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ABSTRACT: To gain better optical and optoelectrical
properties, doping trivalent lanthanide cations into host
materials is a very attractive approach in nanoscience. Here,
we use a transparent conducting oxide, zinc oxide, as the host
material to directly embed trivalent terbium cations without
the need for any postgrowth treatment, and we investigate the
photophysical effect of the dopant. Trivalent Tb cations
embedded in ZnO nanowalls produce hypersensitive green
emission (at 545 nm, corresponding to the D, — "Fq
transition) and convert the emission color of ZnO from
yellow into white. Evidently, the photoluminescence emission

intensity of Tb(III) is further increased by close to 10-fold due to the plasmonic effect introduced by noble metal (Ag and Pt)
nanoparticles. The characteristic Tb(III) emission is found to be tunable from white to red and is examined for its potential
chemosensing application for rhodamine B involving a plausible cascade energy transfer mechanism from ZnO to rhodamine B

via Tb(III) cations.

1. INTRODUCTION

ZnO nanostructures have received great interest for their
applications in optoelectronics, piezotronics, spintronics, and
photocatalysis because of their wide energy band gap (3.37 eV)
and large exciton binding energy (~60 meV).'”” ZnO
nanostructures exhibit two emission bands: a sharp deep UV
emission associated with the excitonic band edge and a broad
visible emission attributable to various intrinsic defects.'’”"*
These unique optical properties have made ZnO nanostruc-
tures one of the most promising materials for next-generation
optoeligtrgnic devices operating in the UV or visible
region. -

Doping of trivalent rare earth (RE) transition metal ions into
ZnO nanostructures has been conducted with the goal to
improve their intrinsic physical properties, such as optical,
electronic, and magnetic properties.'” " They are particularly
attractive for potential application in visible optoelectronics
because of their unique luminescence properties, such as
hypersensitivity to the environment, narrow bandwidth, and
long lifetime in the millisecond range.”*~** Among the RE(III)
ions, europium and terbium are found to emit red and green
luminescence, respectively. To date, most studies have focused
on Eu(IlI)-doped ZnO nanostructures.”> *® Because the
optical application of RE(III)-doped ZnO nanostructures
relies on the energy transfer from ZnO to RE(III), Eu(IlI) is
less effective than Tb(III) due to the larger energy difference
between the conduction band minimum of ZnO and the
emitting level for Eu(III) (°D,) than that for Tb(III) (°D,).
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Recently, Tb(III)-doped ZnO [ZnO:Tb(II)] nanostructured
materials, such as nanorods, nanoparticles, nanocrystals, and
microspheres, have been prepared by a number of methods
including pulsed laser deposition and sol—gel and hydro-
thermal syntheses.'”****7%7 The resulting ZnO:Tb(III)
nanostructures, however, were found to produce very weak
lines as no or only trace characteristic emission originated from
Tb(III) was observed. The low emission intensities did not
improve even with additional postannealing of the ZnO:Tb-
(III) nanostructures.

In this study, ZnO:Tb(III) nanowalls are electrochemically
grown on indium—tin oxide (ITO) coated glass. Upon
excitation by UV light, the as-grown ZnO:Tb(III) nanowalls
are found to produce a series of sharp lines superpositioned on
the green emission from the intrinsic defects, and the
photophysical properties of these ZnO:Tb(III) nanowalls on
an ITO-glass substrate are characterized in detail. We further
investigate how the photoluminescence (PL) properties of
these ZnO:Tb(III) nanowalls are affected by surface
modification with noble metal nanoparticles (NPs) and
organic chromophores. To date, the PL enhancement of
ZnO due to localized surface plasmon resonances (LSPRs) of
metal nanoparticles has been realized only from ZnO films
treated with metal NPs involving elaborate, complex
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fabrication methods, such as electron-beam lithography, ion
implantation, and atomic layer deposition.m_41 In contrast,
ZnO nanorods and nanocrystals treated with simple surface
modification by metal NPs have thus far not been found to
exhibit LSPR in the UV and visible luminescence.*”™*° Here,
we deposit NPs of noble metals (Ag, Pt, and Au) of a few
nanometers in size by a simple dip-casting method and
demonstrate the remarkable enhancement of the Tb(III) green
emission by Ag NPs. In addition, the feasibility of using the
Tb-related green emission as a fluorescence probe is examined
by surface modification using appropriate organic materials. As
a model chromophore that absorbs green light, Rhodamine B
(RhB) produces moderate fluorescence intensity in ethanol or
aqueous solutions, while its fluorescence intensity is very weak
to none in powder form or in thin film (drop-casted on the
substrate). We show that the RhB/ZnO:Tb(III) nanowall
heterostructures exhibit substantial emission in the orange-red
region, demonstrating its potential use as a fluorescence-based
chemosensor.

