
Electron. Mater. Lett., Vol. 10, No. 1 (2014), pp. 81-87

Hydrothermally Grown Boron-Doped ZnO Nanorods for Various Applications: 
Structural, Optical, and Electrical Properties
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The structural, optical, and electrical properties of ZnO and BZO nanorods were investigated using field-
emission scanning electron microscopy, x-ray diffraction (XRD), photoluminescence (PL), and van der Pauw
Hall-effect measurements. All the nanorods had grown well on the ZnO seed layers and were hexagonal.
The BZO nanorods were shorter than the undoped ZnO nanorods, and the BZO nanorods grew shorter with
increasing concentration of B to 2.0 at. % while the average length of the nanorods doped with 2.5 at. %
B increased from 1620 to 1830 nm. The XRD patterns suggest that the amount of residual stress in the
nanorods decreased with increasing concentration of B in the nanorods. The PL spectra showed near-band-
edge and deep-level emissions, and B doping also varied the PL properties of the ZnO nanorods. The Hall-
effect data suggest that B doping also varied the electrical properties such as the carrier concentration, mobility,
and resistivity of the ZnO nanorods.
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1. INTRODUCTION

Zinc oxide (ZnO) is one of the most important semi-
conductor materials because of its wide bandgap (3.37 eV)
and useful electro-optic and electro-mechanical properties,
including piezoelectricity, UV luminescence, high exciton
binding energy (60 meV), high electron mobility, and
chemical/thermal stability.[1-5] In recent years, there have
been numerous studies on the synthesis and applications of
ZnO nanostructures such as one-dimensional ZnO nanorods
in dye-sensitized solar cells and thermoelectronics.[6-8] ZnO
nanorods have conventionally been grown using numerous
methods, such as chemical vapor deposition (CVD),[9] vapor
phase transport (VPT),[10] and hydrothermal synthesis.[11] In
gerneral, CVD and VPT usually require high operation
temperature and complicated systems for growth. However,
hydrothermal synthesis enables the preparation of ZnO
nanorods at much lower temperatures than CVD and VPT
do, which makes the process more effective, simplifies the
control of dopant concentrations, and enables the use of
simple equipment.[12] Hydrothermal synthesis of ZnO nanorods
can be summarized in three steps as follows: ZnO seed
layers are first deposited onto a suitable substrate such as

quartz. This is perhaps the most important step of the three
because the seed layers serve as the foundation upon which
the nanorods will grow; hence, the quality of the seed layers
is the factor that most significantly affects the quality of the
final nanorods. Randomly oriented ZnO crystals are then
grown from the seed layers. Finally, extended ZnO nanorods
are grown through collisions among the randomly oriented
ZnO crystals, to form arrays of nanorods whose c-axis are
oriented perpendicular to the substrate surface.[13] 

In general, group III elements such as B,[14,15] Al,[16,17]

Ga,[18,19] and In[20,21] can be used as cation dopants to improve
the optical and electrical properties of ZnO nanorods. Al-
Ga-, In-, and B-doped ZnO (BZO), nanorods can be used as
transparent electrodes in optoelectronic devices. Consequently,
considerable efforts have been devoted toward doping ZnO
nanorods to improve their optical and electrical properties.
Furthermore, doping can also be used to effectively tune the
band gap of ZnO, which will in turn affect the optical
properties of ZnO.[22-24] Among the various kinds of doped
ZnO, the BZO has recently been extensively investigated
because of its ferromagnetic properties[25] and for its
utilitarian application in dye-sensitized solar cells[26] and as a
TCO material.[27] B doping can improve the density and
mobility of carriers in and the electrical conductivity of
ZnO,[27] and it increases the magnetic moment of ZnO,[25]

which is quite different from where the magnetic properties
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of ZnO[28,29] doped with other elements originate. Moreover,
B doping also results in higher quantum efficiency at near-
infrared region, and thus renders BZO material suitable for
application to the transparent window layers of copper
indium gallium selenide (CIGS) solar cells.[30] 

Although there are numerous reports on ZnO nanorods
systematically doped with various dopants, there are few
published reports to date on the properties of hydrothermally
grown BZO nanorods as far as we know. Yu et al.

