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Abstract The gallium—magnesium codoped zinc oxide
(GMZO) thin films were deposited on glass substrates by
radio frequency magnetron sputtering technique in an argon
atmosphere. The influence of substrate temperature on the
microstructure, morphology and optoelectronic properties
of thin films was investigated by X-ray diffraction, scan-
ning electron microscopy, X-ray photoelectron spectroscopy,
four-point probe and spectrophotometry. It is found that all
the deposited films have a hexagonal structure and a pre-
ferred orientation along the c-axis perpendicular to the sub-
strate. As the substrate temperature increases, the disloca-
tion density, lattice strain and electrical resistivity decrease
initially and then increase, while the average crystallite size,
average visible transmittance and figure of merit exhibit the
reverse variation trend. The GMZO thin film deposited at
the substrate temperature of 570 K possesses the best opto-
electronic properties, with the largest average crystallite size
of 52.05 nm, the lowest dislocation density of 3.69x 10"
lines m~2, the minimum lattice strain of 1.10x 10~2, the
lowest electrical resistivity of 1.62x 1072 Q cm, the highest
average visible transmittance of 88.63% and the maximum
figure of merit of 5.11x10°> Q™! cm™!. The optical energy
gaps of the films were evaluated by extrapolation method
and observed to be in the range of 3.34-3.55 eV. Further-
more, the complex refractive index, the complex dielectric
constant and the dissipation factor were determined by
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optical characterization methods, and the dispersion behav-
iour of refractive index was studied in terms of the single
electronic oscillator model. The results show that the micro-
structure and optoelectronic properties of the GMZO thin
films are dependent on substrate temperature.

1 Introduction

Transparent conductive oxides (TCOs) play an important
role in optoelectronic devices including solar cells [1, 2],
flat panel displays [3, 4], thin film transistors [5], light emit-
ting diodes [6, 7] and chemical sensors [8—10], etc. It is well
known that tin-doped indium oxide (ITO) is the most widely
used TCO film due to its high transparency, low resistivity
and high work function [11]. However, taking into account
the high cost due to the scarcity of indium, other alternative
TCO materials have been explored extensively. Among these
materials, zinc oxide (ZnO) is nontoxic, inexpensive and
offers good chemical stability in strong hydrogen plasma
atmosphere. The ZnO-based TCOs with Ga, Al, or other
group III elements have been steadily investigated due to
high transparency and electrical conductivity. Recently, a
variety of techniques have been introduced to improve elec-
trical and optical properties for ZnO-based TCOs. Espe-
cially, codoping with solute atoms is an effective method
to improve various properties of ZnO for TCO. Up to now,
the Ga—In, In—Al, V-Al, Al-Ga, Al-Ti, B-Ga, Mg—Al and
Ga-Ti codoping cases have been reported [12-19]. Different
technologies such as chemical vapor deposition [20], molec-
ular beam epitaxy [21], sol—gel [22, 23], chemical spray [24,
25], magnetron sputtering [26—-30] and pulsed laser deposi-
tion [31], have been utilized to prepare the codoped ZnO thin
films with adequate performance for applications. Among
the deposition techniques, radio frequency (RF) magnetron
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sputtering technique has some advantages in comparison
with the other methods. This technique is quite simple and
the required setup is less expensive, and it is considered to
be the most available deposition method to obtain highly
uniform films with high packing density and strong adhe-
sion at a high deposition rate [32, 33]. To our knowledge,
although many experimental studies have been conducted
on the synthesis and electrical properties of codoped ZnO
films, there are no detailed studies on their refractive index
and dispersion behaviour, which are important parameters
for TCO thin films. In this present work, Ga—Mg codoped
Zn0 (GMZO) TCO films were deposited on glass substrates
by radio frequency (RF) magnetron sputtering technique at
different substrate temperatures. The influence of substrate
temperature on microstructure and optoelectronic properties
of the thin films was investigated in detail.

