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The phenomenon of luminescence enhancement was studied in melamine-Y2O3:Tb hybrids.

Terbium doped Y2O3 mesoporous nanowires were synthesized by hydrothermal method. X-ray

diffraction patterns and Raman scattering spectra testified the realization of a cubic crystal phase.

Organic-inorganic melamine-Y2O3:Tb3þ hybrid system was successfully obtained by vapour

deposition method. Vibration Raman active modes of the organic counterpart were investigated

in order to verify the achievement of hybrid system. Photoluminescence excitation and photolu-

minescence spectra, preformed in the region between 250 and 350 nm, suggest a strong interac-

tion among melamine and Terbium ions. In particular, a remarkable improvement of 5D4! FJ

Rare Earth emission (at about 542 nm) of about 102 fold was observed and attributed to an

efficient organic-Tb energy transfer. The energy transfer mechanism was studied by the use of

time resolved photoluminescence measurements. The melamine lifetime undergoes to a signifi-

cant decrease when adsorbed to oxide surfaces and it was connected to a sensitization mecha-

nism. The detailed analysis of time decay profile of Terbium radiative recombination shows a

variation of double exponential law toward a single exponential one. Its correlation with surface

defects and non-radiative recombination was thus discussed. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4931678]

INTRODUCTION

The research on Rare Earth (RE) based materials is

steadily active in order to realize new devices for photonic

and optoelectronic applications requiring efficient light

absorption, low losses of energy, and high quantum yield

(QY) emission.1,2 Several works on high band gap bulk

material incorporating lanthanides ions report high quantum

yield efficiency in the visible range.3 Moreover, using an

accurate co-doping and efficient interatomic energy transfer,

metameric white light emission can be achieved.4

Yttrium oxide (Y2O3) has attracted much attention

for its potential applications as a chemically and thermally

stable host matrix.5 Among its remarkable properties, it

presents a high melting point of 2450 �C, high density

(5.03 g cm�3), and good thermal conductivity (33 Wm�1

k�1).6 Furthermore, yttria based material can be adopted for

photonic waveguide applications thanks to their high trans-

mittance ranging from 280 nm to 8 lm and a refractive index

of 2.7

Yttria energy gap of 5.5 eV favours a successful doping

with several tripositive RE ions covering a wide range from

blue to NIR. When doped with Eu3þ, it exhibits a red emis-

sion with a quantum yield of 92% for a bulk system

(particles of �5 lm in size). The problem of quantum effi-

ciency in RE doped Y2O3 at nanoscale has been addressed in

several works, sometimes with controversial conclusions. In

general, a reduction of QY is observed with decreasing size

of nanoparticles depending on synthesis method and lower-

ing of crystallinity.8–10

Tb3þ ions has been considered as good candidate to

cover the green region instead of Er3þ and a codoping with

Yb3þ is frequently evaluated for upconversion applica-

tions.11 Moreover, it has been showed a good efficient

codoping-free upconversion process when irradiated with

femtosecond sources.12 However, the reduced photolumines-

cence (PL) quantum efficiency and, mainly, the deep UV

excitation spectrum have strongly inhibited its use in Y2O3

doped crystal.

At nanoscale RE ions in oxide matrix rarely present a

high quantum yield because of the high rate of non-radiative

recombinations, caused by the defects at surfaces and the

presence of OH� groups, mainly detrimental for IR emis-

sion.9 Most recently, it was proposed to apply the synthesis

strategy adopted for organic-RE complex in the field of nano-

structured systems with encouraging results.13 This approach

consists in improving the luminescence of Rare Earth metals

by organic ligands at the surfaces. This effect is known as

“antenna effect” arising when light is strongly absorbed by

organic ligand and much of the energy is then transferred to

RE ions that emit efficiently.14 Thanks to organic molecule,

the obtained system can provide a good optical absorption

even in region out of RE absorption resonance.15

In this work, we synthesized Y2O3:Tb3þ nanostructures

by hydrothermal method. Yttrium Hydroxides precursors are
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first obtained and then a thermal treatment at high tempera-