2. RESULTS AND DISCUSSION

The scanning electron microscopy (SEM) images of pristine
and Tb-doped ZnO nanowalls obtained with various Tb(III)
concentrations are shown in Figure 1. Undoped ZnO

Figure 1. SEM images of (a) pristine ZnO nanowalls and Tb-doped
ZnO nanowalls obtained with Tb(III) concentrations of (b) 1, (c) S,
and (d) 10 mM.

nanowalls appear to be 100—200 nm thick (Figure Ia).
Although the thickness of (Tb-doped) ZnO nanowalls has not
changed upon introduction of Tb(III), the surface of the
nanowalls has evidently become smoother (Figure 1b,c). As
the concentration of Tb(III) reaches 10 mM, the nanowalls
tend to stack together to form thicker nanowalls (with average
thickness of 700—800 nm), and nanowalls with a wider
thickness distribution are observed (Figure 1d).

To confirm the uniformity of Tb(III) cation distribution in
the ZnO nanowalls, composition analysis by scanning auger
microscopy (SAM) and X-ray photoelectron spectroscopy
(XPS) as a function of Ar" ion sputtering time has been
performed. Because the SAM system employs an electron
beam with a small beam spot and it is capable of a high spatial
resolution of ~20 nm, we collect Auger electron spectra at
three well-separated locations of the nanowall sample as
marked on the SEM image (Figure 2a). Because of the small
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Figure 2. (a) SEM image and (b) background-subtracted Auger
electron spectra collected at three different locations marked in (a) for
as-deposited Tb-doped ZnO nanowalls obtained with a Tb(III)
concentration of 10 mM. XPS spectra of (c) Tb 3d and (d) O 1s
regions for as-grown Tb-doped ZnO nanowalls and upon sputtering
for 1000, 2000, 3000, and 4000 s.

amount of trivalent Tb cation dopants, we have removed the
spectral background to better illustrate the Tb peaks.
Evidently, the nearly identical Tb MNN Auger intensities
found at three different sites confirm that the Tb(III) dopant
surface composition is independent of the size of the nanowalls
and it appears uniform for the entire sample.* Figures 2c and
2d show the XPS spectra of the Tb 3d and O 1s regions,
respectively. Both position and intensity of the Tb 3ds,,
(3ds/,) peak found at 12424 eV (1277.5 V) remain
unchanged with Ar* sputtering, which indicates excellent
doping uniformity of Tb(III) throughout the ZnO nanowalls.
The broad O 1s peak at 532.9 eV can be attributed to
Zn(OH), and/or Tb hydroxides on the surface of the
nanowalls for the as-grown sample. Upon Ar" sputtering, a
new O 1s peak at 531.2 eV corresponding to ZnO emerges,
and it becomes more prominent. The spectral evolution of the
observed O 1s spectra confirms that the ZnO:Tb(III)
nanowalls follow the well-known growth mechanism of
electrochemically deposited ZnO nanostructures.”® In addi-
tion, semiquantitative analysis of ZnO:Tb(III) nanowalls using
XPS survey spectra reveals that the concentration of Tb(III) is
~1.5 at. % for ZnO:Tb nanowalls obtained with a Tb(III)
concentration of 10 mM. Figure S1 shows the transmission
electron microscopy (TEM) image of a ZnO:Tb(III) nanowall
sample obtained with a Tb(III) concentration of 10 mM. The
corresponding high-resolution TEM image (Figure S1, inset)
reveals a lattice spacing of 2.8 A, in good accord with the
interplanar spacing of ZnO(100) planes.

