
A valence states approach for luminescence enhancement by low
dopant concentration in Eu-doped ZnO nanoparticles

A. Mesaros1 • D. Toloman2 • M. Nasui1 • R. B. Mos1 • T. Petrisor1 •

B. S. Vasile3 • V. A. Surdu3 • I. Perhaita4 • A. Biris2 • O. Pana2

Received: 23 February 2015 / Accepted: 5 June 2015 / Published online: 12 June 2015

� Springer Science+Business Media New York 2015

Abstract The paper presents a simple, reproducible,

controllable, and direct wet chemical synthesis method for

Zn1-xEuxO nanoparticles. The full understanding of

decomposition mechanism of the as-obtained oxalate pre-

cipitate was achieved based on the thermal analysis cor-

related with the evolved gas analysis and FTIR

spectroscopy. The structure, morphology, and optical

luminescent properties of the Zn1-xEuxO nanoparticles

have been investigated by X-ray diffraction, Raman spec-

troscopy, HRTEM, SAED, XPS, and PL. The XRD studies

reveal the formation of a hexagonal wurtzite-type structure.

The presence of Eu2O3 cubic structure can be observed up

to 0.5 mol% Eu, suggesting that the solubility of the

divalent or trivalent Eu into the ZnO lattice is limited. The

formation of Eu2O3 secondary phase at higher Eu con-

centration is sustained by Raman spectroscopy and XPS, as

well. The TEM investigations of the Eu-doped ZnO sam-

ples illustrate the presence of aggregates with different

shapes and dimensions formed by agglomerated spherical

and polyhedral nanoparticles with sizes ranging from 20 to

120 nm. The effect of europium concentration on the

structural and morphological characteristics, as well as on

the luminescent properties was studied with special

emphasis on the europium chemical states—Eu2? and

Eu3?. The PL measurements sustain the presence of both

divalent and trivalent europium ions into the ZnO host

lattice and, at the same time, an increase of its defects

density induced by the dopant presence.

Introduction

The ZnO nanoparticles are of great interest for researchers

due to their potential applications in ultraviolet (UV) to

blue-violet light-emitting devices [1–3], photocatalysis [4,

5], dye-sensitized solar cell [6], diluted magnetic semi-

conductors [7, 8], etc. It is already well known that the

optical properties of ZnO nanoparticles can be modulated

by doping the ZnO matrix with different metal ions, i.e.,

classical 3d transition metals or rare earth metals, and/or by

modifying the morphological characteristics [9, 10].

Compared to transition metals, rare earth ions generate

efficient luminescent centers due to their 4f intrashell

transitions that exhibit peculiar narrow and intense emis-

sion lines [11, 12]. Among the rare earth elements, euro-

pium is special as a dopant because it can induce different

luminescent characteristics depending on the oxidation

states ?2, or ?3. The luminescent emission of Eu3? is

specific due to the 4f ? 5d transitions, and is centered at

around 612 nm in the red domain. On the other hand, the

luminescent emission of Eu2? is due to the dipole allowed

5d–4f transition and varies in a wide range from red to

ultraviolet depending on the crystal structure of the host

matrix [12]. It has been reported that only at smaller con-

centration (less than 1 molar %) the divalent europium
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ions are successfully substituting Zn2? in the ZnO host

matrix [13]. At higher europium concentration, the struc-

tural investigations have pointed out the presence of Eu2O3

at the surface of ZnO [13]. Recently, Yang and co-workers

have evidenced that at smaller Eu concentration (1–3

mol%) a great number of defects are generated in the ZnO

lattice, such as oxygen vacancy (VO), or interstitial oxygen

(Oi), and these defects play an important role in the energy

transfer process from the host lattice to Eu3? [14]. Also, it

has been reported that the optical properties of the metal-

doped zinc oxide strongly depends on the particles size,

shape, and the surrounding environment [15–17].

