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We present in this paper a study of the structural and photoluminescence (PL) properties of terbium (Tb) doped zinc
oxide (ZnO) nanoparticles synthesized by a simple low temperature chemical precipitation method, using zinc acetate and
terbium nitrate in an isopropanol medium with diethanolamine (DEA) as the capping agent at 60 ◦C. The as-prepared
samples were heat treated and the PL of the annealed samples were studied. The prepared nanoparticles were characterized
with X-ray diffraction (XRD). The XRD patterns show the pattern of typical ZnO nanoparticles and correspond with the
standard XRD pattern given by JCPDS card No. 36-1451, showing the hexagonal phase structure. The PL intensity was
enhanced due to Tb3+ doping, and it decreased at higher concentrations of Tb3+ doping after reaching a certain optimum
concentration. The PL spectra of Tb3+ doped samples exhibited blue, bluish green, and green emissions at 460 nm (5D3
– 7F3), 484 nm (5D4 – 7F6), and 530 nm (5D4 – 7F5), respectively, which were more intense than the emissions for
the undoped ZnO sample. Based on the results, an energy level schematic diagram was proposed to explain the possible
electron transition processes.
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1. Introduction
Owing to a direct wide band gap (3.37 eV), a large exci-

ton binding energy (60 meV), and superior conducting proper-
ties based on oxygen vacancies, wurtzite-structured zinc ox-
ide (ZnO) has become one of the most promising materi-
als for the fabrication of optoelectronic devices operating in
the blue and ultraviolet (UV) region and transparent conduct-
ing and piezoelectric materials that can be used to fabricate
solar cells, electrodes, and sensors.[1–6] During the last few
years, ZnO has been synthesized and used as the cathode mate-
rial for field emission.[7–9] Consequently, ZnO nanostructures
have been studied extensively owing to their potential appli-
cations in nano-devices and optical materials.[10–15] In order
to design the electrical, optical, and magnetic properties of
ZnO for practical applications, control of the shape and crystal
structure is very important, and the synthesis of novel nanos-
tructures is highly desired.[1] However, it has been realized
that tuning the band gap only by changing the morphology
or size of nanocrystals is not well suited for some applica-
tions, such as fluorescent imaging and nano-electronics.[16,17]

Doping ZnO with selective elements has become an impor-
tant route for enhancing and controlling its optical, electrical,
and magnetic performance, which is usually crucial for their
practical applications.[1] Rare earth (RE) ions incorporated
into ZnO nanoparticles result in remarkable changes in the
optical properties of ZnO.[10,18] Of the many RE ions, Tb3+

ion is an important dopant element for the green emission

band.[10,19] ZnO:Tb3+ nanoparticles are assumed to be a new
type of green phosphor with interesting photoluminescence
(PL) properties.[1,19] In this work, the ZnO:Tb3+ nanoparticles
were synthesized by a very low temperature chemical precipi-
tation method in an isopropanol medium with diethanolamine
(DEA) as the capping agent. This method has many advan-
tages in terms of cost, minimal facilities, and energy consump-
tion. The ZnO:Tb3+ nanoparticles showed PL emissions re-
lated to the intra 4f transitions of Tb3+ ions. The structural
and PL properties of ZnO:Tb3+ nanoparticles have been dis-
cussed in detail.