[14,31]

reported improved properties of the BZO nanorods grown on
opaque substrates (i.e., silicon substrates) using hydrothermal
synthesis. However, it is needed that the ability to grow the
BZO nanorods onto transparent substrates for a future
generation of smart and functional applications. Hence, in
this study, we investigated how B doping affects the
structural, optical, and electrical properties of ZnO nanorods
on transparent substrates (i.e., quartz substrates) for various
applications.

2. EXPERIMENTAL PROCEDURE

Sol-gel spin-coating was used to deposit ZnO seed layers
onto quartz substrates. The sol solution was prepared by
dissolving 0.6 M zinc acetate dihydrate [Zn(CH3OO)2·2H2O]
in 0.6 M 2-methoxyethanol and monoethanolamine (MEA)
was then added to stabilize the sol solution. The molar ratio
of zinc acetate to MEA was 1 : 1 for all trials. The stabilized
sol solution was stirred at 60°C for 2 h to produce a clear,
homogeneous solution that was subsequently aged at room
temperature for 24 h. The aged sol solution was spin-coated
onto the quartz substrates rotating at 3,000 rpm for 20 s to
produce ZnO seed layers, which were subsequently pre-
heated at 300°C for 10 min to evaporate the solvent and
remove any residual organic materials. The preheated ZnO
seed layers were cooled at 5°C/min to prevent the formation
of cracks. The ZnO seed layers were coated, pre-heated, and
cooled three times each and were then post-heated in air in
furnace at 550°C for 1 h.

The ZnO and BZO nanorods were then hydrothermally
grown on the postheated ZnO seed layers. Five aqueous
solutions, one of which was only pure deionized (DI) water
and the other four of which contained the salt triisopropyl
borate [((CH3)2CHO)3B], whose B concentrations were 0
(i.e., undoped ZnO), 0.5, 1.0, 2.0, or 2.5 at. % were used as
B3+ cation dopant precursors. Each ZnO seed layer was first
rinsed with DI water and was then immersed in a mixture of
aqueous 0.1 M zinc nitrate hexahydrate [Zn(NO3)2·6H2O],
0.1 M hexamethylenetetramine (HMT) [(CH2)6N4], and one
of the five an aqueous solutions containing the B3+ cation
dopant precursor. The mixtures containing the seed layers
were then confined in a Teflon-lined autoclave. The nanorods
were hydrothermally grown by maintaining the autoclave at
95°C for 4 h. After the reaction had completed, the

hydrothermally grown nanorods were rinsed with DI water
and blow-dried with ultra-high-purity (i.e., 99.9999%) nitrogen
to remove any unreacted residual salts and organic materials.
The structural, optical, and electrical properties of the
hydrothermally grown ZnO nanorods doped with 0 - 2.5 at. %
B were investigated using scanning electron microscopy
(SEM), x-ray diffraction (XRD), photoluminescence (PL),
and van der Pauw Hall-effect measurements.

3. RESULTS AND DISCUSSION

Figure 1 shows the SEM images of the ZnO nanorods
doped with (a) 0 (i.e., undoped ZnO), (b) 0.5, (c) 1.0, (d) 2.0,
and (e) 2.5 at. % B, and the nanorods were on average 2650,
2025, 1995, 1620, and 1830 nm long, respectively. All the
nanorods had grown well on the ZnO seed layers and were
hexagonal. Interestingly, all the BZO nanorods were shorter
than the undoped ZnO nanorods, and the BZO nanorods
grew shorter with increasing concentration of B to 2.0 at. %.
This is because B3+ ions are trivalent; hence, the concentration
of Zn2+ intersititial ions was decreased to compensate for the
difference in the charge of the B-doped crystal lattice,
suppressing the growth of the ZnO nanorods.[32,33] However,
the average length of the nanorods doped with 2.5 at. % B
increased from 1620 to 1830 nm, which may indicate that
the ZnO lattice had been doped with interstitial B3+ ions and/
or that Zn2+ ions in the lattice had been substituted with the
higher valence B3+ ions, which in turn lengthened the
nanorods.[16] It is notable that we could control the length of
the nanorods by adding B while the nanorods were growing.