ture yields the oxide nanocrystals. Y2O3:Tb3þ were function-

alised with 2,4,6-triamino-s-trazine (melamine) by thermal

vapour method. Melamine (C3H6N6) is known to have a

strong absorption in UV region well matching with Tb3þ

ions absorption in several inorganic matrix. It also presents

elevate thermal stability resulting a good candidate for high

temperature synthesis methods. Y2O3:Tb3þ pristine nano-

structures (YTb) and their melamine-Y2O3:Tb3þ (MeYTb)

counterparts were analysed by steady state (SSPL) and time

resolved photoluminescence (TRPL) to investigate the effect

of organic presence at the surfaces and the mechanism

behind the origin of Tb3þ luminescence increase. The hybrid

compound presents greatly enhanced luminescence for the

green emission from Tb3þ ions with excitation spectrum

shifted trough the lower energy suggesting its potential

application as phosphor in solid state lighting devices.

EXPERIMENTAL SECTION

Synthesis

All chemicals were purchased from Sigma-Aldrich and

used without further purification. Y2O3 nanostructures (NS)

were synthesized by surfactant tailored hydrothermal

method. In a typical synthesis 1 g di Y(NO3)3*6H2O and

0,02 g of Tb(NO3)3*5H2O were dissolved in 10 ml of dis-

tilled water. Then, 0.5 ml of Diethanolamine (DEA) was

added to the aqueous solution under vigorous stirring for

10 min. The solution was corrected at pH¼ 10 by means of a

10 M NaOH solution. The colloidal solution was transferred

in a 50 ml Teflon-lined autoclave and hydrothermally treated

at 180 �C for 24 h. After air quenching, the precipitate was

washed with distilled water and dried at 60 �C in air for an

hour. The hydroxide NS were calcinated at 600 �C for 3 h in

air with a rate of 5 �C/min.

C3H6N6 coated Y2O3 NS were prepared by thermal

vapour deposition route. A certain amount of Melamine

powder was put in an alumina crucible and Yttria NS were

deposited on a silicon substrate at a distance of about 10 cm,

placed in a quartz tube accommodated in tubular furnace and

treated at 500 �C for 2h with 5 �C/min ramp under nitrogen

flux (30 ml/min). Several samples with different melamine

and Y2O3:Tb3þ molar ratio (nMe / nYTb) were synthesized in

order to show dependence of luminescence enhancement on

the organic concentration.

Characterization techniques

The crystal structure of Y2O3:Tb3þ samples was probed

using X-ray diffraction patterns recorded by a Seifert X3000

diffractometer with a h�h Bragg�Brentano geometry with

Cu-Ka wavelength. High resolution transmission electron

microscopy (HRTEM) images were obtained by means of a

JEM 2010 UHR equipped with a Gatan Imaging Filter (GIF)

with a 15 eV window and a 794 slow scan CCD camera. The

samples were dispersed in n-octane and submitted to an

ultrasonic bath. Then, the suspensions were dropped on a

copper grid covered with a carbon thin film for the

observation.

In order to obtain information on the surface state of

hybrid MeYTb samples, Raman spectra were acquired.

Raman scattering measurements were performed in backscat-

tering geometry at room temperature with a compact BWTEK

i-Raman EX integrated system (spectral resolution of about

9 cm�1) equipped with a microscopy system. The powders

were irradiated with the 1064 nm line of a Nd:YAG laser.

For SSPL and Photoluminescence excitation (PLE) meas-

urements was used the filtered light from a laser driven Xenon

lamp (EQ-99-X) with a final bandwidth of about 1 nm.

TRPL measurements were performed using an optical

parametric oscillator with a frequency doubler device,

pumped by the third harmonic (355 nm) of a pulsed Nd:YAG

laser (Quanta-Ray Pro 730). The excitation pulse width at

half-maximum was 8 ns with 10 Hz of repetition rate, and

spectral bandwidth less than 0.3 cm�1. The PL signal was

dispersed by a spectrograph (ARC-SpectraPro 300i) with a

spectral bandpass <2.5 nm and detected by a gateable inten-

sified CCD (PI MAX Princeton Inst.).

