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Boron-doped ZnO (BZO) nanorods were grown on quartz substrates using hydrothermal synthesis, and the
temperature-dependence of their photoluminescence (PL) was measured in order to investigate the origins of
their PL properties. In the UV range, near-band-edge emission (NBE) was observed from 3.1 to 3.4 eV; this
was attributed to various transitions including recombination of free excitons and their longitudinal optical
(LO) phonon replicas, and donor-acceptor pair (DAP) recombination, depending on the local lattice
configuration and the presence of defects. At a temperature of 12 K, the NBE produces seven peaks at 3.386,
3.368, 3.337, 3.296, 3.258, 3.184, and 3.106 eV. These peaks are, respectively, assigned to free excitons (FX),
neutral-donor bound excitons (D°X), and the first LO phonon replicas of D°X, DAP, DAP-1LO, DAP-2LO,
and DAP-3LO. The peak position of the FX and DAP were also fitted to Varshni’s empirical formula for the
variation in the band gap energy with temperature. The activation energy of FX was about ~70 meV, while that
of DAP was about ~38 meV. We also discuss the low temperature PL near 2.251 eV, related to structural
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defects.
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Introduction

Zinc oxide (ZnO) has potential applications in opto-
electronic devices' and spintronics® because of its unique
properties, such as a wide band gap (3.37 eV) and high
exciton binding energy (60 meV) at room temperature (RT).?
Many efforts to grow ZnO thin films on various substrates
have been a focus for some time as a route to overcome the
lattice mismatch between different substrates and ZnO.
Nevertheless, the lattice mismatch hinders the possibility of
defect free growth of ZnO thin films heterostructres. In
general, ZnO has a strong tendency for selforganized growth
and therefore this important property has led to grow ZnO
nanostructures.! Among ZnO nanostructures, one-dimen-
sional (1D) nanorods have been the focus of current research
in physics, chemistry, and materials science due to their
fundamental research significance as well as their techno-
logical applications.® In addition, ZnO nanorods has more
advantage for LEDs and would be the integration of n-ZnO
nanorods on other p-type substrates due to the fact that
nanorods of ZnO have no need for a lattice matched sub-
strate for the overgrowth compared to ZnO thin films.” The
n-type doping of ZnO nanorods is necessary in order to
fabricate electronic and optoelectronic devices and to
enhance device performance, because n-type doping with
Group 1II elements yields high-conductivity ZnO nanorods

more easily compared to p-type doping. Other authors have
reported 1D ZnO nanorods that are B-doped,®’ Al-doped,®®
Ga-doped,'*!" and In-doped.'>'® However, relative to the
amount of literature available on other types of doping, there
are few published reports to date on the properties of B-
doped ZnO (BZO), although BZO can be used as dye-
sensitized solar cells and as the transparent electrode in
optoelectronic devices.®” In our previous study,'* we demon-
strated the hydrothermal synthesis of BZO nanorods and
found that this method allows the level of B-doping to be
easily adjusted to tune the optical and electrical properties of
Zn0 nanorods according to the needs of various applications.
Thus, we herein focus on the temperature-dependent photo-
luminescence (PL) of BZO nanorods in order to elucidate
their optical properties. Low-temperature PL is a very sensi-
tive tool for characterizing donor impurities and understand-
ing the optical properties of materials.

Experimental

Sol-gel spin-coating was used to deposit ZnO seed
layers onto quartz substrates. Zinc acetate dihydrate
([Zn(CH3CO0),-2H,0], Sigma-Aldrich, purity 99%) was
used as a starting material. Monoethanolamine (MEA,
[C.H/NO], Sigma-Aldrich, purity 99%) was used as the
stabilizer, and 2-methoxyethanol (|CH;OCH,CH,OH], Sigma-
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Aldrich, purity 99.5%) was used as the solvent. The molar
ratio of zinc acetate to MEA was 1:1. 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
for 20 s onto quartz substrates rotating at 3000 rpm to
produce ZnO seed layers that were subsequently pre-heated
at 300 °C for 10 min to evaporate the solvent and remove
any residual organic material. 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 a
furnace at 550 °C in air for 1 h.

