and optical 
properties. Since the rationale for this work was the development of 
materials for electronic and opto-electronic device applications, elec-
trical properties find prominence in this work. It should be noted that a 
series of publications have clearly established that the incorporation of 
Al in ZnO materials lead to a strong reduction of electrical resistivity. 
Relatively fewer works have been carried out on Mg doping in ZnO, but 
reports have indicated that such doping can lead to a reduction of 
electrical conductivity. This has been variously attributed to an overall 
increase in the energy band gap, thereby reducing dopant ionization 
probability, or to the presence of very strong Mg-O bond, which reduces 
the probability of oxygen vacancy formation [31–33], or transport of 
oxygen through the material grain boundaries. This has been established 

by previous studies on oxygen out-diffusion during ultraviolet 
photo-induced current measurements under vacuum conditions. This 
process is significant for Al-doped ZnO films, but is inhibited when Mg is 
added as a dopant [34] 

Electrical contact formation was carried out using colloidal silver 
(Pelco TM) in the form of electrodes, whose geometry is shown in the 
inset of Fig. 1(b). The current-voltage characteristics are presented in 
Fig. 1(a), and it demonstrates that the contacts are nearly Ohmic in 
nature with a small degree of saturation at higher voltages, as observed 
from the deviation from a straight line (dashed). 

The resistance of the various samples is plotted together in Fig. 1(b). 
It should be noted that these films were grown from the same precursor 
solution under identical coating schemes, except for the final high 
temperature anneal, which was carried out at different temperatures. It 
is therefore very interesting to note that variation of annealing tem-
perature from 500◦C to 550◦C reduces the resistance of the sample by 
more than two orders or magnitude. The resistance decreased by 
another order in magnitude from 500◦C to 600◦C, before increasing for 
higher annealing temperature of 650◦C. 

3.2. X-ray diffraction and scanning electron microscopy 

The conductivity of a sample may increase from annealing at higher 
temperature, either from an increase of mobility, or of carrier concen-
trations. Increased mobility may occur due to an increase in the size of 
crystallites, or domains, due to solid-state diffusion during the annealing 

Table 1 
Details of samples studied.  

Sample No. Al/Zn, Mg/Zn atomic ratio in solution Substrate temperature 

S_500 0.03, 0.01 500ºC 
S_550 0.03, 0.01 550ºC 
S_600 0.03, 0.01 600ºC 
S_650 0.03, 0.01 650ºC  

Fig. 1. (a) I-V characteristics for sample S_550, (b) variation of electrical 
Resistance with annealing temperature for all samples (contact geometry shown 
in inset). 
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step. In order to determine if that is applicable in this case, X-ray 
diffraction measurements were carried out on all four samples, and the 
results are presented in Fig. 2. 

The films investigated were found to be polycrystalline, with the 
(100), (002) and (101) orientations of ZnO being clearly visible. The 
peak at ~38o is due to silver contacts, and can be neglected for the 
purposes of this discussion. The crystallite size has been calculated from 
the FWHM using the Scherrer’s equation [29] and the results are pre-
sented below in Table 2. It shows a clear but small increase in the grain 
size with annealing temperature, which is commonly observed in all 
such studies. We do not believe that this has much significance in 
explanation of the phenomena described in the paper. 

It can be clearly understood that while the relative magnitudes of the 
peaks from various crystal orientations, which corresponds to the pro-
portion of oriented crystallites in the film, is somewhat different for the 
four samples, the overall nature of the crystallinity remains the same, 
and the preferential (002) orientation that has been observed by some 
groups [35] at higher annealing temperature is not present in this work. 
There is a similar increase in crystallite size for all orientations, for 
example from 14 nm to 28 nm for (002) orientation, as the annealing 
temperature was increased from 500◦C to 550◦C. However, the change 
is monotonic with temperature, and is not expected to play a significant 
role in the complex and order-of-magnitude variation of conductivity, as 
was observed. The variation of crystallite size is also reflected in the SEM 
images for samples S_500 and S_650, shown in Fig. 3. 

3.3. Optical studies 

Studies in the literature indicate that the role of deliberately incor-
porated impurities in modulating the optical band-gap of semi-
conductors such as ZnO. For heavily doped AZO (Aluminum Zinc 
Oxide), the band-gap enlarges due to the Burstein Moss effect [36]. 
Doping also tends to create band-tails, and the Urbach energy is a 
measure of the state of disorder in the material [37]. Mg incorporation is 
expected to enlarge the band-gap [38], but this process is complicated 
by the large disparity of the crystal symmetry of MgO which is rutile and 
ZnO which is hexagonal. In order to determine if our primary finding, 
the orders of magnitude increase in conductivity due to change in 
annealing temperature is due to variation in band-gap, optical absorp-
tion studies were carried out and the four samples are compared in Fig. 4 
(a). 

