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Low-temperature deposition of transparent conducting Mn–W co-doped
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Abstract: Mn–W co-doped ZnO (ZMWO) thin films with low resistivity and high transparency were successfully
prepared on glass substrate by direct current (DC) magnetron sputtering at low temperature. The sputtering power
was varied from 65 to 150 W. The crystallinity and resistivity of ZMWO films greatly depend on sputtering power
while the optical transmittance and optical band gap are not sensitive to sputtering power. All the deposited films
are polycrystalline with a hexagonal structure and have a preferred orientation along the c-axis perpendicular to the
substrate. Considering the crystallinity and the electrical and optical properties, we suggest that the optimal sputtering
power in this experiment is 90 W and, at this power, the ZMWO film has the lowest resistivity of 9.8 � 10–4 ��cm
with a high transmittance of approximately 89% in the visible range.
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1. Introduction

Transparent conducting oxides (TCO) are widely used in
microelectronic devices such as liquid crystal displays, organic
light-emitting diodes, and thin film solar cellsŒ1; 2�. It is well
known that tin-doped indium oxide (ITO) film is the most
widely used TCO film due to its high transparency, low re-
sistivity and high work function. However, since indium is a
rare and expensive element, the cost of ITO film is very high.
As a result, a stable supply of ITO may be difficult to achieve
for the currently expanding market demands. Therefore, it is
important to develop alternatives to the ITO thin film transpar-
ent electrodes used in liquid crystal displaysŒ3�, organic light-
emitting diodes, thin film solar cells, etc. Presently, zinc ox-
ide or impurity-doped (such as B, Al, Ga and Zr) zinc oxide
films are being actively studied as alternate materials to re-
place ITO because they are non-toxic, inexpensive and abun-
dantŒ4�. Moreover, they are also chemically stable under hydro-
gen plasma processes that are commonly used for the produc-
tion of solar cellsŒ5�. However, both the chemical and physical
properties of currently utilized TCO besides impurity-doped
ZnO are far from optimum. Improvement in the performance of
TCO is desirable because their non-ideal properties will even-
tually ruin the complete device performance. For this purpose,
the TCO community must either find better ways of optimizing
the conventional TCO or explore more complex new materials
with tailorable structural, physical and chemical properties. It
is speculated that the latter case is more fruitful than the former
because of the voluminous literature devoted to optimization
of TCO film deposition without satisfying resultsŒ6�. However,
to the best of our knowledge, no Mn–W co-doped zinc oxide
(ZMWO) thin film has been reported yet. In our work, highly
conducting and transparent ZMWO thin films were firstly de-

posited on glass substrate by DCmagnetron sputtering, and the
effect of sputtering power on the structural, electrical and op-
tical properties of ZMWO thin films was investigated.

2. Experimental details

ZMWO films were deposited on glass substrates by DC
magnetron sputtering at room temperature. Prior to the deposi-
tion, the glass substrates were ultrasonically cleaned in acetone
for 10min, immersed in alcohol for 30min andwashed by puri-
fied water. A sintered ceramic with a mixture of ZnO (99.99%
purity), MnO3 (99.99% purity) and WO3 (99.99% purity) was
employed as source material. The content of MnO3 and WO3

added to the ZnO target was 2.5 and 3.5 wt.%, respectively.
During the process of deposition, the distance between target
and substrate and the deposition pressure were controlled at
75 mm, 10 Pa respectively. The thickness of all the deposited
films is in the range of 400–500 nm. In order to investigate the
effects of sputtering power on the properties of ZMWO films,
the power was varied from 65 to 150 W.

The structural properties of the films were analyzed with
a D8 ADVANCE XRD using CuK˛1 radiation (� = 0.15406
nm). The sheet resistance, film thickness and optical transmit-
tance were measured with four-point probe measurements, an
SGC-10 thin film thickness tester and UV-vis spectrophotome-
ters at room temperature, respectively. The film resistivity was
determined by taking the product of sheet resistance and film
thickness.

3. Results and discussion

3.1. Growth rate of ZMWO films

Figure 1 shows the variation of growth rate with sputtering
power. It is found that the growth rate increases nearly linearly
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Fig. 1. Growth rate of ZMWO films as a function of sputtering power.

Fig. 2. XRD patterns of ZMWO films deposited at different sputtering
powers. The inset shows the pattern of the film deposited at a power
of 90 W.

from 3.3 to 11.1 nm when the sputtering power increases from
65 to 150 W. When the power increases, the self-polarization
potential increases, leading to an increase in the kinetic energy
of electrons and argon ions. The argon ion density in the neigh-
borhood of the cathode and the sputtering yield increase; con-
sequently the growth rate increasesŒ7�.