2 Experimental details

The GMZO samples were deposited on the cleaned glass
substrates by using RF magnetron sputtering equipment
(KDJ-567). A sintered GMZO ceramic sputter target (2
wt.% Ga,05: 2 wt.% MgO: 96 wt.% ZnO, 99.99% purity)
was employed as source material. The sputtering chamber
was evacuated to a base pressure below 3.0 x 10~* Pa before
argon gas. After vacuum pumping, the sputtering argon gas
with a purity of 99.999% was introduced into the cham-
ber and controlled by the standard mass flow controllers.
Before the GMZO samples deposition, pre-sputtering was
conducted for about 10 min to attain stability and to remove
impurities. The deposition parameters for preparing GMZO
samples were as follows: substrate-target distance, 75 mm;
sputtering power, 135 W; operating pressure, 3 Pa; and sput-
tering time, 45 min. In order to investigate the influence of
substrate temperature (7) on properties of the GMZO thin
films, the substrate temperature was changed from 370 to
670 K. The thickness of the samples was measured by a
surface profiler (Alpha-step 500). X-ray diffraction studies
were conducted to determine the crystal structure with a
D8-Advance diffractometer in the #-26 configuration using
Cu Ka radiation (A=0.15406 nm) at 40 kV and 40 mA.
The surface morphology was observed using a scanning
electron microscope (SEM, JSM-6700F). The chemical
composition was determined by an X-ray photoelectron
spectroscopy (XPS, VG Multilab 2000) with Al Ka X-ray
source (hv=1486.6 eV) at constant analyzer pass energy
of 25 eV. The C 1s line (284.6 eV) was taken as a reference
to correct for electrostatic charging. The electrical proper-
ties were evaluated using a four-point probe measurement
system (RH-2035). The optical transmittance spectra were
recorded with a double-beam ultraviolet—visible (UV-Vis)
spectrophotometer (TU-1901), and the optical constants of

samples were determined from the transmittance data using
the method of optical spectrum fitting [34, 35]. All measure-
ments were performed at room temperature in ambient air.

3 Results and discussion

Figure 1 presents the XRD patterns of GMZO samples
deposited at different substrate temperatures. These XRD
peaks are assigned to ZnO according to the Joint Committee
of Powder Diffraction Standards Card (JCPDS 36-1451).
Note that all the samples exhibit a dominant (002) peak with
slight (004) peak in the displayed 26 region, which indicates
that the GMZO thin films have highly preferred orientation
with their crystallographic c-axis perpendicular to the sub-
strates, irrespective of substrate temperature. Note also that
neither metallic Ga or Mg characteristic peaks nor Ga,0,
or MgO peaks was observed from the XRD patterns, which
implies that the dopants have not destroyed the ZnO struc-
ture and act as typical dopants. Similar results have been
reported by many researchers [29, 36, 37].

Figure 2 shows the intensity of (002) peak (Z(02)) and
the intensity ratio of (004) to (002) (Zgg4y//(002)) for GMZO
samples deposited at different substrate temperatures. Cor-
responding to the substrate temperatures of 370, 470, 570
and 670 K, the values of /o, and [ 4)/1 gy, for the samples
are found to be 9.72x 10° cps, 3.47%; 2.60x 10* cps, 2.13%;
4.63x10* cps, 1.97%; and 2.98 x 10* cps, 2.11%, respec-
tively. With the increment of substrate temperature, the /)
increases initially and then decreases, but the /o402,
takes on an opposite trend. The GMZO sample prepared at
the substrate temperature of 570 K has the maximum 1 y,,
and the minimum /yo4,/1 o9,y Which indicates that the depos-
ited film possesses the best preferred (002) orientation.

Figure 3a displays the full-width at half-maximum
(p) values of (002) peak of GMZO samples deposited at
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Fig. 1 XRD patterns of the films deposited at different substrate tem-
peratures
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Fig. 2 The values of [, and I/l for the films deposited at
different substrate temperatures
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Fig. 3 The values of B, D, 64 and ¢ for the films deposited at different
substrate temperatures

different substrate temperatures. As can be seen, the f falls
firstly and then rises with the increase of substrate tempera-
ture, and the minimum f of 2.76 x 10~ rad can be achieved
when the substrate temperature is at 570 K. The decrease of
the f indicates the increase of average crystallite size (D,,)
of the deposited films. The D,, values of the samples can be
evaluated from p data according to the Scherrer equation
[38, 39]:
A

D, =K
a fcosf @

Where K is the Scherrer constant dependent on crystallite
shape and can be considered as 0.89, 4 is the wavelength
of X-rays used, f is the full-width at half-maximum, and
0 is the Bragg’s diffraction angle at peak position. The

@ Springer

dislocation density (64) and the lattice strain (g ) can be
estimated from the following formulae [40, 41]:

1
=D @)

A

=— - to
D,, sin6 peo 3)