RESULTS AND DISCUSSION

Fig. 1 reports the representative XRD pattern of

the hydrothermal synthesized samples, annealed at the tem-

perature of 600 �C, acquired in the Bragg angles range

16� � 2h� 65�. As prepared samples show a sequence of

broadened reflections assignable to the nanostructured cubic

bixbyite-like phase with peaks indexed by PDF-Card

83-0927. No other phases were detected and all diffraction

peaks are attributed to Ia-3 space group (No. 206) with no

deviation caused by impurity elements from the pure phase.

The related crystal parameters are shown in Table I. It is

worth to note the large value of the strain parameter, deter-

mined by the relation e¼bcosh/4, especially when compared

with the ones previously reported on 40–60 nm nanopar-

ticles.16 This result can be reasonably assigned to an increase

of atomic displacements in correspondence of grain bound-

ary, frequently observed in small oxide nanosystems or in

particles with highly porous surfaces.17

FIG. 1. XRD pattern for Y2O3:Tb3þ sample.

125502-2 Stagi et al. J. Appl. Phys. 118, 125502 (2015)
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TEM and high resolution (HRTEM) images of the

untreated Y2O3:Tb3þ sample are reported in Fig. 2. As

shown, the hydrothermal product consists of relatively dis-

persed elongated nanostructures with predominantly tubes

features. The outer diameter was estimated of 100 nm and

the length of about 1 lm. Beside a certain homogeneity in

shape and dimension, the most relevant result concerns the

porous characteristics in accordance with the hypothesis

assumed for diffraction patterns.

Below the temperature of 1000 �C, Rare Earth sesquiox-

ides crystallize in bixbyite-like cubic structure whose corre-

sponding irreducible representation for the vibrational

optical modes is

Copt ¼ 4Ag þ 4Eg þ 14Fg þ 5A2u þ 5Eu þ 16Fu; (1)

and therefore, it accounts for 22 Raman ðAg;Eg;FgÞ and 16

IR (Fu) active modes.

In a typical sesquioxides scattering spectrum, we distin-

guish the frequencies region above 300 cm�1, weakly influ-

enced by Rare Earth ions and ascribable to oxygen motions

and deformation of ReO6 octahedra. O-Re-O and Y-O-Y

bending mainly affect the lowest frequencies and Y-O

stretching the higher ones.18

Raman spectra of Y2O3:Tb3þ and melamine-Y2O3:Tb3þ

samples are shown in Fig. 3, and the respective assignments

are summarized in Table II.

Y2O3 nanotubes Raman spectrum is dominated by Fg

mode at 376 cm�1 rising from Y3þ-O2� vibration.19

According to the most recent attributions, we identify the Fg

modes at 468 and 592 cm�1.20 Furthermore, adjacent to the

most intense contribution, we recognise two not completely

resolved vibrations at 329 and 429 cm�1 attributed to

FgþEg and Ag modes, respectively.20

The organic functionalised sample presents new features

at 700 and 990 cm�1 that could be attributed to the melamine

(Fig. 3(b)). Taking into account the melamine Raman spec-

trum (Fig. 4), two intense modes are individuated at

675 cm�1 and 983 cm�1, originating from the ring breathing

II mode and in-plane ring breathing I mode, respectively.21

Raman modes at wavenumbers lower than 600 cm�1 typi-

cally belong to N-H2 (not observed in this work) and H-N-C-

N stretching. The mode at 778 cm�1 and the peaks’ couple at

1443 and 1556 cm�1 are due to out of plane N-C-N bending

and C-N stretching, respectively21 (see Table II for the com-

plete attribution).

D3h symmetry based carbon-nitrogen compounds,

including melamine and melem (2,4,6-triamino-tri-s-tria-

zine), can present a marked N-donor behaviour; melamine,

especially, can produce Cu or Ag-based complex through the

nitrogen atom of the aromatic ring. Conversely, it was pro-

posed a strong interaction of melamine with gold surfaces

through amino group in SERS experiments. The latter is

motivated by a significant redshift of the mode at 675 cm�1

but not the one at 983 cm�1.22

Raman measurements on the hybrids melamine-yttria

show a shift toward higher wavenumbers of about 25 cm�1

for the ring breathing II mode and only 7 cm�1 for the ring

breathing I mode. In the light of this, we suggest chelation to

the amine group’s nitrogen atoms as the most likely mecha-

nism, without significant involving of the ring N atoms.

