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a b s t r a c t

� Thin films of Si-doped ZnO were prepared by the sol–gel spin coating method. � The optical and
structural properties of the films were investigated to see the effects of Si dopant concentration for three
different heat treatments: 250, 350, and 550 ◦C. � The optical characteristics for all the films were modeled
using a Tauc–Lorentz-based dielectric function and an exponential Urbach tail in the sub-gap regime.
Abstract: Transparent thin films of Si-doped ZnO were prepared by the sol–gel spin coating method. The
optical and structural properties of the films were investigated to see the effects of Si dopant concentra-
tion for three different heat treatments: 250, 350, and 550 ◦C. Doping is most significant at the highest
annealing temperature, where the structure of the films is crystalline at low Si values, and deteriorates
as Si levels are increased. Optically, the result is increased transmittance and decreased reflectance with
doping for the near-UV and visible ranges. The large changes in the near-UV region (20–50% increase in
transmittance relative to pure ZnO) are due to weaker excitonic absorption as crystallinity is destroyed
by doping. The films at 250 and 350 ◦ C were amorphous, but the 350 ◦ C samples showed optical trends

◦
qualitatively similar to 550 C (though less pronounced). Band gaps were shifted slightly upwards with
doping, though at higher annealing temperatures the values remained within 2% of the 3.3 eV pure ZnO
result at all Si levels. AFM measurements of RMS surface roughness varied in a small range from � 1
to 7 nm, with the roughest samples being pure ZnO at 250 ◦C, and low Si dopings at 550 ◦C. The optical
characteristics for all the films, regardless of heat treatment or doping, were successfully modeled using
a Tauc–Lorentz-based dielectric function, consisting of two oscillator terms describing near-band-gap
absorption, and an exponential Urbach tail in the sub-gap regime.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Due to its optical and electrical properties, zinc oxide (ZnO) is an
mportant technological material. It has been widely used in devices
ike liquid-crystal display (LCD) panels [1], photovoltaic cells [2],
nd optical filters [3]. In order to optimize ZnO characteristics for
pecific applications, a variety of different dopants and prepara-
ion techniques have been explored. For the case of Si doping, ZnO
lms produced through RF magnetron sputtering exhibit high con-

uctivity and transparency [4,5], while those grown by sequential
ulsed laser deposition have been proposed as candidates for trans-
arent conducting electrodes (TCEs) [6]. As a co-dopant with Al, Si
nhanced the spatial distribution and stability of resistivity in RF

∗ Corresponding author at: Department of Physics, Mustafa Kemal University,
ntakya 31034, Hatay, Turkey.

E-mail addresses: sorar@itu.edu.tr, idrissorar@gmail.com (I. Sorar).

169-4332/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.apsusc.2011.03.142
magnetron sputtered ZnO films, relevant to practical implementa-
tion in LCDs [7]. Earlier research also focused on the synthesis of
Si-doped ZnO nanocomposites [8–10] and nanorods [11].

In the present work we examine Si-doped ZnO thin films pro-
duced through sol–gel spin coating, a method notable for its
efficiency, low cost, compositional control, and easy extension to
multilayer structures [12]. While the optical properties of pure
sol–gel derived ZnO films have been widely studied [13–15], less
is known about the Si-doped case. Our work helps fill this gap
by reporting the structural and optical properties of sol–gel Si-
doped ZnO films, and their dependence on the heat treatment
protocol. We used Si doping values of 0.8%, 1.6%, 3.2% and 6.4%,
and three different annealing temperatures: 250, 350 and 550 ◦C.

To accurately extract optical properties, we adapted the dou-
ble Tauc–Lorentz–Urbach oscillator (DTLU) dielectric model, first
applied in the context of pure and doped WO3 films [16]. This is an
extension of the single oscillator TLU model [17], which has proven
effective in analyzing pure ZnO films [3].

dx.doi.org/10.1016/j.apsusc.2011.03.142
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:sorar@itu.edu.tr
mailto:idrissorar@gmail.com
dx.doi.org/10.1016/j.apsusc.2011.03.142
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Table 1
Best-fit parameters of the DTLU model for ZnO:Si thin films annealed at various
temperatures T. All parameters are in units of eV, except for drough, which is in units
of nm. The latter parameter only appears in cases where corrections due to a surface
roughness overlayer could be extrapolated from the experimental data. Of the 12
parameters in the DTLU model, 11 are shown here. The remaining one is the layer
thickness d, which is listed in Table 2.