Figure 3a shows the PL spectra of ZnO:Tb(IIl) nanowalls
on ITO-glass obtained in electrolytes with three different
Tb(III) concentrations. For nanowalls grown from the
electrolyte with 1 mM Tb(III) solution, excitation at 325 nm
produces the characteristic emission from the as-grown ZnO
nanostructures, with the near-band-edge emission peak at 375
nm and the broad defect-related emission band spanning over
the visible region. No additional bands arisen from the Tb(III)
dopants are observed from these doped nanowalls. However,
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Figure 3. (a) PL spectra (4., = 325 nm) of Tb-doped ZnO nanowalls obtained in an electrolyte with a Zn** concentration of 0.1 M along with 1, 5,
and 10 mM Tb(III) concentration. (b) Time profiles of the visible emissions (1, = 337.1 nm) at 535, 545, 560, and 600 nm from Tb-doped ZnO
nanowalls obtained with a 10 mM Tb(III) concentration. (c) CIE chromaticity diagram depicting the color coordinates of ZnO:Tb(III) nanowalls

obtained with 1, S, and 10 mM Tb(III) concentration.

the PL spectrum for doped nanowalls grown with the
electrolyte containing S mM Tb(III) solution exhibits
additional well-defined sharp peaks in the green region
superpositioned on the defect-related broad band. When the
Tb(III) concentration reaches 10 mM, sharp characteristic
emission lines from Tb(III) evidently appear with barycenters
at 489, 545, 582, and 621 nm. These bands correspond to the
transitions from the D, state to the "Fg , ; states, respectively.
Among these emission lines, the °D, — "F; transition at 545
nm corresponds to the most intense luminescence, and it
exhibits a series of sharp features, as evidenced from the
splitting arising from the (2] + 1) degeneracy. The excitation
spectra for the 545 nm emission have been measured at several
temperatures (10, 70, 150, and 300 K). Figure S2 shows that
except for the intensity increasing inversely with the temper-
ature, there is generally no significant difference in the band
structure. The position of the band maximum for the room-
temperature spectrum appears to be slightly red-shifted
compared to those for the spectra measured at lower
temperatures. The broad band with band maximum at 355
nm and no sharp feature spanning over the 300—380 nm
region in these lower-temperature spectra is very similar to
those of the near-band-edge emission from ZnO nanowalls
(Figure S2). In general, direct excitation for the $45 nm
emission from Tb(III) is expected to produce a series of sharp
lines with moderate intensities in the 300—400 nm region,
corresponding to the transitions from the °Fj state to the *Gg
and L, states.”” As these lines are evidently not observed in
the broad excitation band, this indicates that the emission from
Tb(III) can only be realized by energy transfer from ZnO.
The time profiles of the emission decay from ZnO:Tb(III)
nanowalls obtained with a 10 mM Tb(III) concentration have
been measured to examine the energy transfer dynamics. The
lifetime (7) of the ZnO band-edge emission has been reported
to be highly dependent on its morphology: 7 = 112 ps for the
bulk single-crystal sample, 7 = 37 ps for the nanosphere, and 7
= 8 ps for the nanowire.”® The lifetime of the observed visible
emission (7 & 4.5 ps) is evidently much shorter than any of the
reported band-edge emissions of ZnO nanostructures. Figure
3b shows the time profiles of the PL intensities of the visible
emission at A,, = 535, 545, 560, and 600 nm from the
ZnO:Tb(1II) nanowalls pumped by a 337.1 nm N, laser with a
0.03 ms pulse width. The time profile of the 545 nm emission
is discernibly different from those of the other emissions, with
the decay of the 545 nm emission being notably slower (i.e.,
with a larger 7) than those of the other emissions. Assuming
that the lifetime of the visible emission from the defects is in
the picosecond range, the wavelength-independent time
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profiles (i.e., those obtained with A, = 535, S60, and 600
nm) should originate from the scattered light of the excitation
laser, the decay lifetime of which has been estimated to be 7,
= 67.4 ps. The observed time evolution intensity of the 545 nm
emission can therefore be considered to consist of two decay
components: one for the scattered light and one for the
emission from Tb(III). As shown in Figure S3, the time profile
can indeed be fitted with two exponential components of 7,
= 67.4 us (87%) and 71, = 150 us (13%), with an excellent R*
value (>0.999). The quantum yield of the sensitized
luminescence of Tb(III) can be estimated by using the
relationship between the observed lifetime of Tb(III) (zy)
and its natural lifetime (z,).*’ Using the reported value of 4.75
ms for 7, of Tb(III), we obtain a quantum yield for the
sensitized emission from Th(III) to be 0.032.*