2. Experiment
The synthesis of ZnO:Tb3+ nanoparticles was performed

using a low temperature chemical precipitation method modi-
fied from the procedure reported by Zhou et al.[20] For a typ-
ical preparation, 0.3 ml of DEA was added to 100 ml iso-
propanol taken on a beaker and stirred well using a magnetic
stirrer. We then added required amounts of zinc acetate and
terbium nitrate to the above solution to obtained desired per-
centages of doping concentrations of terbium on ZnO. The
reactants were kept stirring and the pH value of the mixture
was adjusted between 9 and 10. Heat was then applied and
the temperature was raised to 60 ◦C and maintained at that
temperature for 40 min. The clear solution obtained was then
allowed to cool and was kept at room temperature. The pre-
cipitation formed in 7 to 10 days. The precipitates (Ppt) that
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were formed were collected by centrifugation and washed with
excess methanol and dried at 100 ◦C. The collected samples
were finally heat treated by annealing at 500 ◦C for 1 h, and
so undoped ZnO and ZnO:Tb3+ nanoparticles with different
Tb3+ concentrations of doping were synthesized. The com-
positions of the synthesized nanoparticles were quantified by
energy-dispersive analysis of X-ray (EDAX) using the energy-
dispersive X-ray (EDX) spectrometer attached to a scanning
electron microscope (SEM), FEI Quanta 250. The samples
were characterized for crystal phase identification by powder
X-ray diffraction (XRD) using an X’Pert PANalytical X-Ray
diffractometer with Cu Kα radiation. The morphology and
particle size of the samples were examined with transmission
electron microscopy (TEM) by using JEOL JEM-2100. For
TEM measurements, a few droplets of powder, ultrasonically
dispersed in alcohol, have been placed on standard carbon
coated copper grids. PL measurements were taken on a LS
55 PerkinElmer fluorescence spectrophotometer with a xenon
lamp as the excitation source at room temperature.

3. Results and discussion
EDAX measurements were performed to confirm the

presence of Tb3+ in the synthesized ZnO:Tb3+ nanoparticles
and to determine their compositions, which was also per-
formed for the undoped ZnO nanoparticles. Figure 1 shows
the EDAX spectra of the undoped ZnO and the Tb3+ doped
ZnO samples. Figure 1(a) gives the EDAX spectrum of the
undoped ZnO, showing that the nanoparticles are composed
of Zn and O. The EDAX results reveal that the prepared Tb3+

doped nanoparticles are assuredly composed of Tb, Zn, and
O. The Tb3+ concentrations of the prepared nanoparticles are
found to be 0.52 at.%, 1.25 at.%, 1.51 at.%, and 3.40 at%,
respectively, in Figs. 1(b)–1(e), depending on the Tb/Zn pre-
cursor ratio. In general, less Tb is found than provided in
the precursor solution, which indicates the hindering of the
dopant incorporation into the host lattice. This may hap-
pen because of the difficulties associated with the doping of
RE ions into the ZnO host. Firstly, the ionic radii of RE
ions (e.g., Tb3+ ∼ 0.92 Å) are much larger than that of the
Zn2+ ion (∼ 0.74 Å); and secondly, the substitution creates
a charge imbalance, as RE3+ ions (charge: +3) substitute
the Zn2+ sites (charge: +2) in the ZnO host matrix. The
charge compensation from the local defect sites results in a
lattice deformation, which is not desired.[21] Henceforth, the
samples will be denoted by the atomic percentage of Tb3+

concentrations; that is, 0 (for undoped ZnO), 0.52, 1.25, 1.51,
and 3.40, as obtained in the EDAX measurements. Figure 2
shows the XRD patterns of the prepared samples with dif-
ferent dopant concentrations of Tb3+ annealed at 500 ◦C
for 1 h. From the XRD patterns shown in Fig. 2, it can be
clearly seen that the characteristic diffraction peaks of ZnO
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Fig. 1. (color online) EDAX spectra of ZnO:Tb3+ for (a) undoped, (b)
0.52 at.%, (c) 1.25 at.%, (d) 1.51 at.%, and (e) 3.4 at.% of Tb3+ doping
concentrations.
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Fig. 2. XRD spectra of undoped and Tb3+ doped ZnO at different dop-
ing concentrations.
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appear as in the standard JCPDS file for ZnO (Card No. 36-
1451, a = b = 3.249 Å and c = 5.206 Å) and can be indexed
to the hexagonal wurtzite structure of ZnO.[22] The sizes of the
nanoparticles are calculated by Debye–Scherrer’s equation[22]

D =
0.9λ

Bcosθ
, (1)

where D is the crystallite size, λ is the wavelength of radi-
ation (X-ray) used, θ is the Bragg angle, and B is the full
width at half maxima (FWHM). The crystallite sizes of the

nanoparticles were found to be 15.4 nm for the undoped ZnO
and 17.4 nm, 18.8 nm, 16.7 nm, and 14 nm for ZnO:Tb3+

nanoparticles with Tb3+ doping concentrations of 0.52 at.%,
1.25 at.%, 1.51 at.%, and 3.40 at.%, respectively.

Transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM) obser-
vations of the samples were carried out. TEM images showing
the morphologies and the size distributions of the samples are
shown in Fig. 3.

(a) (b) (c)

(d) (e) (f)

Fig. 3. (a) TEM micrograph, (b) SAED pattern, (c) HRTEM image for undoped ZnO and (d) TEM micrograph, (e) SAED pattern, (f)
HRTEM image for 1.51 at.% Tb3+ doped ZnO.

A sample of the undoped ZnO with uniform and well-
distributed spherical particles having average diameters in the
range from 12 nm to 25 nm is shown in Fig. 3(a). This is
consistent with the estimated value (15.4 nm) from XRD peak
broadening. The selected area electron diffraction (SAED) is
shown in Fig. 3(b) for the undoped ZnO nanoparticles, indi-
cating the highly crystalline nature of the sample. Diffrac-
tion spots corresponding to the (002), (101), (102), (103),
and (112) lattice planes are identified. An HRTEM image is
shown in Fig. 3(c). The lattice spacing in Fig. 3(c) is found
to be 0.26 nm, corresponding to the (002) plane for the un-
doped sample, which is in agreement with the standard values
of wurtzite ZnO. Figure 3(d) shows the TEM image of the
1.51 at.% Tb3+ doped sample with a size range from 16 nm
to 32 nm, which is consistent with the value (16.7 nm) calcu-
lated from XRD. SAED for the 1.51 at.% Tb3+ doped sam-
ple is shown in Fig. 3(b). Diffraction spots corresponding to
the (100), (110), and (112) lattice planes are identified here.

The lattice constants calculated from the SAED pattern corre-
sponding to the identified lattice planes are in good agreement
with the standard data. An HRTEM image for the 1.51 at.% Tb
doped ZnO sample is shown in Fig. 3(f). The lattice spacing
is estimated to be 0.28 nm, corresponding to the (100) plane,
which is in agreement with the standard values of wurtzite
ZnO in JCPDS Card No. 36-1451.

PL properties of the nanoparticles were recorded at room
temperature to study both the excitation and the emission spec-
tra. Figure 4 shows the emission spectra of the undoped ZnO
nanoparticles taken in the emission range from 350 nm to
600 nm when excited at 240 nm. The PL emission is very
well fitted with five Gaussian peaks. It is seen from the fig-
ure that the PL spectrum can be decomposed into five Gaus-
sian components, whose peaks are located at 389 nm, 404 nm,
435 nm, 483 nm, and another broadband centered at 496 nm.
The fluorescence at 389 nm corresponds to the characteristic
band edge emission.[23] The violet luminescence (404 nm) has
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been assigned to the electronic transition to the energy level for
oxygen interstitial (Oi), which is 0.4 eV above the top of the
valence band.[24]
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Fig. 4. (color online) PL emission spectrum of undoped ZnO with de-
composed Gaussian components.

The violet luminescence (435 nm) observed in the present
case has been assigned to the electronic transitions from the
zinc interstitial (Zni) level to the valence band.[23] The energy
level for neutral oxygen vacancy VO is 2.57 eV above the va-
lence band and is, therefore, responsible for the emission at
483 nm.[22,25,26] The broadband emission centered at 496 nm
arises from the recombination of electron–hole pairs trapped
at shallow and deep surface states formed by oxygen vacancy
VO and other defects.[27,28]

Figure 5 shows the excitation spectra of the ZnO:Tb3+

samples with different percentages of Tb doping concentra-

tions taken in the excitation range from 200 nm to 400 nm by
monitoring the emission at 485 nm. Four peaks are observed at
240 nm, 255 nm, 285 nm, and 344 nm. While the peaks up to
300 nm are due to the f–d transitions, the peaks starting from
300 nm are due to the f–f transitions of the Tb3+ ions.[29] The
wavelengths of these peaks were used as the excitation wave-
lengths for further study of the emission spectra.