T (◦C) Si % A1 E01 Eg1 �1 A2 E02 Eg2 �2 Et Eu drough

250 0.0 0.72 3.17 2.86 0.97 107 8.09 4.29 13.87 4.70 0.65 –
0.8 0.66 3.48 2.47 1.55 102 6.82 4.11 8.03 4.68 0.23 –
1.6 0.49 3.50 2.51 1.02 102 6.88 4.15 7.48 4.45 0.47 –
3.2 0.68 3.52 2.51 1.04 103 6.99 4.12 8.38 4.68 0.31 –
6.4 0.66 3.52 2.92 0.56 103 6.95 4.11 8.36 4.74 0.50 –

350 0.0 38 3.35 3.16 0.38 105 5.76 3.70 11.02 4.40 0.43 –
0.8 26 3.38 3.14 0.45 97 5.36 3.68 9.46 4.28 0.35 –
1.6 23 3.39 3.14 0.47 97 5.33 3.67 9.56 4.28 0.35 –
3.2 22 3.40 3.15 0.49 97 5.35 3.68 9.54 4.29 0.38 –
6.4 21 3.41 3.17 0.51 99 5.48 3.70 9.67 4.25 0.38 –

550 0.0 44 3.34 3.12 0.32 90 4.85 3.50 8.78 4.22 0.34 –
0.8 26 3.36 3.09 0.45 87 5.38 3.77 10.77 4.41 0.43 13
1.6 23 3.36 3.11 0.45 92 5.39 3.77 10.78 4.38 0.53 30
3.2 19 3.35 3.17 0.44 103 5.74 3.77 11.47 4.26 0.50 35
6.4 19 3.37 3.18 0.46 95 5.21 3.75 6.51 4.13 0.33 43

Table 2
Thickness d, refractive index n(� = 550nm), absorption coefficient ˛(� = 350nm),
band gap Eg , and surface RMS roughness values of ZnO:Si thin films annealed at
various temperatures T.

T (◦C) Si % d (nm) n ˛ (nm−1) Eg (eV) RMS (nm)

250 0.0 292 1.57 0.35 × 10−3 3.15 ± 0.07 7.3
0.8 245 1.60 0.43 × 10−3 3.19 ± 0.07 0.2
1.6 223 1.61 0.54 × 10−3 3.22 ± 0.03 0.3
3.2 216 1.62 0.63 × 10−3 3.24 ± 0.04 0.4
6.4 196 1.62 0.68 × 10−3 3.32 ± 0.04 0.4

350 0.0 108 1.61 6.38 × 10−3 3.31 ± 0.01 0.5
0.8 116 1.56 5.48 × 10−3 3.33 ± 0.01 0.9
1.6 114 1.55 5.10 × 10−3 3.33 ± 0.01 0.7
3.2 112 1.55 4.60 × 10−3 3.34 ± 0.01 0.4
6.4 115 1.56 3.96 × 10−3 3.36 ± 0.01 0.4

550 0.0 87 1.55 8.68 × 10−3 3.29 ± 0.01 4.7
0.8 101 1.49 6.63 × 10−3 3.30 ± 0.01 4.5
1.6 95 1.50 5.49 × 10−3 3.30 ± 0.01 4.5
3.2 130 1.55 3.31 × 10−3 3.31 ± 0.01 1.2
Fig. 1. Thermogravimetric analysis (TGA) graph of the pure and Si-doped ZnO gel.

. Experimental procedure

Zinc acetate dihydrate (ZnAc, Zn(CH3COO)2·2H2O, 98%, Sigma-
ldrich) and tetraethyl orthosilicate (TEOS, Si(OC2H5)4, 99.999%,
ldrich) were used as starting materials. Each solution was pre-
ared by dissolving 4 mmol of zinc acetate dihydrate in 10 mL of
-propanol (99.5%, Aldrich) and stirring by a magnetic stirrer at 60 ◦

for 10 min. During stirring, 4 mmol of diethanolamine (DEA, 99%,
ldrich) was added drop by drop to the solution. The 1:1 mole ratio
f ZnAc:DEA was chosen since the resulting films have good aging
haracteristics [18]. Afterwards, TEOS were added to give one of
our different mole ratios of TEOS to ZnAc: 0.8%, 1.6%, 3.2%, and 6.4%.
he solution was stirred an additional 10 min, during which time
istilled water was slowly added to it. Finally, a clear and homoge-
eous liquid was obtained. The solution was left on the magnetic
tirrer to cool down slowly.