3.2. Structural characterization of ZMWO films

Figure 2 shows the XRD patterns of ZMWO films de-
posited by DC magnetron sputtering at different sputtering
powers. The inset shows the pattern of the film deposited at the
optimum power of 90 W. The �–2� scan datum of the ZMWO
film exhibits a strong peak at about 2� = 34.5ı, which is close
to the preferred orientation of the standard ZnO crystal (34.45ı)
and corresponds to the (002) peak. The ZnO (101) peak is
also observed, but its intensity is much weaker than the (002)
peak. This indicates that all the films are polycrystalline with a
hexagonal structure and have a preferred orientation along the
c-axis perpendicular to the substrate. We find that the position
of the (002) peak changes within only a few tenths of degree
while the intensity increases markedly with an increase in sput-

Table 1. Data evaluated from XRD �–2� scans for the ZMWO thin
films deposited at different sputtering powers.

Power (W) FWHM (ı) Lattice constant c

(nm)
Grain size
(nm)

75 0.469 0.5187 17.5
90 0.435 0.5190 18.9
105 0.425 0.5196 19.3
120 0.429 0.5194 19.2
150 0.469 0.5209 17.5

Fig. 3. Dependence of resistivity for ZMWO films on sputtering
power.

tering power up to 90 W, and above this power, the intensity
decreases with further increase in sputtering power. This can
be attributed to the improvement of the crystallinity when the
sputtering power increased to 90 W. Similar results were also
observed in ZnO:Zr films deposited by radio frequency mag-
netron sputteringŒ8�. The increase of sputtering power will lead
to two effects: (1) The kinetic energy of the sputtered species
increases leading to an increase of the particles’ mobility in the
surface of the film, which is in favor of an improvement of the
crystallinityŒ8; 9�. (2) The surface damage caused by bombard-
ment of the sputtered particles increases, which deteriorates
the crystallinityŒ10�. In this experiment, as sputtering power in-
creases from 65 to 90 W, the former effect dominates, lead-
ing to an improvement of the crystallinity. However, when the
sputtering power further increases, the latter effect mentioned
above is in the ascendant, leading to deterioration of the crys-
tallinity.

From the full-width at half-maximum (FWHM) and the
peak position of the (002) peak, the grain size is calculated. The
grain size in the films can be estimated by the Scherrer formula.
As shown in Table 1, the average grain size increases when the
sputtering power increases to 105 W and then decreases with
further increase in sputtering power. But the variation is small,
which indicates that the grain size is not sensitive to sputtering
power.

3.3. Electrical properties of ZMWO films

Figure 3 shows the dependence of the electrical resistivity
of the ZMWO films on the sputtering power. With the increase
of sputtering power, the electrical resistivity first decreases and
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Fig. 4. (a) Effect of sputtering power on transmittance spectra for
ZMWO films. (b) Plots of .˛hv/2 versus hv for the ZMWO films
deposited at 65, 90 and 120 W.

then increases. When the power is 90 W, it is obtained that the
lowest resistivity of ZMWO films is 9.8 � 10�4 ��cm. The
conductivity of the deposited films greatly depends on the film
crystallinityŒ11�13�. As mentioned above, when the sputtering
power increases up to 90 W, the crystallinity also increases
with an associated decrease in the resistivity. However, with
further increase in the sputtering power, the crystallinity de-
creases again which leads to an increase in the resistivity.

3.4. Optical properties of ZAZO films
Figure 4(a) shows the optical transmittance in the UV-vis

region of ZMWO films deposited at different sputtering pow-
ers. When the power is 65, 90 and 120 W, the average trans-
mittance of the ZMWO films in the visible range is 90, 89 and
88%, respectively. The average transmittance of ZMWO films
is high and does not change much with the variation of the
power.

The optical band gap was determined by extrapolation of
the straight region of the plot of .˛hv/2 versus hvŒ14�. As
shown in Fig. 4(b), the optical band gap value is about 3.45 eV
for the deposited films regardless of sputtering power. The op-
tical band gap of ZMWO films is larger than that of ZnO films,
which can be explained by the well-known Burstein–Moss
(BM) effect. When Mn or W are deeply doped into ZnO films,

the lower levels in the conduct band are occupied by electrons,
leading to the increase of Fermi level and then the optical band
gap widens.

4. Conclusions

ZMWO thin films with low resistivity and high trans-
parency were successfully prepared on glass substrate by DC
magnetron sputtering at low temperature. The experimental re-
sults indicate that sputtering power greatly influences the crys-
tallinity and resistivity of ZMWO films. Considering the crys-
tallinity, the electrical and optical properties, we suggest that
the optimal sputtering power in this experiment is 90W and, at
this power, the ZMWO film has the lowest resistivity of 9.8 �

10–4 ��cm with a high transmittance of approximately 89% in
the visible range. All experimental results indicate that ZMWO
can be used to fabricate high performance TCO thin films.
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