Different synthesis methods, such as solid-state reaction

[18], coprecipitation [19–21], sol–gel [22–24], hydrother-

mal [25–27], pyrosol [28, 29], microemulsion [30–32],

combustion [13], and electrochemical methods [33, 34]

have been used in order to obtain the europium-doped zinc

oxide nanoparticles. The precipitation/coprecipitation

method, as compared to other chemical or physical meth-

ods, is an inexpensive method which allows the synthesis

of a wide range of nanoparticles with different and con-

trolled sizes and shapes [19, 20, 35–37].

The paper presents a simple, reproducible, controllable,

and direct wet chemical synthesis method for Zn1-xEuxO

(x = 0.001, 0.005, 0.01, 0.025) nanoparticles, which con-

sists in the addition of reactants as acetate salts and oxalic

acid, under pH control, in the presence of an anti-ag-

glomeration agent. The effect of europium concentration

on the structural and morphological characteristics, as well

as on the optical luminescent properties was studied with

special emphasis on the europium chemical states—Eu2?

and Eu3?. In this regard, complementary investigation

techniques were used to evidence the presence of divalent

europium into the ZnO matrix and to reveal its effect on the

luminescent properties.

Experimental part

The nanocrystalline Zn1-xEuxO (x = 0.001, 0.005, 0.01,

0.025) samples were prepared by the wet chemical syn-

thesis route—simultaneous addition of reagents (WCS-

SimAdd), using zinc acetate dihydrate, Zn(CH3COO)2�
2H2O and europium nitrate hydrate, Eu(NO3)3�xH2O

(99.9 %, Alfa Aesar) as the corresponding starting salts and

oxalic acid dihydrate, H2C2O4�2H2O as precipitating

reagent. 0.5 M aqueous solutions of salts and 0.5 M oxalic

acid were prepared. The precipitation was carried out under

continuous magnetic stirring and the pH value was adjusted

to 8 ± 0.2, by adding an ammonium hydroxide solution,

NH4OH. Also, tetraethylammonium hydroxide,

(C2H5)4N(OH) was used as an anti-agglomeration agent.

The post-precipitation stage consisted in a 24 h aging,

separation by filtering and drying. The precursor thermal

treatment was performed at 773 K, for 2 h, in air at a

heating rate of 300 K/h.

The as-obtained precursors were characterized by ther-

mogravimetric and differential thermal analysis (Mettler

Toledo TGA/SDTA851; platinum crucible, heating rate

10 K/min; nitrogen flow 30 ml/min); evolved gas analysis

(Thermo Scientific Nicolet 6700 FTIR Spectrometer

equipped with a TGA module, working at 150 �C; HR

Nicolet TGA Vapor phase library). Bright-field and high-

resolution transmission electron microscopy images (TEM/

HRTEM) coupled with selected area electron diffraction

(SAED) were obtained using a 300 kV Tecnai G2 F30

S-TWIN transmission electron microscope from FEI, the

Netherlands. The X-ray diffraction (XRD) measurements

were made using a Bruker D8 Advance diffractometer with

Cu X-ray tube and incident beam Ge (111) monochromator

(k = 1.54056 Å). Raman analysis was performed at room

temperature using a spectrophotometer Jasco (NRS 3300)