The solution compositions were checked through inductively
oupled plasma optical emission spectroscopy (ICP-OES) using a
ista-MPX (Varian, US) system. For the 0.8%, 1.6%, 3.2%, and 6.4%
EOS:ZnAc doping values, the measured Si:Zn concentration ratios

n solution were 0.31%, 0.58%, 1.22% and 2.63%, which agree well

ith the expected values of 0.345%, 0.690%, 1.38% and 2.76%.
The thin films were deposited through the sol–gel spin coating

ethod. The solution was dropped onto Corning 2947 glass sub-

ig. 2. Transmittance and reflectance spectra of ZnO:Si thin films annealed at 250 ◦C.

6.4 126 1.54 3.24 × 10−3 3.34 ± 0.01 1.2

Fig. 3. Transmittance and reflectance spectra of ZnO:Si thin films annealed at 350 ◦C.
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ig. 4. Transmittance and reflectance spectra of ZnO:Si thin films annealed at 550 ◦C.

trates on the spin coater, rotating at 2000 rpm for 10 s. The films
ere dried at 250 ◦ C for 1 min to evaporate the solvent and remove

rganic residuals. The coating and drying process was repeated five
imes. Finally, the films were heat treated at 250, 350, or 500 ◦ C
or 1 h. These temperatures were chosen to correspond to features
evealed by thermogravimetric analysis (TGA) of the ZnO:Si gels,
iven in Fig. 1. Just above 250 ◦ C there is rapid weight loss due to
he evaporation of residual solvent and DEA; the similarly rapid loss

bove 350 ◦ C is due to evaporation of residual organic compounds.
he third temperature value of 550 ◦ C is chosen to be clearly in
he crystallized regime, where the weight has stabilized. There are
o significant differences between the TGA of the ZnO and ZnO:Si

ig. 5. Refractive index n and absorption coefficient ˛ of ZnO:Si thin films annealed
t 250 ◦C.

Fig. 6. Refractive index n and absorption coefficient ˛ of ZnO:Si thin films annealed
at 350 ◦C.

Fig. 7. Refractive index n and absorption coefficient ˛ of ZnO:Si thin films annealed
at 550 ◦C.
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approximate mathematical models. However, we can get a rea-
Fig. 8. XRD spectra of ZnO:Si thin films annealed at 550 ◦C.

els. All coatings were prepared at room temperature (≈ 20 ◦C) and
relative humidity of 46%.

The transmittance and reflectance of the films were measured in
he spectral range of 300–1000 nm using an NKD 7000 (Aquila, UK)
pectrophotometer. The thickness, refractive index and absorption
oefficient values of the films were determined by fitting to the
TLU model [16], as described in the next section. AFM images of

he films were obtained using an SPM-9500J3 (Shimadzu, Japan)
canning probe microscope in contact mode. The structures of the
lms were analyzed by an X-ray diffractometer (GBC-MMA, CuK˛
adiation).

. Theoretical model

The reflectance and transmittance data gathered by the spec-
rophotometer can be related to the optical characteristics of the
lm by fitting with an appropriate choice of the film dielectric

unction—in our case a variant of the Tauc–Lorentz (TL) oscillator
odel [19]. The imaginary part of the TL dielectric function is a

roduct of Tauc law [20] and Lorentz oscillator terms, an approx-
mation intended to capture the optical behavior both near and
ignificantly above the band gap. The TL model has been success-
ully applied to a variety of semiconductors and optical coating

aterials [21,22], among them ZnO [23]. It was extended by Fer-
auto et. al. to incorporate an exponential Urbach tail in the sub-gap
egion, the so-called Tauc–Lorentz–Urbach (TLU) model [17]. The
LU model has been shown to work quite well on pure sol–gel-
erived ZnO thin films [3]. For the ZnO:Si system we found that
ccurate fitting to the experimental data could be accomplished
hrough a DTLU dielectric function, consisting of a combination of
ne TL and one TLU oscillator. The technical details of the DTLU
odel are given in Ref. [16], where it was developed to analyze
O3 coatings, so we only give a brief overview here.
The DTLU dielectric function �(E), as a function of photon energy