To clearly observe the effect of the Tb(III) cation on the
luminescence properties, we perform color chromaticity
measurement on undoped and Tb(III) doped ZnO nanowalls,
and we illustrate the results in a Commission Internationale de
L’Eclairage (CIE) color diagram shown in Figure 3c. The CIE
x, y color coordinates and the emission colors of undoped ZnO
and ZnO:Tb(III) samples are summarized in Table S1. These
are significant results because they show that the emission
color of ZnO:Tb(III) is tunable by adjusting the Tb(III)
cation concentration. The color coordinates of undoped ZnO
and ZnO:Tb(III) with 1 mM Tb(III) cation concentration
show minimal difference between each other. When the
Tb(III) cation concentration reaches S mM, the emission color
changes to light yellow. With increasing Tb(III) cation
concentration to 10 mM, the emission color moves toward
blue and changes to white with a hint of light green. Because
the CIE color coordinates of ZnO:Tb(III) obtained with a 10
mM Tb(III) cation concentration are (0.349, 0.388) and are
located nearby various white coordinate points of standard
illuminants, as-grown ZnO:Tb(III) with a 10 mM Tb(III)
cation concentration can therefore be considered as a white
light source.

We also investigate LSPR on the luminescence of the
ZnO:Tb(II) nanowalls (supported on ITO-glass) that are
decorated with NPs of three different noble metals: Ag, Pt, and
Au. The deposition of the NPs has been performed by simple
dip-casting. The amount of the deposited NPs could be
increased by increasing the number of dip-casting cycles. The
PL spectra so obtained are resolved into two types of emission
components: sharp Tb(III)-related emission features and
broad ZnO-related emission bands. Figure 4a shows the
plasmonic effects of Ag, Pt, and Au NPs on the emission
spectra of the ZnO:Tb(II) nanowalls obtained with a 10 mM
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Tb(III) cation concentration. (The emission spectra are
obtained with the excitation wavelength set at 325 nm.) For
Ag NPs, the relative intensities of the broad ZnO near-band-
edge emission band at 369 nm and the sharp Tb(IIl) °D, —
’Fg peak at 545 nm are not affected by the first three dip-
casting cycles, after which the relative band intensities of the
two emission features increase with increasing number of dip-
casting cycles. After eight dip-casting cycles, the enhancement
of the two emission features has reached a maximum. Relative
to the undecorated ZnO:Tb(III) nanowalls, the Tb(III) D, —
’F¢ emission peak and the ZnO band-edge emission band of
the NP-decorated ZnO:Tb(III) nanowalls are found to
increase in intensity by approximately 10-fold and 6-fold,
respectively. Because the energy transfer from the ZnO band-
edge emission (donor) to intrinsic defects and that to Th(III)
are competing with each other, this suggests that as acceptors
in the energy-transfer processes the Tb(III) dopants could be
significantly more effective than the intrinsic defects of ZnO.
The LSPR enhancement introduced by the Pt NPs is evidently
less than that by the Ag NPs. For the Pt NPs, five dip-casting
cycles produce the maximum LSPR enhancement on both
emission components, with more than 6-fold and 3-fold
increases for the respective Tb(III) and ZnO-related emission
bands. Surprisingly, the Au NPs do not appear to enhance the
emission from the Tb-doped ZnO nanowalls significantly. This
is better illustrated in Figure S4, which compares the PL
emission lines of the undecorated sample and the NP-
decorated ZnO:Tb(III) nanowall samples that give the
maximal intensities, after removing the underlying broad-
band intensities.