arranged in a back-scattering geometry and equipped with

a charge-coupled device detector (-69 �C) which uses a

600 l/mm grid allowing a spectral resolution of

14.66 cm-1. The laser incident beam (approximate size

1 lm2) was focused on the sample surface through an

Olympus microscope with a 1009 objective. The instru-

ment was calibrated based on the Si 521 cm-1 peak. The

laser excitation was conducted using a 514.5 nm argon ion

laser, and the power at the surface of the sample was

maintained at 1.6 mW, the exposure time (te) was different

(10–60 s) to maximize the signal and is inserted in the

Raman figures for each sample. The qualitative and

quantitative sample compositions were investigated using

X-Ray Photoelectron Spectroscopy (XPS) assisted by Ar

ions etching. The XPS spectra were recorded using a

SPECS spectrometer working with an Al anode

(1486.6 eV) as X-rays source. The spectrometer is equip-

ped with a PHOIBOS 150 analyzer, microchannel plate

photomultiplier, and CCD detector, ensuring a 0.8 eV

resolution on the Ag 3d line. The pass energy was set to

0.1 eV. Each sample was subjected to several Ar ions

etchings until the XPS spectra remained unchanged in

shape and intensity. At this stage, the XPS spectra reflect

the real composition of the samples. In order to avoid the

artificial reduction of the different oxidation stats of ele-

ments, the etching was performed by using Ar ions accel-

erated at a maximum 1000 V voltage [38]. The

luminescent characterization was performed by using a

JASCO FP-6500 Spectrofluorimeter Wavel; glass filter

WG 320.
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Results and discussion

Thermal analysis

Considering that the critical step in the synthesis by wet

chemical methods is the thermal decomposition of the

precursor, thermogravimetric and differential thermal

analyses (TG–DTA) and TG coupled with FTIR analyses

(TG–FTIR) were conducted to better understand the ther-

mal behavior of the (Zn,Eu)-oxalate-type precursors. The

DG–DTA curves registered for the ZnO:Eu samples are

similar, Fig. 1 presents the thermal analysis of Zn0.999

Eu0.001O sample. The TG–DTA analyses have revealed

that the decomposition of the precursors takes place in two

successive stages. All the samples present the first

decomposition stage in the temperature range of

398–473 K with a mass loss of around 19 wt% attributed to

the elimination of the physically adsorbed water. The main

decomposition process, corresponding to the exothermic

effect observed between 648 and 698 K with a significant

mass loss at around 38 wt%, is attributed to the decom-

position of the oxalate group. Thus, it can be assumed that

the decomposition of the precipitates takes place according

to the general reaction scheme for the oxalate route:

398�473 K : ZnxEuy C2O4ð Þz�aH2O

! ZnxEuy C2O4ð ÞzþaH2O

648�698 K : ZnxEuy C2O4ð Þz
! ZnxEuyOz þ zCO2 þ zCO:

No significant weight loss was observed for temperatures

higher than 773 K in the TG curves, indicating that the

oxalate intermediates were completely decomposed.

TG-FTIR analysis

Figure 1 presents the 3D plot for FTIR absorbance time

dependence of the evolved gases for the Zn0.999Eu0.001O

sample. The FTIR profile of the gas evolved at different

times/temperature is also depicted. The two main decom-

position stages are accompanied by a major gas release.

The FTIR characteristic absorbance bands of the gaseous

products—H2O, CO2, and CO can be observed:

mO–H * 3400–4000 cm-1, dO–H * 1300–1900 cm-1 for

H2O; mCO * 2360 cm-1 for CO2; mCO * 2184,

2110 cm-1 for CO [39, 40]. In the temperature range

398–473 K (FTIR spectrum at minute 13–14), the released

gases consist of H2O—physically adsorbed water—and

CO2, adsorbed from the atmosphere. As the thermal

treatment continues and the temperature increases, all the

precursors simultaneously release CO2 and CO (FTIR

spectra at minute 37–38, 670–671 K) due to the decom-

position of zinc oxalate.

X-ray diffraction

Figure 2 shows the XRD patterns of the undoped ZnO and

the Eu-doped ZnO nanoparticles with different doping

concentrations (0.1–2.5 mol%). It is found that all the

samples possess a typical hexagonal wurtzite structure by

comparison with the data from JCPDS standard file—PDF

No. 36-1451, space group P63mc (186). No diffraction

peaks from any other chemical species, such as Eu2O3, are

detectable in the diffraction pattern of the 0.1 mol% Eu-

doped sample. By analyzing the XRD patterns, one can

observe that by increasing the Eu concentration (up to

0.5 mol%) a weak diffraction line at 28.423�, belonging to

Eu2O3 phase, can be detected. The Eu2O3 cubic structure
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Fig. 1 TG–DTA curves of Zn0.999Eu0.001O sample (a) and 3D image for the variation in time of the FTIR absorbance of gases released from the

decomposition of the same sample (b)
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appears as a second phase, indicating that the solubility of

Eu3? ions into the ZnO host matrix is below 0.5 mol%.