Fig. 5 shows the resulting excitation spectra (PLE) of

melamine, Y2O3:Tb3þ and melamine-Y2O3:Tb3þ hybrid.

Monitoring the characteristic emission of melamine powder

in the UV region, the excitation spectrum reveals a struc-

tured broad band with a maximum at 312 nm (Fig. 5(a)). At

the present, we do not have knowledge of melamine excita-

tion spectra to compare with our results, but several works

on the absorption of melamine in solution were already

published.23–25 According to Dewar and Paolini,23 the main

absorption band of melamine in solution of water and

ethanol is dominated by a singlet-singlet transition around

240 nm with a weak shoulder at 313 nm attributed to a

singlet-triplet excitation. Most recently, fluorescence excita-

tion spectra of melamine in water show the main excitation

peak at 254 nm, with a weak contribution in the region

between 260 and 320 nm.24 Our starting powder present sim-

ilar excitation features to the ones appearing in PLE meas-

ures on melamine powder after treatment at 300 �C showing

a broad excitation band extending from 260 nm to 400 nm as

a product of a condensation process.25

Melamine luminescence exhibits an efficient emission

picked at 356 nm and �60 nm wide, with a long tail extend-

ing in the blue range, mainly originated by triplet-ground

state recombination.24

The main excitation channels of Terbium ions in yttrium

oxide matrix are located at energies higher than 320 nm,

optimally overlapping the excitation features of melamine

molecule. PLE spectrum of Y2O3:Tb3þ, reported in Fig.

5(b), is acquired by monitoring the emission band centred at

TABLE I. Crystal Parameter of Y2O3:Tb3þ nanostructure.

Structural parameters Calculated values

2h 29.10

FWHM (deg) 0.45

Microstrain e(10�3) 1.92

Lattice constant (Å) 10.62

Interplanar spacing (Å) 3.066

FIG. 2. TEM (a) and (b) and HRTEM (c) images of Y2O3:Tb3þ

nanostructures.
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542 nm. The continuum band picked at about 290 nm is

ascribable to 4f-5d intraband transitions that are recognized

to be largely dependent on crystalline environment or

crystallite dimensions in nanoparticles systems.26 The corre-

sponding luminescence showing a group of four sharp bands

is observed, namely, 484 nm (J¼ 6), 542 nm (J¼ 5),

583 nm(J¼ 4), and 617 nm (J¼ 3) in the region between

450 nm and 650 nm, all attributed to 5D4! FJ terbium ions

radiative recombinations.

MeYTb hybrid (with molar ratio nMe/nYTb¼ 2) is

characterized by a strong green luminescence displaying the

characteristic bands of terbium ions combined with the

emission of melamine (Fig. 5(c)). The excitation spectrum of

MeYTb recorded at the Tb emission (542 nm) presents the

distinctive feature of melamine with an asymmetric broad

band picked at about 310 nm, emblematic of a marked inter-

action between organic compound and lanthanide ion.

Focusing on melamine photoluminescence, a variation

in the PL spectrum is observed. As shown in Fig. 6, when

melamine is adsorbed at yttria surfaces (sample MeYTb) the

emission peak is redshifted to 370 nm. This behaviour is in

accordance with the one observed in Pr(III)-phenanthroline

and RE(III)-melamine complex.27,28 Particularly in the latter,

the energy related to p !p* radiative transition can be

significant affected by organic-metal coordination causing a

redshift of about 12 nm from the intrinsic value.28

The shift toward lower energies of the melamine

emission strongly represents an experimental evidence of the

FIG. 3. Raman spectra of Y2O3:Tb3þ.

(a) Extended Raman spectra. (b)

Particular of Raman spectra at

640–1036 cm�1.

TABLE II. Raman assignments of YTb, MeYTb and Melamine samples.