The BZO nanorods were then hydrothermally grown on
the postheated ZnO seed layers. The ZnO seed layers
were transferred to a Teflon-lined autoclave containing an
aqueous solution of 0.1 M zinc nitrate hexahydrate
([Zn(NO3)2:6H>0], Sigma-Aldrich 99%) hexamethylene-
tetramine (HMT, [(CH2)sN4], Sigma-Aldrich) and triisopropyl
borate ([((CH3).CHO);B], Sigma-Aldrich 98%). The con-
centration of boron in the aqueous solution was adjusted to
provide a doping concentration of B/Zn = 2.5 at.%. The
nanorods were hydrothermally grown in an autoclave at 95
°C for 4 h. After the reaction had completed, the hydro-
thermally grown nanorods were rinsed with deionized water
and blow-dried with ultra-high-purity (99.9999%) nitrogen
to remove any unreacted residual salts and organic materials.
The top-view of the BZO nanorods was observed by field
emission scanning electron microscopy (FE-SEM). optical
properties of the hydrothermally grown ZnO nanorods
doped with 2.5 at.% B were investigated using PL. Their
spectra were measured at RT, low temperature (12 K), and
over a range of temperatures, using a He-Cd laser (325 nm,
2.55 W/cm?) as the excitation source and a 0.75-m single-
grating monochromator equipped with a photomultiplier
tube as the detector.

Results and Discussion

Figure 1(a) shows the PL spectrum of the BZO nanorods
at 300 K, with typical emission in the UV and visible range.
The inset shows the top-view SEM image of ZnO nanorods.
The BZO nanorods had grown well on the ZnO seed layers
and were hexagonal. The strong UV emission from 3.1 to
3.4 eV, which corresponds to near-band-edge emission
(NBE), is attributed to various transitions including re-
combination of free excitons (FX) and its longitudinal
optical (LO)-phonon replicas,'>'® free-to-neutral acceptor
(FA) transitions,'” and donor-acceptor pair (DAP) recombi-
nation,'®!'* depending on the local lattice configuration and
the presence of defects.” In addition, broad deep-level
emission (DLE) occurs at 2.251 eV (green emission) in the
visible region; DLE is usually attributed to structural defects
such as Zn vacancies (Vz)*' and singly ionized oxygen
vacancies (Vo")** in the ZnO crystal lattice. In general, the
luminescence of ZnO nanorods shows higher intensity of
DLE and various their origins compared to ZnO thin
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Figure 1. PL spectrum of BZO nanorods at (a) 300 K and the inset
shows the top-view SEM image of ZnO nanorods. (b) PL spectrum
of the BZO nanorods at 12 K in the UV region.

films.”*** Thus, the undoped and doped ZnO thin films does
not give much insight into detailed impurity related re-
combination processes as demonstrated in luminescence.”**
Interestingly, there was a shoulder at about 3.3 eV in the
NBE; a low-temperature PL spectrum was obtained to
further confirm the origin of this peak for BZO nanorods
Figure 1(b) shows the PL spectrum of the BZO nanorods at
12 K in the UV region. Further analyses have revealed that
all spectra can be well fitted by Gaussian function. There are
seven peaks at 3.386, 3.368, 3.337, 3.296, 3.258, 3.184, and
3.106 eV. It is plausible that the reason for the difference of
energy is due to different origin in the BZO nanorods
although it comes from the same sample. The peak at 3.386
eV was tentatively attributed to FX recombination, and the
peak at 3.368 eV and 3.296 eV were assigned to the neutral-
donor bound exciton (D°X) recombination and first LO
phonon replicas of D°X.*** In addition, the peaks in the
region between 3.337 and 3.106 eV were assigned as DAP
transitions and LO phonon replicas of DAP. The energy
spacings between the D°X and D°X-1LO, the DAP and
DAP-1LO, the DAP-1LO and DAP-2LO, and the DAP-2LO
and DAP-3LO were 72, 79, 74, and 78 meV, respectively,
which agrees approximately with the reported energy of the
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Figure 2. (a) Temperature-dependent PL spectra of BZO nanorods

ranging from 12 to 300 K, exhibiting NBE. (b) Positions of D°X
and DAP PL peaks as a function of temperature.

LO-phonon (haro=72 meV).**" In general, these pro-
nounced replicas originate from strong exciton-phonon
coupling effect due to the high ionicity and polarity of
700 313

Figure 2(a) shows the temperature-dependent PL spectra
of the BZO nanorods measured in the temperature range 12-
300 K. The position of the PL peaks shifted with increasing
temperature, and their intensity gradually decreased. In
general, as the temperature increases, the interaction bet-
ween FX and D°X becomes weaker, until finally the D°X are
freed, that is, increasing the temperature raises the prob-
ability that the bound excitons will be ionized and eventually
become free excitons.”® Thus, the intensity of the D°X
emission was drastically decreased in comparison with that
of the FX emission; the transition of the FX becomes
dominant at high temperature. This trend is illustrated by the
smaller FX peak, which appears at 150 K and, at 200 K
becomes higher than the D°X peak, as shown in Figure 2(a).
In addition, the D°X peaks shifted to lower energy (red-shift)
with increasing temperature. This is because the thermal
energy protects the exciton localization energy, and the line
shape of the emission peak adopts the characteristic line
shape of FX recombination, leading to a red-shift characteristic
of the temperature-dependence of the band-gap energy.”’