The optical transmissions for the samples were measured using 
spectrophotometry, and the results were used to obtain the absorption 
coefficient (α) using the simple relationship given below: 

I = Ioexp(− α.d) (1)  

where Io and I are the incident and transmitted light respectively, and 
d is the thickness of the sample. 

From Fig. 4(a) it is clear that the four samples have a very similar 
nature, except for a more prominent peak, which can be attributed to 
excitonic transitions, observed for sample annealed at the highest tem-
perature. The energy band-gap was estimated by the peak of the de-
rivative dα/dE where E is the photon energy, when plotted against E [39], 
as shown in the inset of Fig. 4(a). The values of the energy band-gaps 
found by this method show that the band-gap has a decreasing trend 
with annealing temperature, but the effect is quite weak and very close 
to the limits of experimental error (Fig. 4(b)). 

The same plot also shows the variation of the Urbach energy [40–43] 
for the four samples on the right axis. It can be observed that the Urbach 
energy is higher for the sample annealed at 550◦C, even though the 
values are not widely disparate. 

Photoluminescence spectroscopy was carried out at room tempera-
ture, using a 325 nm laser with low intensity as an excitation source. In 
Fig. 5(a), the decay from the scattering of the laser tail can be clearly 
observed for wavelengths shorter than 350 nm. All samples show a clear 
single band-edge peak around 380 nm, which is indicative of their 
overall quality. It should be noted that the features around 500 nm are 
an artefact of measurement, arising from the laser itself, and therefore 
are not part of the discussion. The absence of a green luminescence 
arising from the samples indicates that surface states do not play a sig-
nificant role. There is however a strong longer wavelength tail, which 
extends till 500 nm. 

The photoluminescence spectrum for each of the samples show a 
single near band-edge (NBE) peak at ~380 nm, along with a long- 
wavelength tail that spans the wavelength range 400 nm to nearly 
500 nm. Detailed analysis indicates the presence of multiple overlapping 
peaks within this tail, with progressively diminishing amplitudes. It is 
likely that these peaks are generated due to transitions from donor states 
near the conduction band, or are linked to donor-bound excitons, along 
with their phonon replica [44,45]. Detailed analysis is beyond the scope 
of this paper and will be published elsewhere. It can however be stated 
qualitatively that similar features are observed for all the spectra, irre-
spective of the annealing temperature, except for the variation in in-
tensity, which is shown in Fig. 5(b). The PL intensity progressively 
increases for samples annealed at higher temperatures, before reducing 
somewhat for sample annealed at 650◦C. This dependence qualitatively 
replicates that of the electrical conductivity, and causality is likely to 
exist. It has been observed in many semiconductors, especially those 
with large defect densities that the photoluminescence intensity in-
creases with free carrier concentration. This has been attributed to 
compensation of defect states by these carriers, typically free electrons, 
which otherwise would act as non-radiative recombination centers. 

3.4. Energy dispersive spectroscopy (EDS) 

From the structural and optical characterization results, it is clear 
that there are no fundamental changes observed with annealing tem-
perature that can even qualitatively explain the orders-of-magnitude 
change in conductivity with annealing temperature increasing from 
500◦C to 600◦C. This indicates that the change is essentially from carrier 
concentration, rather than mobility. Strong variation in carrier con-
centration can be linked to dopant incorporation, dopant activation, or 
selective trapping of carriers at defect sites. In order to determine the 
first component, extensive studies of dopant incorporation into the films 
were investigated using energy dispersive spectroscopy (EDS). It should 
be reiterated that the films were all grown from the same precursor 
solution. As has been stated previously, the Al/Zn and Mg/Zn ratio in the 
precursor solution was taken to be 0.03 and 0.01, respectively. EDS 
results on the sample S_500 indicate that the corresponding ratios in the Fig. 2. XRD pattern of the samples (a) S_500 (b) S_550 (c) S_600 and (d) S_650.  

A. Das et al.                                                                                                                                                                                                                                      



Thin Solid Films 780 (2023) 139958

4

film were found to be 0.023 and 0.013. Such variation has been reported 
extensively in our previous publication [29]. 

Since there are a number of unknown parameters that can generate 
errors in absolute measurements of atomic concentration of elements 
during EDS measurements, we only report the relative concentrations of 
Al to Mg, benchmarked to the value measured for the sample annealed at 
500◦C. This process is expected to cancel out all systematic errors, as 
only relative values are used in the analysis. The results comparing the 
four samples annealed at different temperatures are shown in Fig. 6. The 
Al to Mg ratio increases progressively as the annealing temperature is 
increased from 500◦C to 600◦C and then reduces slightly. Two conclu-
sions can be readily drawn from comparison with this figure to the re-
sults on resistivity in Fig. 1. Firstly, it is clear that the decrease in 
resistance, which was shown to be driven by a change in free carrier 
concentration, can be directly linked to Al doping levels. Secondly, only 
the Al to Mg dopant concentration ratio cannot account for all aspects of 
the resistance change. 

