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Boron-doped zinc oxide transparent (BZO) ﬁlms were prepared by sol-gel method. The eﬀect
of pyrolysis temperature on the crystallization behavior and properties was systematically
investigated. XRD patterns revealed that the BZO ﬁlms had wurtzite structure with a
preferential growth orientation along the c-axis. With the increase of pyrolysis temperature,
the particle size and surface roughness of the BZO ﬁlms increased, suggesting that pyrolysis
temperature is the critical factor for determining the crystallization behavior of the BZO
ﬁlms. Moreover, the carrier concentration and the carrier mobility increased with increasing
the pyrolysis temperature, and the mean transmittance for every ﬁlm is over 90% in the
visible range.
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the eﬀects of annealing temperature [18], doping concentration of boron [19−23], and pH of precursor sol
[1] on the crystallization, microstructure, electrical and
optical properties of BZO ﬁlms were reported systematically. To the best of our knowledge, the eﬀect of pyrolysis temperature on the properties of BZO ﬁlm has
not been reported. In this work, BZO ﬁlms were prepared by sol-gel spin coating and pyrolyzed at diﬀerent
temperatures, and the dependence of the properties of
the BZO ﬁlms on the pyrolysis temperatures was investigated.

I. INTRODUCTION

Zinc oxide (ZnO) is a direct wide band gap semiconductor with Eg =3.37 eV, and is naturally an n-type
semiconductor due to oxygen vacancies and interstitial
zinc atoms. In addition, ZnO is abundant, nontoxic,
and stable in reducing atmosphere. It is considered as
a promising candidate to replace indium tin oxide as
transparent conducting electrodes in solar cell devices
and ﬂat panel display [1−3]. To enhance the electrical properties of ZnO, various atoms (e.g. Al, In, Ga,
B, F) have been employed as donors [4−7]. Wherein,
boron-doped ZnO has not only high transparency over
the visible and near-infrared range, and low electrical
resistivity, but also excellent light scattering property
[8, 9]. Therefore, B-doped ZnO thin ﬁlm has attracted
some attention in recent years.
Generally, B-doped zinc oxide (BZO) thin ﬁlms were
primarily synthesized by chemical vapor deposition
[10−15] and spray pyrolysis [16, 17]. Also, there are a
few studies on the BZO thin ﬁlms deposited by sol-gel
method [18−23]. The sol-gel process has many advantages in preparing thin ﬁlms, including low cost, excellent compositional control, easy handling and feasibility
of deposition on large-area substrate [24]. In previous
studies on the BZO ﬁlms prepared by sol-gel process,

II. EXPERIMENTS

Boron-doped ZnO precursor solution was prepared
from zinc acetate di-hydrate (Zn(Ac)2 ·2H2 O, AR) and
boric acid (H3 BO3 , GR) as sources for Zn and B, where
the B/Zn atomic ratio was ﬁxed at 0.5 at.%. The detailed solution preparation was described in our previous work [23]. The ﬁlms were prepared by spin-coating
the solution onto cleaned quartz glass substrates under
2000 r/min for 10 s at ﬁrst. Then, each layer was directly put into a homemade tube furnace at 350−500 ◦ C
for 2 min to evaporate the solvent and pyrolyze organics, where the heating time from room temperature to
pyrolysis temperature was 0.5 min. The details of the
homemade tube furnace were also described in our previous work [25]. The spin-coating pyrolyzing procedure
was repeated 5 times for each ﬁlm. Finally, the deposited ﬁlms were annealed at 500 ◦ C for 5 min in Ar
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atmosphere. The thickness of all the ﬁlms was about
160 nm measured by a step proﬁler (Veeco Dektak 6M).
The crystal structure of the ﬁlms was analyzed by
an X-ray diﬀractometer (PANalytical Empyrean) with
Cu Kα1 radiation (λ=1.54056 Å) and a Göbel mirror at
40 kV and 40 mA, where the step size and the counting time were 0.05◦ and 0.5 s respectively. The surface
morphologies of the thin ﬁlms were characterized using
an atomic force microscope (AFM, Bruker Multimode
8). A Hall eﬀect measurement system (Swing HALL
8800) was employed to measure the electrical properties
of the ﬁlms. Optical transmittance measurements were
performed by an ultraviolet-visible spectrophotometer
(Hitachi U-3310) in the wavelength range from 300 nm
to 900 nm.

III. RESULTS AND DISCUSSION
A. Structure

The XRD scan patterns of the BZO thin ﬁlms pyrolyzed at diﬀerent temperatures are shown in Fig.1(a).
It is clear that the ﬁlms exhibit a single-phase hexagonal
structure (wurtzite ZnO JCPDS No.36-1451) and have
the preferred orientation of (002) (i.e., c-axis preferred
orientation). Moreover, the intensity of (002) reﬂection
was enhanced with increasing the pyrolysis temperature, suggesting that the pyrolysis temperature is the
critical factor determining the crystallization behavior
of the BZO ﬁlms in the present work. To estimate the
average grain size of the samples, the Scherers equation
is employed:
D=

0.89λ
β cos θ

(1)

where D is the grain size, λ is the X-ray wavelength
of 1.54056 Å, θ is Bragg diﬀraction angle, and β is the
full-width at half-maximum (FWHM) of the diﬀraction
peak corresponding to 2θ. The FWHM values and calculated average grain sizes of the ﬁlms pyrolyzed at different temperatures are shown in Fig.1(b). It is clear
that the grain size increased with increasing the pyrolysis temperature.