, consists of real and imaginary parts: �(E) = �1(E) + i�2(E). We only
eed to explicitly specify the imaginary part, �2(E), since �1(E) is
elated to �2(E) through the Kramers–Kronig integral:

2
∫ ∞

��2(�)

1(E) = �1∞ +

�
P

0

d�
�2 − E2

. (1)

is the Cauchy principal value of the integral, and �1∞ = 1 by phys-
cal constraint [17].
nce 257 (2011) 7343–7349

The explicit form of the imaginary part is given by a sum of TL
and TLU contributions, �2(E) = �2TL(E) + �2TLU(E), where [19]:

�2TL(E) =

⎧⎪⎨
⎪⎩

A1E01�1(E − Eg1)2

E
[

(E2 − E2
01)

2 + �2
1E2

] for E > Eg1,

0 for E ≤ Eg1.

(2)

and [17]:

�2TLU(E) =

⎧⎪⎪⎨
⎪⎪⎩

A2E02�2(E − Eg2)2

E
[

(E2 − E2
02)

2 + �2
2E2

] for E > Et,

Ec

E
exp

(
E − Et

Eu

)
for E ≤ Et.

(3)

All the fitting parameters have dimensions of energy, and can be
described as follows: both TL and TLU expressions are parametrized
by the band gap Egi, i = 1, 2, and the Lorentz oscillator amplitude Ai,
resonance energy E0i, and oscillator width �i. The TLU term has
an exponential Urbach tail at lower energies, with two additional
fitting parameters: Et is the cutoff above which the Urbach tail ends
and interband transitions begin; Eu sets the width of the Urbach tail.
The coefficient Ec is set by the constraint that �2TLU(E) is continuous
at E = Et.

For completeness, we included the possibility of significant sur-
face roughness by dividing the film into two layers: a region of
thickness d, described by the DTLU dielectric function �(E), and
an overlayer of thickness drough made of 50% material, 50% voids
[24]. This overlayer has a dielectric function �rough(E) related to �(E)
through the Bruggeman effective medium approximation [25]:

1
2

(
1 − �rough

1 + 2�rough

)
+ 1

2

(
� − �rough

� + 2�rough

)
= 0. (4)

The corrections to the theoretically predicted reflectance and trans-
mittance due to the assumed surface roughness overlayer are
sufficiently small that it is not always possible to extrapolate a
reliable, non-zero value for drough from the experimental measure-
ments. In fact, the only cases where the overlayer noticeably helped
in the fitting were the Si-doped 550 ◦ C films. For all other sam-
ples a model without an overlayer was sufficient. If both layers are
present, there are a total of twelve free parameters: A1, E01, Eg1, �1,
A2, E02, Eg2, �2, Et, Eu, d, drough.

In deriving reflectance and transmittance from the parame-
ters of our theoretical dielectric function, we take into account
intensity attenuation due to large near-UV absorption by the glass
substrate, as described in Ref. [26]. The least-squares fitting of the
model parameters to the experimental data is carried out through
the Levenberg–Marquardt multivariate-regression algorithm. We
can thus obtain best-fit results for the film refractive index n and
absorption coefficient ˛ over the measured spectral range, which
are related to �1 and �2 through:

n =
[

(�2
1 + �2

2)
1/2 + �1

2

]1/2

˛ = 2E

h̄c

[
(�2

1 + �2
2)

1/2 − �1

2

]1/2

.

(5)

Note that the bandgap parameters Eg1 and Eg2 which appear
in the TL and TLU oscillators only roughly correspond to actual
physical band gaps [17,21,27], since both these oscillators are
sonable estimate of the bandgap by looking at ˛(E) as a function
of photon energy E. Near the onset of large absorption (where the
exponential tail ends) it behaves like ˛(E) ∝ E−1(E − Eg)1/2, the scal-
ing form corresponding to the direct transition seen in ZnO and
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Fig. 9. AFM images of ZnO

nO:Si films. We can thus plot (E˛(E))2 versus E, and perform a
inear extrapolation to the intercept in order to find the value of Eg.