To review the LSPR effect on the emission color, we have
also conducted color chromaticity measurement on ZnO:Tb-
(III) nanowalls obtained with a 10 mM Tb(III) cation
concentration and optimized amounts of Ag, Pt, and Au NPs,
and the result is shown in Figure 4b. With the introduction of
NPs, the emission colors revert back to those of undoped ZnO
nanowalls and ZnO:Tb(III) nanowalls obtained with a 1 mM
Tb(III) cation concentration. Because the emission of ZnO
defects are broad and its intensity is also largely enhanced by
LSPR, emission from the undoped ZnO (or ZnO:Tb(III) with
a 1 mM Tb(Ill) cation concentration) nanowall sample
dominates the color of ZnO:Tb(III) emission regardless of the
degree of LSPR enhancement and the concentration of Tb(III)
cations.

To evaluate the potential use of ZnO:Tb(III) nanowalls as a
fluorescence-based chemosensor, we measure the PL spectra of
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Figure S. (a) Emission spectra (4, = 325 nm) of Tb-doped ZnO
nanowalls without and with 1 and 3 drops of RhB treatment. These
spectra have been normalized at their respective maximum band
intensities. (b) CIE chromaticity diagram depicting the color
coordinates of ZnO:Tb(III) nanowalls with 0-, 1-, and 3-drop RhB.

ZnO:Tb(III) nanowall heterostructures with that of untreated
ZnO:Tb(III) nanowalls, all obtained with the excitation
wavelength set at 325 nm. To clarify the effect of RhB, PL
spectra were normalized by their maximum intensities (to
expose the relative changes in the spectral profile). The one-
drop RhB treatment has evidently caused the visible emission
band maximum to shift from 550 to 603 nm, and it also results
in reduction in the intensity of the Tb(III) green emission at
545 nm. This red-shift is even more apparent for the
ZnO:Tb(III) nanowalls treated with three drops of RhB,
with the band maximum now located at 653 nm along with a
weak shoulder at 600 nm and the Tb(III) lines totally
quenched. For comparison purposes, additional experiments of
RhB functionalization on undoped ZnO nanowalls were
performed and are shown in Figure S6. With excitation at
325 nm, there is no difference of sensitized luminescence of
RhB between ZnO:Tb(III) and undoped ZnO. However, the
energy transfer efficiency from the Tb(III)-doped nanowalls to
RhB is significantly different from that from undoped
nanowalls to RhB. Specifically, ZnO:Tb(III) (with an
efficiency of 89%) shows more than 7 times higher than
undoped ZnO (12%), which indicates that ZnO:Tb(III) is a
promising candidate for sensing RhB or other dyes with a
similar excitation range. In a separate experiment, a RhB thin
film is deposited on a quartz substrate, and excitation at 325
nm of this sample does not produce any emission from the
RhB film.

The emission colors of RhB/ZnO:Tb(III) are measured and
shown in Figure Sb. The color measurement result follows a
similar trend as that of the PL results. The initial single drop of
RhB changes the color from white to light orange, and the
color becomes orangish-red with additional drops of RhB. In
combination with results from other color measurements,
ZnO:Tb(III) therefore demonstrates its unique capability to
tune the emission color by adjusting the Tb(III) cation
concentration and by varying the amount of fluorescent dyes.

To account for the observed spectral changes on Tb-doped
ZnO nanowalls induced by RhB, we propose a dopant-
mediated energy transfer mechanism. Figures 6a and 6¢c
illustrate respectively our energy transfer model and the
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Figure 6. Energy transfer models and energy-level diagrams
illustrating the proposed energy transfer mechanisms for (a, c)
ZnO:Tb(III) nanowalls, in which energy transfer occurs between
ZnO nanowalls and the dopant Tb(III), resulting in the ZnO near-
band-edge emission (at 376 nm) and several characteristic Tb(III)
emissions in the visible range, and (b, d) ZnO:Tb(III) nanowalls and
Rhodamine B (RhB), in which a second energy transfer between the
Tb(III) and RhB that leads to the red emission.