Figure 2(a) shows the XRD patterns for the ZnO nanorods
doped with 0 - 2.5 at. % B. The patterns for all the BZO
nanorods are dominated by the (002) peak associated with
wurtzite ZnO, implying that the preferred growth orientation
of the BZO nanorods is along the (002) direction because
their vertical growth was rapid and their lateral growth was
relatively limited.[34] Furthermore, certain additives may
modify the energy of the (002) surface; hence, significantly
affecting the rate at which ZnO nanorods grow along the
(002) direction. The intensity of the (002) peak decreased
with increasing concentration of B in the nanorods, as shown
Fig. 2(b), because the intensity of the (002) peak is
proportional to the length and density of the nanorods. In
addition, the position of the (002) peak shifted to a lower
angle with increasing concentration of B in the nanorods,
indicating that the ZnO lattice had been doped with B. The
radius of the B3+ ions is smaller than that of the Zn2+ ion.
Therefore, the interstitial Zn2+ ions with B3+ ions will shift
the position of the (002) peak to a lower angle. The difference
between the ionic radii of Zn2+ and B3+ is likely responsible
for the distortion of the ZnO lattice. The lattice constants for
as-grown ZnO (a = 0.32498 nm and c = 0.52066 nm) are
generally close to those that by Heller et al. reported.[35] In
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our experiments, the lattice constants for ZnO varied from
a = 0.32277 and c = 0.51751 nm for the undoped ZnO
nanorods to a = 0.32313 and c = 0.51808 nm for the ZnO
nanorods doped with 2.5 at. % B, as shown in Fig. 2(c). The
lattice constants for ZnO can be calculated as follows:[36]

(1)

where λ represents the wavelength of the Cu-Kα radiation
(1.5406 Å) and θ represents the Bragg angle. The difference
in the ZnO lattice constants is significant, which suggests
that the B atoms occupied specific sites in the ZnO lattice,
resulting in anisotropic distortion along the (001) direction
of the unit cell of the ZnO crystal. Therefore, doping the

ZnO lattice with B considerably distorts the ZnO lattice and
accordingly affects the lattice structure and/or crystallinity of
the ZnO nanorods. Interestingly, the B-doping-induced
change in the lattice structure and/or crystallinity of the ZnO
nanorods is desirable because the ZnO lattice constants for
the ZnO nanorods doped with 2.5 at. % B are close to the
reported values, which may indicate that B doping decreased
the number of opint defects in the ZnO lattice. The increase
in the ZnO lattice constants and the shift in the position of
the (002) peaks to a lower angle with increasing concentration
of B in the nanorods implies that the amount of residual
stress in the BZO nanorods was higher than that in strain-
free ZnO and that the amount of residual stress in the BZO

c 2d002 λ/sinθ= =

Fig. 1. SEM images of ZnO nanorods doped with (a) 0 (i.e., undoped ZnO nanorods), (b) 0.5, (c) 1.0, (d) 2.0, and (e) 2.5 at. % B.
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nanorods decreased with increasing concentration of B in the
nanorods. The magnitude of the residual stress (σ) and the
length of the bonds in the ZnO crystal lattice (i.e., bond
length (L)) are plotted as functions of the concentration of B
in the nanorods (Fig. 2(d)) to better understand the effect of
B doping on the amount of residual stress in the ZnO
nanorods. Residual stress is generated in the ZnO nanorods
because of the differences between the lattice constants and
thermal expansion coefficients of the ZnO and the quartz
substrate. The amount of residual stress in the ZnO nanorods
can be calculated as follows:[37]