All the best-fit model parameters are listed in Tables 1–2, and
able 2 shows in addition the extrapolated bandgap Eg and values
f n and ˛ at particular wavelengths.

. Results and discussion

.1. Optical properties

The transmittance and reflectance spectra of ZnO:Si films heat
reated at 250 ◦ C can be seen in Fig. 2. Though the spectra vary
lightly with the level of doping, there is no obvious trend. The
ransmittance is between 85 and 87% and the reflectance is around
0–12% in the visible region. The spectra in Figs. 3 and 4 belong to
lms heat treated at 350 and 550 ◦C, respectively. Unlike the 250 ◦

results, a clear contrast is evident between the pure and doped
amples, with the presence of Si leading to higher transmittance
nd lower reflectance across the entire wavelength range relative
o the pure ZnO film. The pattern is particularly evident in the 550 ◦
curves of Fig. 4, where the transmittance increases monotonically
rom 83.6% to 90% at � = 400 nm and 87.5% to 90% at � = 550 nm as
he doping varies from 0% to 6.4% Si.

The increased transmittance at higher annealing temperatures
ight be due to changes in the crystal structure arising from dop-
n films annealed at 350 ◦C.

ing. The Si4+ ions have a significantly smaller ionic radius (rSi4+ =
0.04 nm) compared to the Zn2+ ions (rZn2+ = 0.074 nm) [28]. As
a result Si doping causes stress in the ZnO lattice, degrading its
crystal structure (as will be seen below in the XRD results) and
leading to segregation of the dopant toward particle boundaries
[29]. The sharp dip in both transmittance and reflectance below
� ≈ 380 nm in the pure films, associated with the excitonic absorp-
tion of ZnO [30], is much less pronounced in the doped samples—a
consequence of the decreased crystallinity. This weaker excitonic
absorption is most evident in the dramatic increases in transmit-
tance (as much as 20–50% larger than pure ZnO) in the near-UV
region for the 350 and 550 ◦ C films. The 250 ◦ C film, which is inher-
ently more disordered regardless of doping, does not show a steep
exciton-related dip, nor a clear transmittance difference as dopant
concentration is increased.

Refractive indices n and absorption coefficients ˛ of the ZnO:Si
thin films are plotted in Figs. 5–7 for the three different annealing
temperatures. Particular values of n (at 550 nm), ˛ (at 350 nm),
and the band gap Eg are listed in Table 2. We see the same
distinction between the 250 ◦ C results and the ones at higher tem-

◦
peratures. Pure ZnO heat treated at 250 C has relatively small
near-UV absorption, ˛ � 0.6 × 10−3 nm−1 for � = 300 − 400 nm, and
a refractive index with normal dispersion over the entire range,
decreasing from 1.66 to 1.55 from � = 300 to 1000 nm. Qualita-
tively, the doped films are similar, except that near-UV absorption
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Fig. 10. AFM images of ZnO

ncreases with doping (roughly doubling at 6.4% Si) and n is pushed
p by 0.03–0.08.

For the 350 and 550 ◦ C films, on the other hand, excitonic
bsorption leads to markedly higher ˛, between ≈ 4 and 9
10−3 nm−1 for � � 380 nm. Instead of increasing with doping, the
bsorption actually decreases (the weakening of the excitonic effect
iscussed above). Going from 0% to 6.4% Si doping at � = 350 nm, ˛
rops about 40% for the 350 ◦ C case, and 60% for the 550 ◦ C case.
he refractive index exhibits anomalous dispersion in the near-UV
egion, associated with the steep onset of absorption. In the visible
egion, the n values are comparable for all three annealing tempera-
ures and doping levels, i.e. at � = 550◦ nm they range between 1.49
nd 1.62. These are compatible with earlier results for pure ZnO
lms, for example n(550nm) = 1.53 for a sol–gel coating at anneal-

ng temperature 550 ◦ C [31]. At 350 and 550 ◦ C the refractive index
pon doping is generally smaller than the pure films (though the
attern is violated by the 3.2% and 6.4% Si-doped samples at 550 ◦

for larger wavelengths).
The band gap for the pure ZnO film heat treated at 550 ◦ C is

.29 eV, which agrees with the values found for sol–gel coated ZnO
lms annealed at the same temperature [32–34]. For 350 ◦ C the
and gap is nearly identical, 3.31 eV, but falls to 3.15 eV at 250 ◦C,

here the absorption edge is much shallower. Doping increases the

and gap at all three temperatures, with the biggest change at 250 ◦

(a shift up of 0.17 eV), and more modest shifts of 0.05 eV for the
ther cases. Note that the fitting to the experimental data always
ields a small (�0.1 × 10−3 nm−1) exponential absorption tail in the
in films annealed at 550 ◦C.

sub-gap region—hence the necessity of using the DTLU model with
its Urbach tail contribution, rather than just two TL oscillators.