£
where D, is the average crystallite size, f is the full-width
at half-maximum, and 6 is the Bragg’s diffraction angle.
The results of D,,, 54 and g of all the deposited samples
were calculated and are plotted in Fig. 3a, b, respectively.
From Fig. 3a, we note that the D, value increases with the
substrate temperature increasing from 370 to 570 K, reaches
to the maximum value of 52.05 nm at 570 K, and there-
after decreases to 41.32 nm at 670 K. An opposite trend
is observed in both §, and & of the samples as shown in
Fig. 3b. When the substrate temperature is 570 K, the depos-
ited GMZO sample exhibits the best crystalline and micro-
structural properties, with the narrowest 8 of 2.76 x 10~ rad,
the largest D,, of 52.05 nm, the minimum & of 3.69x 10'*
lines m~2 and the lowest &, of 1.10x 1073, The results
suggest that the crystal quality of the GMZO thin films is
strongly dependent upon the substrate temperature.

Figure 4a—d give the SEM images of GMZO samples
deposited at substrate temperatures of 370, 470, 570 and
670 K, respectively. From the SEM micrographs, it can
be seen that the deposited films consist of some columnar
structured and c-axis oriented grains. The surfaces of the
thin films are observed to be smooth, and the grains are
homogeneously distributed. Note also that the substrate
temperature greatly affects the surface structure of the
deposited films. The morphologies of thin films prepared
at lower substrate temperature are found to be continuous
and dense. With the substrate temperature increasing to
570 K, the crystalline quality of deposited film is improved
and the grain size evidently grows larger. Above the sub-
strate temperature of 570 K, yet, the grain size of the film
becomes slightly smaller than that of film deposited at
570 K. The evolution of microstructure could be attributed
to the migration of surface atoms during the deposition
process. At low substrate temperature, the sputtered atoms
possess less energy and low surface mobility. With the
increase of the substrate temperature, these atoms have
sufficient energy and surface mobility to settle in stable
position. This gives rise to the most stable c-axis oriented
structure as preferred growth orientation, and thus the
denser film with larger grains and lower defects can be
obtained. However, further increase of energy in the case
of higher substrate temperature (> 570 K) results in the
breaking of the Zn—O bond and the re-evaporation of the
deposited film rather than enabling the atoms to move to
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(a)

Fig. 4 SEM images of the films deposited at a 370 K, b 470 K, ¢ 570 K and d 670 K

their stable sites, and then the crystallinity is deteriorated.
The SEM observations are in agreement with the XRD
results.

The XPS spectra of GMZO samples deposited at differ-
ent substrate temperatures are shown in Fig. 5, where pho-
toelectron peaks of Ga, Mg, Zn, O and C are detected. The
peaks at about 1117.8, 1021.5, 530.0, 50.2 eV corresponds
to Ga 2psjy, Zn 2ps,, Ols and Mg 2p, respectively. The
carbon residues appear to come from the contamination
during sample preparation and measurement. The elemen-
tal composition of the deposited films was calculated using
the following formula [42]:

- (3)/3(4)

where [X] is the content of element X, Ay is the area under
the peak of element X in the spectrum, and Sy is the sensitiv-
ity factor [43]. The values of [Ga] and [Mg] for the deposited
films were calculated and are plotted in the inset of Fig. 5 as
a function of substrate temperature. Note that for the GMZO
samples prepared at the substrate temperatures of 370, 470,
570 and 670 K, the Ga contents are 1.02, 1.06, 1.18 and
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Fig. 5 XPS spectra of the films deposited at different substrate tem-
peratures

@ Springer



2878

J Mater Sci: Mater Electron (2018) 29:2874-2882

1.13 at.%, and the corresponding Mg contents are 1.92, 1.89,
1.83 and 1.81 at.%, respectively. The results indicate that
the chemical composition of the deposited films is affected
slightly by substrate temperature.

The optical transmission spectra of all the samples depos-
ited on glass substrates were measured by UV-Vis spec-
trophotometer, using the glass substrate as reference. Fig-
ure 6 shows the optical transmittance (7) curves of GMZO
films prepared at different substrate temperatures. As can be
seen, all the transmission spectra show interference pattern
with sharp fall of transmittance near the band edge, which
is an indication of good crystallinity. As shown in the inset
of Fig. 6, the average visible transmittance (7,,) increases
slightly with the substrate temperature up to 570 K, and then
significantly decreases when the substrate temperature is
over 570 K. The highest T, value of 88.63% for the GMZO
film can be achieved at the substrate temperature of 570 K.
This enhancement in the optical transmittance is closely
related to the increase of crystallite size and the improve-
ment of crystallinity of the deposited thin films. Near the
absorption edge of the transmittance spectra, the absorption
coefficient (a) is related to the optical energy gap (E,) fol-
lowing the power-law behaviour of Tauc relation [44, 45]:

(aEY = C(E - E,), 5)

where E is the photon energy, C is an energy-independent
constant, and p is an index which can assume values of 1/3,
1/2, 2/3 and 2 depending on the nature of the electronic
transitions responsible for the optical absorption (p =2 and
2/3 for direct allowed and forbidden transitions, respectively,
p=1/2 and 1/3 for indirect allowed and forbidden transition,
respectively) [46, 47]. Figure 7 presents the Tauc plots of
(aE)? versus E for GMZO samples deposited at different
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Fig. 6 Transmittance curves of the films deposited at different sub-
strate temperatures
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Fig. 7 The curves of (aE)? versus E for the films deposited at differ-
ent substrate temperatures

substrate temperatures. The values of E, for the deposited
films can be estimated by extrapolating the straight line
portion of the curves to the energy axis [48, 49], and are
summarized in the inset of Fig. 7 as a function of substrate
temperature. As can be seen, the Eg values of GMZO sam-
ples are in the range of 3.34-3.55 eV, larger than that of
pure ZnO (3.30 eV). The widening of optical energy gap
may be attributed to Moss—Burstein shift [50, 51] in which
the absorption edge shifts towards higher energy with an
increase of carrier concentration. Similar results have been
reported in the previously literatures [52—55].

Figure 8 displays the electrical resistivity (p) of GMZO
samples deposited at different substrate temperatures. As
the substrate temperature increases from 370 to 570 K, p
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Fig. 8 The values of p and FOM for the films deposited at different
substrate temperatures
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drops initially and subsequently rises beyond the tempera-
ture of 570 K. The lowest p value of 1.62x 107° Q cm is
obtained for the GMZO thin film deposited at the sub-
strate temperature of 570 K. The reduction in the electrical
resistivity can be attributed to the increase of crystallite
size and the improvement of crystallinity [56], which is
confirmed by the results of XRD discussed above. As we
all know, an increase in the crystallite size can cause a
decrease in grain-boundary scattering and an increase in
carrier lifetime, and consequently lead to an increase in
both the carrier concentration and Hall mobility, and hence
result in a decrease in resistivity [57]. When the substrate
temperature increases from 370 to 570 K, the crystallite
size increases obviously and the grain boundaries decrease
rapidly, and thereby the resistivity decreases sharply. With
further increasing the substrate temperature from 570 to
670 K, however, the crystallite size decreases and the
grain boundaries increase, and accordingly the electrical
resistivity increases. The results suggest that the substrate
temperature is one of the most important factors to affect
the electrical properties of GMZO thin films.

In order to evaluate the quality of the deposited TCO
thin films, the figure of merit (FOM) is given by the fol-
lowing formula [58, 59]:

1

FOM=———
plog (T,,) ©

Where p is the electrical resistivity, and T, is the average
visible transmittance. Figure 8 shows the variation of FOM
versus the substrate temperature for the deposited GMZO
samples. As the substrate temperature increases, the FOM
increases firstly and then decreases and reaches its maximum
value of 5.11x 10> Q™' cm™! at the substrate temperature of
570 K. The increase in FOM with substrate temperature was
due to increase in optical transmittance and decrease in the
electrical resistivity. It is known that the higher the FOM,
the better quality of the TCO thin film. Thus, in this study,
it can be concluded that the optimum substrate temperature
is 570 K, where the FOM value is the highest.

From the measured optical transmittance data, the opti-
cal constants including refractive index (n) and extinction
coefficient (k) of the deposited samples were determined
using the method of optical spectrum fitting [34, 35]. Fig-
ure 9 shows the k and n of the deposited films as a func-
tion of wavelength (4). As can be seen, the k values of the
samples are very small at long wavelengths, indicating that
the deposited films are highly transparent. In addition, the
curves of the k are fairly flat above 420 nm and rise rap-
idly at shorter wavelength A. Similar to the curves of the
k, the n decrease monotonically with increasing A for the
deposited films, indicating the typical shape of the disper-
sion curve near an electronic interband transition. For the
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Fig. 9 The curves of k and n for the films deposited at different sub-
strate temperatures

GMZO samples prepared at the substrate temperatures of
370, 470, 570 and 670 K, the n values are 2.074-1.817,
2.038-1.809, 1.998-1.801 and 1.924-1.786, and the
corresponding k values are 3.282x 1072-8.283 x 1073,
3.151x 107%-6.258 x 1073, 2.194x 1072-2.575x 10~ *
and 3.305x 1072-3.345 x 10~ * respectively in the visible
range. The results in our present work are in agreement
with the other works [60-62].