YTb MeTb Attribution

329 FgþEg

376 Fg

429 Ag

468 Fg

592 Fg

700 Ring breathing II mode

990 Ring breathing I mode

Melamine Attribution

233 HNCN torsion

383 HNCN torsion

450 HNCN torsion

586 Out of plane CNC bending

675 Ring breathing II mode

778 Out of plane NCN bending

983 Ring breathing I mode

1443 CN stretching

1556 CN stretching
FIG. 4. Raman spectrum of melamine.

125502-4 Stagi et al. J. Appl. Phys. 118, 125502 (2015)
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successful coordination among organic ligand and Rare

Earth ions at the surfaces, in good agreement with hybrid

Raman spectra characteristics.

In the composite organic-inorganic system, the lantha-

nide emission is governed by the relation

I�RE ¼ gðkexcÞIRE; (2)

in which we recognize the sensitization of Rare Earth (RE)

ions by organic ligand in the form of intrinsic luminescence

IRE improvement. g is the increase factor and it will be

dependent on excitation wavelength. In Fig. 7(a) we report a

representative sketch of g defined as the ratio I�Tb=ITb of the

emission intensities at 542 nm (5D4! F5). The factor g
reaches the highest value with excitation wavelength of

about 300 nm, where g� 150. In the range between 250 and

320 nm, we observe a luminescence improvement of one

order of magnitude at least. g curve essentially follows

the excitation spectrum of melamine with g> 102 for

kexc> 300 nm where excitation spectrum is dominated by the

organic feature. Fig. 7(b) shows the progressive increase of g
with the concentration of melamine. Above nMe/nYTb¼ 0.3,

the maximum value of Tb luminescence is detected and it

remains constant on a wide range.

Time resolved measurements in the scale of ms were

performed in order to investigate possible effect of organic

capping on Tb3þ ions radiative recombinations (Fig. 8). For

this purpose, the most intense band at 542 nm was monitored

in the first 2 ms. As expected, 5D4! F5 of Tb3þ in Y2O3

presents a lifetime of several hundred ls. By an accurate

comparison between the two samples, we observe a signifi-

cantly difference in radiative decay. In general, Y2O3:Tb3þ

photoluminescence presents two well-defined lifetimes and

the decay profile follows a bi-exponential law:12

I tð Þ ¼ I1 exp � t

s1

� �
þ I2 exp � t

s2

� �
; (3)

with
FIG. 6. Melamine photoluminescence spectrum excited at 270 nm.

FIG. 5. Photoluminescence excitation (circles) and photoluminescence (solid

line) spectra of Melamine (A, kem¼ 360 nm, kexc¼ 270 nm), YTb (B, kem

¼ 542 nm, kexc¼ 290 nm) and MeYTb(C, kem¼ 542 nm, kexc¼ 290 nm).

FIG. 7. (a) geff parameter in the range

250–320 nm; (b) geff parameter as a

function of molar ratio nMe / nYTb.
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1

s
¼ 1

sr
þ 1

snr
; (4)

where sr and snr represent radiative and non-radiative life-

time contribution to the overall time decay s.12

Pristine Y2O3:Tb3þ nanostructured luminescence can be

fitted with two exponentials with lifetimes s1¼ 0.13 ms and

s2¼ 0.78 ms (all expressed with an accuracy of 5%).

Multiexponential trend of terbium luminescence decay has

been encountered in several works, especially in Gd2O3:Tb

systems.29,30 The effect is always correlated to the energy

dissipation by the presence of non-radiative recombination

channels, mainly represented by other lanthanide ions whose

levels can be populated by efficient interionic transfer and

drastically increase with the doping concentration.31

Moreover, structural defects and unsaturated bonds are

always present at oxide surfaces whom tend to react with

water and favour the formation of metal-hydroxides sites.32

Hydroxyl group contribution became more important as the

particles size decreases promoting non-radiative recombina-

tion paths, frequently observed in faster components during

luminescence decays. The use of inorganic or organic shell

can prevent this deleterious mechanism, separating the

optical active core from OH-groups influence. Terbium ions

deposited on porous anodic Al2O3 shows a strong lumines-

cence quenching, related to non-radiative conversion in OH-

groups vibration energies. It has been demonstrated that high

temperature (>900 �C) annealing process can decrease the

amount of OH species at the surfaces achieving an improve-

ment of terbium ions luminescence.