On the other hand, the D°X-1LO gradually merges into the
DAP transition as the temperature increases, broadening the
NBE emission. Also, the DAP transition remains at higher
temperature compared to D°X, consistent with a previous
report by Chen et al.*® which stated that the DAP transition
indicates that the impurities involved have larger binding
energies and thus require higher thermal energy to become
ionized. In addition, it is well established that at higher
temperature, the DAP transition will transform to recombi-
nation between free electrons and acceptors (eA°); this
process is associated with an energy slightly higher than that
of DAP, due to the ionization of electrons bound to neutral
donors.***® Hence, the broad NBE peak at 3.223 eV results
from the merging of all the PL bands when the temperature
is increased to RT. Also, the peaks of the DAP transition
shifted to the lower energy region (red-shift) with increasing
temperature, which can thus be easily understood by using
the Eq. (1) for the energy of a DAP emission:*’

2
e

Epiwp= Eg—Ea—Eder ,

(1)
where E, is the band gap energy while E, and E, are the
acceptor and donor binding energies, respectively. The last
term of the equation represents the Coulomb interaction
energy between the donor and the acceptor, and ry, refers
to the average DAP distance. Thus, a higher temperature
increases the average donor-acceptor distance, thereby
decreasing the Coulomb energy term and leading to a red-
shift of the DAP peak. Figure 2(b) shows the variation of the
PL peak energies of the BZO nanorods as a function of
temperature. Also, the peak position of the FX and DAP
were fitted to Varshni’s empirical formula for the variation in
the band gap energy with temperature:*
al’

ED) = E0)- £, 2)
where Ey(7) is the band gap at an absolute temperature 7" and
o and f are the Varshini thermal coefficients related with
ZnO. The solid line shown in Figure 2(b) denotes the fitting
of the data to Eq. (2) for the FX and DAP transition from 12
to 300 K. The obtained fitting parameters of E,, ¢, and £ for
FX were 3.386 eV, 6 x 10 eV/K, and 350 K, while those
for the DAP transition were 3.337 eV, 5 x 10 eV/K, and
100 K, respectively.

Figure 3(a) and (b) shows the integrated PL intensity of
the FX and DAP transition in BZO nanorods as a function of
temperature from 12 to 300 K. In general, the temperature-
dependent integrated PL intensity can be described by the
following dual activation energy model:*

1(0)
[1+c) exp(~En/kT)+c; exp(=Eo/kT)]’

where E, and E, denote the activation energies for two
different thermal activation processes, and the parameters
c1 and ¢, are the relative ratios of nonradiative recombi-
nation and reflect the competition between the recapture and
the nonradiative recombination. And & is the Boltzman

IT)= 3)
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Figure 3. Integrated PL intensities of the (a) D°X and (b) DAP
transitions in BZO nanorods over the temperature range from 12
to 300 K.

constant, 7 is temperature. Thus, in this experession, the
presence of two E, accounts for two competitive non-
radiative recombination channels. The curve fit gives rise to
activation energies of 70 and 21 meV for FX, and 38 and 5
meV for DAP. The activation energies of 70 and 21 meV
may represent the thermal ionization energies of the BZO
nanorods. However, the DAP transition comprises the radia-
tive combination of electrons on the neutral donors with
holes on the neutral acceptors. It is well known that the
defect binding energy falls in the range of 5-50 meV for
donors and 20-200 meV for acceptors, depending on the
material parameters.** Thus, we guess that the thermal
activation energy of 5 meV is the donor binding energy,
while the 38 meV activation energy is the acceptor binding
energy.

Conclusions

BZO nanorods were grown by hydrothermal synthesis,
and their temperature-dependent PL, which occurs primarily
in the UV range, was investigated. The PL emission mech-
anisms of BZO nanorods, and the variations in these mech-
anisms with temperature, were discussed. The low-temper-
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ature PL spectrum of the BZO nanorods showed features
characteristic of FX, D°X, DAP, and their relevant LO-
phonon replicas. Increasing the temperature resulted in a
red-shift of the emission energies. The PL emission energies
were fitted numerically using Varshni’s empirical formula
for the variation in the band gap with temperature. The
values of Varshni’s empirical formula fitting parameters were
E,=3.386, a=6x 10 eV/K, and #=350 K for FX, and E,
=3337, a=5 x 10* eV/K, and = 100 K for the DAP
transition. In addition, all of the activation energies were
estimated to be ~70 meV. Hence, our results indicate that
BZO nanorods can help to advance photonic and opto-
electronic devices.
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