Specifically, the increase in Al to Mg ratio is smaller when the 
annealing temperature is increased from 500◦C to 550◦C, than when it in 
increased from 550◦C to 600◦C. In contrast, the change in resistance is 
much higher in the first range than the second. In order to further 
establish the connection between the Al to Mg ratio and the change in 

resistance, a second series of samples were grown under slightly 
changed conditions of precursor solution and coating schemes, and 
qualitatively similar results were obtained, as shown in Fig. 6. For both 
the series of samples, the Al to Mg ratio qualitatively reflects the vari-
ation of electrical resistance. 

In order to further investigation, the effect of annealing temperature 
on the electrical properties of the samples, ultraviolet photoconduction 
measurements were carried out on the first series of samples, and the 
results are shown in Fig. 7. A Mercury lamp was used as an excitation 
source. Fig. 7(a) shows the I-V characteristics for the samples under 
illumination. The weakest photocurrent levels occur for sample 
annealed at 500◦C, which increases progressively for samples annealed 
at 550◦C and 600◦C, before reducing sharply. The decay of photocurrent 
transients was measured for the four samples, under different voltage 
bias (Fig. 7(b)). Persistent photocurrent is strong for all four samples, 
even though the decays were faster for higher bias voltages. However, it 

Table 2 
Calculation of FWHM and crystallite size from XRD pattern.  

Sample Specification Along (100) direction Along (002) direction Along (101) direction  

FWHM (Degree) Crystallite Size (nm) FWHM (Degree) Crystallite Size (nm) FWHM (Degree) Crystallite Size (nm) 

S_500 0.47 17.5 0.57 14.6 0.48 17.5 
S_550 0.33 25.3 0.34 24.5 0.34 24.7 
S_600 0.32 26.2 0.32 25.9 0.34 24.7 
S_650 0.32 26.2 0.30 28 0.32 26.5  

Fig. 3. SEM images for sample (a) S_500 and (b) S_650.  

Fig. 4. (a) Optical Absorption spectra for samples S_500, S_550, S_600 and 
S_650 (b) Variation of Energy Band-gap and Urbach energy with annealing 
temperature. 
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should be pointed out that the decay times were slowest for the sample 
annealed at 600◦C, which also showed the highest photocurrent values. 
This is consistent with the presence of single or multiple defect states 
that act as trapping centers for one of the carriers, either electrons or 
holes. The trapping enhances the carrier lifetimes, and the photocurrent 

levels in the material. Since Al has been linked in previous work by our 
group [29], to the presence of trap levels and long persistent photo-
current lifetimes, it is clear that the photocurrent results can also be 
linked to the Al to Mg ratio as measured by EDS. 

From the above discussion, we can directly link the electrical and 
optical properties of ZnO co-doped thin films to the ratio of Al to Mg 
incorporated in the film, as determined by EDS. However, the physical 
processes that link this ratio to the annealing temperature of the thin 
films remains to be addressed. While it is difficult to pinpoint exact 
mechanism, it can be safely assumed that since the samples were grown 
from the same precursor solution, the determining factor was the rela-
tive evaporation rate of Al and Mg. Since Mg has a much higher vapor 
pressure than Al, increasing the annealing temperature would prefer-
entially evaporate Mg over Al. However, we are unable to address why 
this ratio move the other direction at 650◦C. It may be related to the 
melting point of Al, which is 635◦C, but it is difficult to comment on the 
mechanism. 

4. Conclusions 

In this paper we demonstrate the strong variation of electrical con-
ductivity with annealing temperature for sol-gel grown ZnO co-doped 
with Al and Zn. A 50◦C increase in annealing temperature was shown 
to increase the conductivity of the film by more than two orders in 
magnitude. This result was not due to a change in the structural prop-
erties of the material, but was linked to the variation of Al to Mg ratio 

Fig. 5. (a) Room Temperature Photoluminescence (RT-PL) spectrum and (b) 
variation of NBE PL peak with annealing temperature for samples S_500, S_550, 
S_600 and S_650. 

Fig. 6. Variation of Al/Mg atomic ratio measured by EDS, normalized against 
the sample S_500. 

Fig. 7. (a) Photocurrent vs. Voltage plot and (b) photocurrent transient decay 
measured at 5,10 and 20V bias for samples S_500, S_550, S_600 and S_650. 
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within the film, which was found to increase with annealing 
temperature. 

Our results indicate a simpler path for development of electrical and 
optoelectronic devices based on sol-gel grown ZnO thin film. Deliberate 
in-plane variation of electrical conductivity can be carried out using a 
laser, operating in the raster-scan mode, which can generate localized 
heating. This will be an affordable alternative process, as only a small 
change in annealing temperature can cause orders of magnitude change 
in conductivity. This method can be used in development of isolation 
pads, interconnects, etc, using localized laser heating, without the need 
for expensive and complex lithography-based doping-related device 
fabrication steps. 
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