B. Morphology

In order to understand deeply the inﬂuence of pyrolysis temperature on the crystallization behavior of the
BZO ﬁlms, the surface morphologies of the ﬁlms were
characterized by AFM in contact mode and are shown
in Fig.2. From the two-dimensional AFM images, the
combined tendency of the particles in the ﬁlms can be
clearly observed with increasing pyrolysis temperature.
This result also suggests that the pyrolysis temperature
is the critical factor for determining the crystallization
behavior of the BZO ﬁlms.
DOI:10.1063/1674-0068/29/cjcp1506116

FIG. 1 (a) XRD 2θ scan patterns and (b) FWHM values
and average crystallite sizes of the BZO films deposited at
different pyrolysis temperatures.

The inﬂuence of the pyrolysis temperature on the
growth behavior of the sol-gel derived BZO ﬁlms can
be understood on the basis of the understanding of
the pyrolysis process. Primarily, the source material of
Zn(Ac)2 ·2H2 O involved in two chemical reaction processes in the precursor solution [26]. The ﬁrst was a
reversible hydrolysis reaction:
+

Zn(CH3 COO)2 · 2H2 O ↔ (ZnCH3 COO) +
CH3 COO− + 2H+ + 2OH−

(2)

Then hydrolysis products reacted with monoethanolamine in the solvent of 2-methoxyethanol
through the following chemical reaction:
CH3 COOZn+ +CH3 COO− +2H+ +2OH− +
NH2 CH2 CH2 OH → Zn(OH)2 +CH3 COONH2 +
CH3 COOCH2 CH3 +H2 O (3)
Evidently, the reaction resultant of Zn(OH)2 in the
precursor solution is the source of the primary sol particles, and then can form the gel network in the spincoating processes and can be adsorbed onto the substrate to form precursor ﬁlm. According to the previous studies [27, 28], it can be known that the organic
solvents and reaction resultants in the precursor ﬁlm
c
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FIG. 2 Two- and three-dimensional AFM images of the BZO films deposited at (a, b) 350 ◦ C, (c, d) 400 ◦ C, (e, f) 450 ◦ C,
(g, h) 500 ◦ C

can be entirely evaporated or pyrolyzed at the pyrolysis
temperature below 350 ◦ C. Moreover, the decomposition temperatures of Zn(OH)2 and H3 BO3 are about
125 and 185 ◦ C, respectively. The above discussion indicates that there should not be any residual organic
component or other volatile matter in the as-pyrolyzed
ﬁlms. Kang et al. [29] considered that the residual organic components in the as-pyrolyzed ﬁlms would suppress the crystal growth of the ﬁlms. Therefore, in our
present work, the eﬀect on the particle size in the annealed ﬁlms should be controlled mainly by the pyrolysis temperature.
As for the further understanding about the eﬀect of
the pyrolysis temperature on the growth behavior of the
sol-gel derived BZO ﬁlms, it is described as the following. It is clear that the particle size is very small and
less than 20 nm in diameter in the ﬁlm pyrolyzed at
350 ◦ C shown in Fig.2(a). Thus it can be reasonably
deduced that the sol particle size in the precursor solution should be smaller than 20 nm. As is well known,
generally, the smaller the nanoparticle size is, the higher
the speciﬁc surface energy of the nanoparticle is. Therefore, in the pyrolysis process for preparing the BZO
ﬁlms, the sol particles in the precursor ﬁlms were easy
to merge, and the merging process was susceptible to
the pyrolysis temperature. However, the grain growth
in the as-pyrolyzed ﬁlms was diﬃcult in the post annealing process at 500 ◦ C for 5 min. Generally, the grain
growth due to post annealing corresponds to a recrystallization process. When the annealing temperature
and time is not high or long enough, the grain growth
is diﬃcult. Therefore, although the as-pyrolyzed BZO
ﬁlms were annealed at 500 ◦ C for 5 min, the particle size
in the ﬁlms was still mainly controlled by the pyrolysis
DOI:10.1063/1674-0068/29/cjcp1506116

FIG. 3 RMS roughness of the BZO films deposited at different pyrolysis temperatures.

temperature. From that discussed above, we think the
pyrolysis temperature is the critical factor aﬀecting the
crystallization behavior of the BZO ﬁlms.
The root-mean-square (RMS) roughness of the BZO
thin ﬁlms is shown in Fig.3. It can be seen that the RMS
roughness of the thin ﬁlms increased with increasing pyrolysis temperature. Namely, the RMS roughness value
of the BZO ﬁlm pyrolyzed at 350 ◦ C was about 2.5 nm,
and then that of the BZO ﬁlm pyrolyzed at 500 ◦ C increased to about 4.9 nm. Evidently, the increase of the
RMS roughness originated from the grain growth with
increasing pyrolysis temperature.