Figure 6(a) shows the emission spectra of ZnO:Tb3+

nanoparticles with different percentages of Tb doping concen-
trations taken in the wavelength range of 350 nm to 700 nm
excited at 240 nm. Figures 6(b)–6(d) show the emission spec-
tra excited at 255 nm, 285 nm, and 344 nm, respectively.
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Fig. 5. (color online) PL excitation spectra of Tb3+ doped ZnO
nanoparticles.
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Fig. 6. (color online) PL emission spectra with different doping concentrations taken in the emission range from 350 nm to 700 nm,
with excitation wavelengths (a) 240 nm, (b) 255 nm, and from 400 nm to 700 nm with excitation wavelengths (c) 285 nm, (d) 344 nm.
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The doped samples show emission peaks centered at
405 nm, 420 nm, 445 nm, 484 nm, and 530 nm for all Tb
concentrations. The peak intensity for the doped samples in-
creases up to 1.25 at.% of Tb3+; beyond that, it decreases as
the concentration of doping increases. This may be due to
the concentration quenching of the Tb3+ ions. Consequently,
the optimum dopant concentration is found to be 1.25 at.%
in this study. It is also observed that the intensity of emis-
sion at the violet end of the spectrum decreases as the exci-
tation wavelength increases. The peaks at 405 nm, 420 nm,
and 445 nm are attributed to different defects associated with
the host lattice. The bluish green and green emission peaks
at 460 nm, 484 nm, and 530 nm arise from Tb3+ 4f–4f
transitions.[10,27,30,31]

Figure 7 presents a schematic drawing for possible elec-
tron transitions to illustrate the mechanism of the excitation
and emission process according to the results in this work.
When the ZnO:Tb3+ nanoparticles are excited by the 240 nm
line of an Xe lamp, an electronic transition occurs from the
valence band (VB) to an exciton band.[10] And then, a series
of nonradiative processes occur, which are denoted by the dot-
ted lines in the figure. Then, the electrons are trapped at the
surface states of the particles, and the consequent recombi-
nation from the surface states to VB results in a broadband
emission. These excited carriers are also trapped at Tb3+ cen-
ters, which leads to the characteristic emission peaks of Tb3+,
and are denoted by solid lines in the diagram.[27] The emis-
sion at 460 nm originates from Tb3+ 4f–4f transition 5D3 –
7F3.[30] The emissions at 484 nm and 530 nm are assigned to
5D4 – 7F6

[21,32] and 5D4 – 7F5, respectively.[10] The emission
at 490 nm is also assigned to 5D4 – 7F6 of Tb3+.[33] The other
peaks at 405 nm, 420 nm, and 445 nm probably originate from
defect states, such as Zn and oxygen interstitials and oxygen
vacancies.[24,34,35]
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Fig. 7. Schematic drawing for possible electron transitions to illustrate
the mechanism of excitation and emission process.

4. Conclusion
In conclusion, ZnO:Tb3+ nanoparticles with various Tb

contents were prepared. XRD spectra demonstrated the sub-

stitution of Tb3+ ions to the Zn2+ sites in the ZnO wurtzite
structure. Emissions from both Tb3+ ions and intrinsic de-
fect states of ZnO were observed in PL studies. There was
a quenching of the emission intensity as the doping concen-
tration increased, and in this study the optimum dopant con-
centration was found to be 1.25 at.%. The Tb3+ ions have an
important effect on the UV emission of ZnO. In addition, the
characteristic emissions of Tb3+ ions were observed. For all
of the samples, the carrier relaxation from the excited states
of ZnO hosts to dopant result in the characteristic emission of
Tb3+ ions.
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