energy-level scheme responsible for the sensitized emission
from Tb(III) via an energy transfer mechanism. Taking into
account the resonance energy transfer, the °L,, state at 27100
cm™! (3.36 eV) and G state at 26500 cm™' (3.29 eV) of
Tb(III) play a key role in receiving the energy from the ZnO
nanostructures because these two states lie just below the
conduction band (CB) of ZnO.” The energy transfer is
initialized by the excitation of ZnO from the valence band
(VB) to the upper levels in the conduction band, followed by
the subsequent relaxation from the upper levels to the lowest
level in the conduction band. Two optical de-excitation
processes could take place competitively from the lowest
conduction band level: (a) direct radiative transition to the
valence band with 4., ~ 376 nm (i.e,, the ZnO band-edge
emission) and (b) energy transfers to the dopant Tbh(III) via
the °L,, and *Gg states (Figure 6¢) and to the intrinsic defects
localized near the conduction band (not shown). In the
ZnO:Tb(III) nanowalls, the energy transfer is evidently more
effective than the radiative transition because the visible
Tb(III) emissions and the ZnO defect-related emissions are
much stronger than the 376 nm emission. The subsequent
relaxation from the receiving °L;, and G4 states to the
emitting D, state at 20500 cm ™' (2.04 €V) then leads to a
series of sharp emission lines from the Tb(III) SD, state to the
7F] (J=6, S, 4, 3) states that span over the 480—640 nm region
(as observed in Figure 4a).

For the RhB/ZnO:Tb(III) hybrid heterostructure (Figures
6b and 6d), the red emission from RhB is generated by further
efficient energy transfer from the ZnO:Tb(III) nanowalls. In
the Forster theory, the energy-transfer efficiency is governed by
not only the spectral overlap between the donor emission
spectrum and the acceptor excitation spectrum but also the
separation between the donor and the acceptor. The maximum
separation over which the Forster energy transfer can take
place is typically 30—50 A. For the hybrid structure, there is
essentially no gap between the donor layer and the acceptor
layer so that the energy transfer could take place very
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efficiently. A cascading energy-transfer model is proposed for
the red emission from the hybrid structure. As shown in Figure
6¢, the population of the D, state of Th(III) is enhanced via
the energy transfer from the ZnO conduction band to Tb(III).
The 545 nm emission (from the D, state to the "Fj state, one
of the "F; states) of Tb(III) coincides with the excitation from
the 'z ground state to the '7* excited state of RhB. For the
hybrid structure, the cascade energy transfer originates from
the conduction band of ZnO to the '7* excited state of RhB,
through the interface between the nanowall surface and the
RhB layer via the °D, state of the Tb(III) dopant (acting as the
intermediate “cascade” state) by this second nonradiative
energy transfer. Subsequent relaxation from the 'z* vibronic
states followed by the radiative transitions to one of the 'z
vibronic states then leads to the red emission.

3. CONCLUSION

We have successfully synthesized Tb-doped ZnO nanowalls
using a facile electrochemical deposition method. The SEM
data show that the concentration of Tb(III) ions could affect
the thickness of the as-grown Tb-doped ZnO nanowalls.
Depth-profiling O 1s and Tb 3d XPS spectra confirm that Tb
is uniformly distributed throughout the ZnO nanowalls. PL
measurement shows that the strong sharp Tb(III) green
emission lines are superposed on the ZnO defect-related
emission band via energy transfer from ZnO to Tb(III)
(Figure 6¢). Our CIE color chromaticity measurements of
ZnO:Tb(I1I) further demonstrate tunable emission of
ZnO:Tb(III) as a function of Tb(III) concentration and
show that white emission can be obtained with a 10 mM
Tb(III) concentration. The sensitized emission from Tb(IIL) is
remarkably responsive to the LSPRs of Ag and Pt nanoparticles
(but surprisingly not significantly to Au nanoparticles)
compared with the band-edge and the defect-related emissions
from the ZnO nanostructures. Furthermore, it is found that the
enhanced green emission is very effective in sensitizing the
fluorescence via the cascade energy transfer from the
ZnO:Tb(III) nanowalls to the RhB dye through Tb(III),
with Tb(III) serving as the cascade/interface between the
nanowall and the dye layer in the hybrid dye/doped-nanowall
structure (Figure 6d). This type of hybrid structures promises
potential applications in the fluorescence-based probes,
chemosensors, and tunable light sources.
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