(2)

where Cij represent the elastic stiffness constants for ZnO
(i.e., C11 = 207.0, C33 = 209.5, C12 = 117.7, and C13 =
106.1 GPa), and c and c0 are the lattice parameters for the
ZnO and strain-free ZnO, respectively. The biaxial stress
will be tensile if the sign of the stress is positive and
compressive if the sign of the stress is negative. The amounts
of residual stress in the ZnO nanorods doped with 0, 0.5, 1.0,
2.0, and 2.5 at. % B were 1.29598, 1.12372, 1.07644,
1.06299, and 1.05910 GPa, respectively. Therefore, the

amount of residual stress in the ZnO nanorods doped with
2.5 at. % B is close to that in strain-free ZnO. The average
length of the Zn-O in the ZnO crystal lattice is given by:[38]

(3)

where u for the wurtzite structure is given by 

(4)

and u is related to a/c. The bond lengths, L, of the ZnO lattice
were 0.19648, 0.19664, 0.19668, 0.19669, and 0.19670 nm
in the ZnO nanorods doped with 0, 0.5, 1.0, 2.0, and
2.5 at. % B, respectively, as shown in Fig. 2(d).

Figure 3(a) shows the normalized PL spectra for the ZnO
nanorods doped with 0 - 2.5 at. % B. All the spectra show
near-band-edge (NBE) emission at 3.312, 3.304, 3.302,
3.306, and 3.298 eV in the UV region for the ZnO nanorods
doped with 0, 0.5, 1.0, 2.0, and 2.5 at. % B, repectively,
which was generated by the recombination of free excitions.[39]

In addition, all the spectra show broad deep-level emission
(DLE) at 2.250, 2.251, 2.253, 2.255, and 2.251 eV in the
visible region for the ZnO nanorods doped with 0. 0.5, 1.0,

σ 2C13

2
−C33 C11 C12+( )/2C13[ ] c−c0( )/c0[ ]×=

L a
2
/3( ) 1/2( )−u{ }

2
+ c

2
×=

u a
2
/3c

2
( ) 0.25+=

Fig. 2. (a) XRD patterns, (b) intensity and position of peaks, (c) lattice constants, and (d) residual stress and bond length of crystal lattice in ZnO
nanorods doped with 0 - 2.5 at. % B.
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2.0, 2.5 at. % B, respectively, which is usually attributed to
structural defects such as Zn vacancy (VZn)

[40] and singly
ionized oxygen vacancy (VO

+)[41] in the ZnO crystal lattice,
which in turn produce green emission. The positions of the
NBE peaks in the UV region of the spectra for the BZO
nanorods shifted toward lower energies (i.e., the NBE peaks
were more red-shifted) than the position of the NBE peak in
the UV region of the spectrum for the ZnO nanorods, as
shown in Fig. 3(b). The origin of the red-shift in the NBE
peaks is the residual stress (i.e., tensile stress) along the c-
axis of the ZnO crystal lattice because B doping distorted the
ZnO lattice. The positions of the DLE peaks in the visible
region of the spectra for the BZO nanorods, on the other
hand, shifted toward higher energies (i.e., the DLE peaks
were more blue-shifted) than the position of the DLE peak in
the visible region of the spectrum for the ZnO nanorods. The
blue-shift in the DLE peaks indicates the variation in the
relative contributions of various possible B-doping-induced
defects in the ZnO crystal lattice. VZn and VO

+ are the most
probable defects in the ZnO crystal lattice of the BZO
nanorods and are responsible for green emission and the
blue-shift in the DLE peaks in the spectra for the BZO