4.2. Structural properties

Previous studies have shown that ZnO films crystallize at 400 ◦ C
[18,35]. Consistent with this, our XRD measurements revealed that
all the pure and Si-doped ZnO films heat treated at 250 ◦ C and 350 ◦

C are amorphous. In contrast, the XRD spectra of the 550 ◦ C films,
plotted in Fig. 8, show clear signatures of crystallinity (pronounced
peaks) at lower dopings. For higher dopings (1.6–6.4% Si), the crys-
tal structure deteriorates. The intensity of the peaks at 31.8◦, 34.4◦,
and 36.3◦ decreases significantly; the peaks at 47.5◦, 56.6◦, 62.9◦

and 68◦ almost vanish. The ZnO crystal planes corresponding to
these seven angles are (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3),
and (1 1 2), respectively, agreeing with earlier measurements on
pure ZnO [18,36]. Even at the highest doping (6.4% Si), there were
no crystal planes observed belonging to SiO2. The decrease in crys-
tallinity at higher dopings mirrors the sharp reduction of near-UV
absorption mentioned earlier, supporting the structural interpre-
tation of the observed optical trends (at least at 550 ◦C, and perhaps
at 350 ◦C, where the overall structure is amorphous, but sufficient

local ordering exists to see a sharp excitonic absorption edge.)

AFM measurements on the ZnO:Si films, shown in Fig. 9 (350 ◦C)
and Fig. 10 (550 ◦C), reveal a small variation in surface conditions.
(The corresponding RMS roughness values are listed in Table 2.)
All the samples heat treated at 350 ◦ C and below are relatively
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mooth (RMS �1 nm), with the exception of pure ZnO at 250 ◦C,
here the RMS is 7 nm. The 550 ◦ C films are relatively rough at

maller dopings (RMS ≈5 nm), but become smoother at 3.2% and
.4% Si.

Doping at any given temperature does not have a clear impact
n the thickness of the films (Table 2), though films annealed
t 250 ◦ C are ≈2 − 3 times thicker than those treated at higher
emperatures—as expected from the TGA results of Fig. 1, which
how that significant evaporation of residual material sets in above
50 ◦C.

. Conclusions

Si-doped ZnO films were produced using the sol–gel spin coating
ethod. The optical and structural properties of these transparent

hin films were characterized at various annealing temperatures
250, 350, and 550 ◦ C – and Si doping levels up to 6.4%. An

xtension of the Tauc–Lorentz dielectric function, including two
scillator terms and a sub-gap absorption tail, was found to accu-
ately fit experimental reflectance and transmittance data across
he entire parameter range. There were clear qualitative differ-
nces between the 250 ◦ C films and those at higher temperatures.
he former exhibited an increased refractive index and near-UV
bsorption upon doping, while in the latter cases this trend was
enerally reversed. The 550 ◦ C films showed a progressive increase
n transmittance and decrease in reflectance with doping, both in
he near-UV and visible regions. Significant transmittance gains in
he near-UV range (20–50% larger than pure ZnO) were associated
ith a decrease in excitonic absorption. This decrease is linked to
opant-induced changes in the crystal structure, revealed by XRD:
he 550 ◦ C films were ordered at low dopings, but the crystallinity
teadily degraded from 1.8% to 6.4% Si. For annealing temperatures
ower than 550 ◦C, the films were amorphous. At all temperatures,
he band gaps were shifted up with doping, though for 350 and 550 ◦

the values remained within 2% of 3.3 eV, the band gap for pure
nO. AFM measurements indicated that the doped 550 ◦ C films had
ougher surfaces at than their counterparts at 250 ◦ C and 350 ◦C.
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