Defining the average time as12

s� ¼ I1s2
1 þ I2s2

2

I1s1 þ I2s2

(5)

and applying it to the luminescence decay in YTb sample,

we obtain s*¼ 0.73 ms. On the other hand, the photolumines-

cence decay of MeYTb nanostructures can be fitted with a

single exponential with lifetime s¼ 1.25 ms, resulting in an

improvement (considered with respect to the average time of

YTb) of about 70%.

We argue that naturally hydrated surfaces undergo to

hydroxyl groups desorption during the heat treatment at

500 �C under nitrogen flux. The resulting surfaces present

high density of reactive centres involved in melamine

adsorption. Melamine molecules tend to heal unsaturated

bonds when deposited at high temperature on the yttria sur-

face, influencing the dynamic of lanthanide ions recombina-

tions. In this scenario, non-radiative contribution lessened,

and so the snr, causing the increase of terbium lifetime emis-

sion. Dorman et al. observed similar behaviour on

Y2O3:Er3þ nanoparticles passivated by an inert shell with an

optimal size of about 8 nm. The nanoparticles display

enhanced luminescence and a longer luminescence lifetime

with an improvement of 53%.33

To clarify the mechanism of energy transfer in

melamine-Rare Earth complex is necessary to investigate

the time evolution of the organic molecule luminescence. In

Fig. 9, we monitored the integrated luminescence of mela-

mine in powders and coordinated to yttria nanostructures. As

previously reported, the decay profile of melamine fluores-

cence exhibits two lifetimes, a fast component of 200 ns and

the other with a lifetime of 1.5 ls, highly dependent on

chemical environment. Accordingly, the interaction among

adsorbed melamine and surfaces’ ions induce the lowering

of the slowest lifetime down to 860 ns (Table III).

The main effect originating from the obtained hybrid mel-

amine-Y2O3:Tb3þ nanostructure is an increase of doping ions

luminescence efficiency. The reduced energy gap between

melamine transition (resonant absorption condition) and Ln3þ

levels promotes an efficient energy transfer corresponding to a

gain of about one order of magnitude. In agreement with the

most accepted mechanism, the organic donor, excited in the

range between 250 and 320 nm, undergoes to a first singlet

FIG. 8. Normalized luminescence decay at 542 nm of YTb (black dots) and

MeYTb (red dots), kexc¼ 270 nm.
FIG. 9. Normalized luminescence decay of melamine (black dots) and mela-

mine in MeYTb (red dots), kexc¼ 270 nm.

TABLE III. Optical emitters Lifetimes.

YTb MeYTb Melamine

Emitter s1 / s2 (ms) s1 / s2 (ms) s1 / s2 (ls)

Tb3þ(kem¼ 542 nm) 0.13 / 0.78 1.25 -

Melamine - 2.0� 10�4 / 8.6� 10�4 0.2 / 1.5
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state transition and relaxes to a triplet state through intersystem

crossing. Then part of energy is transferred to D4 levels of ter-

bium ion which recombines with intense luminescence.

CONCLUSIONS

Terbium doped Y2O3 nanostructures were synthesized

by hydrothermal method and annealing at 600 �C. The result-

ing powders display porous surfaces facilitating the anchor-

ing and adsorption of ligand molecules. Consequently, a

functionalization of oxide surfaces with melamine has been

obtained by thermal deposition method under nitrogen flux

at 500 �C preventing the polymerization of organic ligand.

The achieved hybrid exhibits a strong luminescence in the

green region with an improvement of efficiency compared

with pristine sample. This result can be explained in the

framework of an energy transfer between melamine and RE

ions and it is confirmed by the reduced lifetime of melamine

emission. Moreover, the increase of Tb3þ lifetime suggests

the removal of surface defects and related optical quenchers

in the presence of organic ligand. High temperature synthesis

of melamine-oxide hybrids compounds favours an OH� free

strategy to obtain an effective improvement of lanthanides

based nanoscaled phosphors.
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