C. Electrical properties

Hall measurements were carried out at room temperature to investigate the electrical properties of BZO
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FIG. 4 Electrical properties of the BZO films as a function
of the pyrolysis temperature.

ﬁlms. The resistivity, Hall carrier concentration, and
mobility of the ﬁlms as a function of the pyrolysis temperatures are presented in Fig.4. When the pyrolysis
temperature was raised from 350 ◦ C to 500 ◦ C, the
carrier concentration of the BZO ﬁlms increased from
5.27×1018 cm−3 to 1.77×1019 cm−3 , and the carrier mobility increased from 2.04 cm2 /(V·s) to 7.58 cm2 /(V·s).
The increases in the carrier concentration and mobility
should be attributed to the crystallization enhancement
with increasing pyrolysis temperature. Logically, when
the crystalline state of the sample of B-doped ZnO is
poor, there will be a large amount of amorphous ZnO
and boron oxide in the sample. The crystallization enhancement means more B atoms were doped into the
crystal lattice of ZnO to replace the Zn2+ , and then
more free charge carrier was released. As a result, the
carrier concentration increased with increasing pyrolysis temperature. Moreover, the crystallization enhancement also means the defect concentration in the ﬁlms
decreased with increasing pyrolysis temperature. Correspondingly, the carrier mobility of the BZO ﬁlms increased with increasing pyrolysis temperature. At the
pyrolysis temperature of 500 ◦ C, the BZO ﬁlm has the
lowest resistivity (4.64×10−2 Ω·cm) in the present work.

D. Optical properties

The transmittance spectra (T ) of the BZO ﬁlms were
measured at room temperature by an ultraviolet-visible
spectrophotometer, and are shown in Fig.5(a). All the
transmittance spectra show mean values higher than
90% in the visible range. Moreover, it can be observed
that the mean transmittances of the ﬁlms in the visiDOI:10.1063/1674-0068/29/cjcp1506116

ble range are ﬂuctuant with pyrolysis temperature. The
mean transmittance of the ﬁlm pyrolyzed at 350 ◦ C was
lower than that of the ﬁlm pyrolyzed at 400 ◦ C in the
visible range, which may be attributed to the diﬀerence
in the crystalline states of the two ﬁlms. According to
the calculated grain size shown in Fig.1(b) and the twodimensional AFM images shown in Fig.2, the crystalline
state of the ﬁlm pyrolyzed at 350 ◦ C was slightly weaker
than that of the ﬁlm pyrolyzed at 400 ◦ C. Therefore,
the defect concentration in the former was higher than
that in the latter, and then the mean transmittance
of the former was lower than that of the latter in the
visible range. When the the pyrolysis temperature exceeded 400 ◦ C, the mean transmittance decreased with
increasing pyrolysis temperature, which should be due
to the increase of carrier concentration with increasing
pyrolysis temperature. Generally, the higher the free
carrier concentration is, the more serious the free carrier absorption and reﬂection in the visible range are.
Therefore, according to the Hall measurement results,
the mean transmittance of transmittance of the ﬁlms
pyrolyzed at higher temperature is lower in the visible
range.
Generally, boron-doped ZnO is considered as a direct
energy gap semiconductor, thus the relationship among
absorption coeﬃcient, photon energy, and optical band
gap is
2

(αhν) = A (hν − Eg )

(4)

where A is a constant for a direct transition, hν is photon energy, α is the optical absorption coeﬃcient, and
Eg is the optical energy gap. To identify α for the BZO
ﬁlms, Lambert’s law is used:
α=

1
1
ln
d T

(5)

where d is the ﬁlm thickness and T is the transmittance spectra. The Eg was obtained by extrapolating
downwards the corresponding straight lines till the intersection with energy axis, as shown in Fig.5(b). The
determined optical band gaps are shown in the inset of
Fig.5(b). The slight blue-shift in optical energy gap is
clear with increasing the pyrolysis temperature. The increase in optical band gap of the BZO thin ﬁlms should
be attributed to Burstein-Moss eﬀect.
IV. CONCLUSION

We have investigated the eﬀect of pyrolysis temperature on the crystallization behavior, electrical and
optical properties of sol-gel-derived boron-doped ZnO
(BZO) ﬁlms, and found that pyrolysis temperature was
a critical factor aﬀecting the crystallization behavior of
the sol-gel-derived BZO ﬁlms. XRD patterns revealed
that all the BZO ﬁlms had wurtzite structure with a
preferential growth orientation along the c-axis. With
increasing the pyrolysis temperature, the grain size of
c
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FIG. 5 (a) Transmittance spectra and (b) (αhν)2 versus
hν plot of the BZO films deposited at different pyrolysis
temperatures. Inset: the optical band gap of the films.

the BZO ﬁlms increased, and the RMS roughness of
the ﬁlms also increased. The mean transmittance for
every ﬁlm was over 90% in the visible range, and the
optical band edge of the BZO ﬁlms exhibited blue shift
with increasing pyrolysis temperature. Moreover, with
increasing pyrolysis temperature, the carrier concentration and the carrier mobility increased.
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