nanorods as shown in Fig. 3(c). Figure 3(d) shows the full
width at half maximum (FWHM) and the ratios of the NBE
to DLE (INBE/IDLE) PL intensities (i.e., the PL intensity ratios)
for the ZnO nanorods doped with 0 - 2.5 at. % B. The
FWHMs were 141, 174, 167, 152, and 160 meV for the ZnO
nanorods doped with 0, 0.5, 1.0, 2.0, 2.5 at. % B, repectively.
Although the FWHM for the ZnO nanorods doped with
2.0 at. % B was the narrowest among the FWHMs for all the
BZO nanorods, it was still wider than that for the undoped
ZnO nanorods. The PL intensity ratio were 4.014, 3.526,
2.306, 1.816, and 2.590 for the ZnO nanorods doped with 0,
0.5, 1.0, 2.0, 2.5 at. % B, respectively. The PL ratios
gradually decreased with increasing concentration of B in
the nanorods to 2.0 at. % and then increased again for the
ZnO nanorods doped with 2.5 at. % B. Hence, doping the
ZnO nanorods with B significantly varied the PL properties
of the ZnO nanorods, so it is possible to tune the DLE of the
ZnO nanorods as the need arises in various applications such
as chemical gas sensors, solar cells, lighting emitting diodes,
etc.

Figure 4 shows the electrical properties (i.e., resistivity ρ,
carrier concentration Ne, and hall mobility µ) of the nanorods

Fig. 3. (a) Normalized PL spectra, (b) positions of peaks corresponding to NBE and DLE, (c) schematic illustration of the BZO band diagram
for the NBE and DLE processes, (d) FWHM and PL intensity ratio (INBE/IDLE) for ZnO nanorods doped with 0 - 2.5 at. % B.
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plotted as functions of the concentration of B in the
nanorods. The values of Ne for all the BZO nanorods were
significantly higher than that for the undoped ZnO nanorods.
The values of Ne were 1.252 × 1016, 4.662 × 1018, 3.079 ×
1018, 8.289 × 1017, and 3.741 × 1017 cm−3 for the ZnO nanorods
doped with 0, 0.5, 1.0, 2.0, and 2.5 at. % B, respectively.
Doping the nanorods with B also varied the ρ and µ of the
nanorods. The ρ and µ were 5.530, 161.7, 8.219, 44.8, and
78.1 Ω·cm and 9.007 × 101, 8.275 × 10−3, 2.466 × 10−1,
1.677 × 10−1, and 2.136 × 10−1 cm2/V·s for the ZnO nanorods
doped with 0, 0.5, 1.0, 2.0, and 2.5 at. % B, respectively. The
ρ of the BZO nanorods were higher than that of the undoped
ZnO nanorods, which can be explained by the limit of the
solubility of B in the ZnO lattice.[42] The µ of the BZO
nanorods were lower than that of the undoped ZnO nanorods,
which can be explained by ionized impurity scattering[43] and
may indicate that the ZnO lattice had been doped with
interstitial B3+ ions and/or that the Zn2+ ions in the ZnO
crystal lattice had been substituted with the higher valence
B3+ ions. Furthermore, the formation of an electron killer
(i.e., VZn), which has been theoretically observed,[44] could
decrease the concentration of carriers with increasing
concentration of B in the nanorods. Thus, the increase again
in the ρ of the ZnO nanorods doped with above 1.0 at. % B
might be because the higher concentration of B increased the
number of sites at which ionized impurity and grain boundary
scattering occur in the BZO nanorods, leading to lower µ for
lower Ne for concentrations of B above 1.0 at. %. 

4. CONCLUSIONS

ZnO seed layers were deposited onto quartz substrates
using the sol-gel spin-coating, and ZnO nanorods doped
with 0 - 2.5 at. % B were hydrothermally grown on the ZnO
seed layers. All the nanorods grown in this experiment were
uniform and hexagonal. Furthermore, doping the nanorods
with B significantly varied the structural, optical, and
electrical properties of ZnO nanorods, such as the length of

nanorods, lattice constants, residual stress, bond length, PL,
ρ, Ne, and µ. B-doping-induced change in the lattice structure
and/or crystallinity of the ZnO nanorods is desirable because
the ZnO lattice constants are close to the reported values and
strain-free ZnO with increasing concentrations of B in the
nanorods. From the PL and Hall-effect data, it is possible to
tune the DLEs, ρ, Ne, and µ of BZO nanorods as the need
arises in various applications such as transparent conducting
oxide, chemical gas sensors, solar cells, light-emitting diodes,
etc.
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