The refractive index n(1) data of the deposited films were
analyzed by the single electronic oscillator model [63]:

1 1 1
= — + s
P -1 S22 S ™

[}

where S, is the average oscillator strength, and 4, is the aver-
age oscillator position. The curves of (n”—1)~! versus 172
for GMZO samples deposited at different substrate tempera-
tures are plotted in Fig. 10 and the data are fitted into straight
lines. The results indicate that the single electronic oscillator
model is applicable to the GMZO thin films in our work.

The complex dielectric constant () is an important opti-
cal parameter that helps to describe the response of a crystal
to an electromagnetic field. The complex dielectric constant
e is defined as:

e=¢, +ig, (8)

where ¢, and ¢, are real and imaginary parts of the complex
dielectric constant &, respectively. These values were deter-
mined by using the following relations [64]:

g, =n* — k%, &, = 2nk )
The variation of e, and e, with wavelength A for

GMZO samples deposited at different substrate tempera-
tures is shown in Fig. 11. Note that both ¢, and &, tend to
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Fig. 10 The curves of 1/(n®—1) versus 1/A? for the films deposited at
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Fig. 11 The curves of ¢, and ¢, for the films deposited at different
substrate temperatures

decrease with increasing wavelength A, and the ¢, is sig-
nificantly larger than the &, for all the samples. Corre-
sponding to the substrate temperatures of 370, 470, 570
and 670 K, the values of €, and ¢, in the visible range are
observed to be 4.304-3.309, 1.349x 107 '-2.957x 10~
4.155-3.235, 1.291x1071-2.186 x 10™%; 4.017-3.226,
8.817 x 107?-8.871 x 10~ % and 3.709-3.178,
1.261x107'-1.169 x 10~3, respectively.

The dissipation factor (tand) of the deposited films were
determined by the following relation [65]:

_Im(e) &
" Re(e) ¢

tan 6 (10)
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Fig. 12 The curves of tand for the films deposited at different sub-
strate temperatures

Figure 12 gives the dependence of tand on wave-
length 4 for GMZO samples deposited at different sub-
strate temperatures. As can be seen, the variation of tané
follows the same trend as k and the tand value decreases
monotonically with the increase of wavelength 1 beyond
400 nm. In the visible range, the tané values are found to
be 3.173 x 1072-8.938 x 1073, 3.081 x 1072-6.586 x 107>,
2201 x 1072-2.725x 10" * and 3.449x 1072-3.646x 10~*
for the GMZO thin films deposited at the substrate tempera-
tures of 370, 470, 570 and 670 K, respectively.

4 Conclusions

In summary, the transparent conductive GMZO thin films
were deposited on glass substrates by magnetron sputter-
ing technique. The effect of substrate temperature on the
crystallinity, microstructure, morphology and optoelectronic
properties of the thin films was investigated. The XRD pat-
terns indicate that all the GMZO thin films have a hexagonal
wurtzite type crystal structure and a (002) preferred orien-
tation with the c-axis perpendicular to the substrate. The
structural and optoelectronic properties of the thin films are
found to be dependent on the substrate temperature. The
smallest dislocation density (3.69 X 10" lines m™?), the
minimum lattice strain (1.10x 10~3), the lowest electrical
resistivity (1.62x 1072 Q cm), the maximum average vis-
ible transmittance (88.63%) and the highest figure of merit
(5.11x10° Q7' cm™!) are obtained when the substrate tem-
perature is 570 K. The optical parameters such as refractive
index, extinction coefficient, dielectric constant and dissipa-
tion factor were determined using optical characterization
methods, and the dispersion behaviour of refractive index
was analyzed by the single electronic oscillator model. It
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is observed that the refractive index dispersion curves of
the thin films obey the single electronic oscillator model.
In addition, the optical energy gaps of the thin films were
calculated by means of Tauc’s relation and observed to be in
the range of 3.34-3.55 eV. The results suggest that the sub-
strate temperature is one of the most important deposition
parameters to affect the microstructure and optoelectronic
properties of GMZO thin films.
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