The calculated values for the ZnO crystallite sizes (Deff),

calculated using the Scherrer formula are presented in

Fig. 2. The average crystallite sizes, calculated for the

(101) and (100) peaks, were about 61 nm for undoped

ZnO. For the 0.1 mol% Eu, the crystallite size has

increased to 74 nm, indicating that this small amount of

europium ions stimulates the nucleation, and the growth

processes of the nanocrystals.

At higher europium concentration, a decrease of the

crystallite size can be noticed—down to 37 nm for the

2.5 mol% Eu. This tendency can be correlated with the

segregation of the Eu2O3 phase, probably at the nanopar-

ticles surface, inhibiting thus the ZnO nanocrystal growth

process. Even if the Eu2O3 specific diffraction lines are

distinguished only at higher dopant concentration (more

than 1 mol%), the decrease of crystallite size values can be

associated with the lower solubility of Eu ions into the ZnO

lattice [11]. Due to the lower intensity of the Eu2O3

reflection lines, the average nanoparticles sizes have been

calculated using the Scherrer formula, only for the 1 and

2.5 % mol Eu samples and the obtained values are 14 and

24 nm, respectively.

Raman spectroscopy

To obtain detailed information about the composition of

the samples, Raman spectroscopy measurements were

performed. Figure 3a shows Raman spectra of ZnO, Eu-

doped ZnO nanoparticles, and Eu2O3 in the range

150–800 cm-1. The space group of hexagonal ZnO, with a

wurtzite crystal structure belongs to the C4
6v. Single crys-

talline ZnO presents eight sets of optical phonon modes in

which the A1 ? E1 ? 2E2 modes are Raman active, while

the A1 and E1 modes split into longitudinal optical (LO),

and transverse optical (TO) components. The Raman

spectrum of the ZnO nanoparticles presents peaks at 338,

395, 447, 587, and 666 cm-1. The bands at 338 and

395 cm-1 are assigned as the 2E2L and the TO mode with

A1 symmetry (A1T), respectively. The peak centered at

447 cm-1 is attributed to the E2H mode of the ZnO non-

polar optical phonons [41, 42]. The bands at 587 cm-1

correspond to the E1 symmetry with LO modes. Generally,

the E1(LO) peak is caused by defects due to O-vacancies,

Zn-interstitials [43, 44]. The peak centered at 666 cm-1

was assigned to two phonon processes A1(LO) ? E2(low)

[45].

By doping ZnO with Eu ions it can be observed that the

bands characteristic to ZnO are decreasing with the doping

degree. Moreover, the Raman peaks of E2H evidently shift

toward a lower wavenumber from 447 cm-1 for the

undoped ZnO to 444 cm-1 for the 0.1 mol% Eu-doped

ZnO, confirming an effective substitution of Zn2? ions by

Eu2? ions. It can be observed that this band returns to its

initial position by increasing the dopant concentration.

Also, by increasing the doping level, the band centered at

338 cm-1 is shifting to higher wavenumbers, 342 cm-1 for

2.5 mol% Eu-doped ZnO nanoparticles. The Raman spec-

trum of the Eu2O3 sample presents a characteristic band at

346 cm-1, specific to a Tg mode. Thus, the bands centered

at *342 cm-1 could be assigned to both ZnO, and Eu2O3.

Figure 3b presents the Raman spectra of ZnO, Eu-doped

ZnO nanoparticles, and Eu2O3 in the wavenumber range

2000–8000 cm-1. In this range, only the Eu-doped ZnO

nanoparticles present bands and these bands are specific to

Eu2O3 [46]. It should be noted here that for 0.1 mol% Eu

all these bands exhibit low intensities, while for higher

concentrations these bands are better resolved. Taking into

consideration all these results, one can conclude that at

smaller concentration, 0.1 mol%, a part of Eu3? ions are

reduced to Eu2? and are incorporated into ZnO lattice and

the others contribute to the formation of Eu2O3 species.

The formation of Eu2O3 secondary phase at higher Eu

concentration is sustained by XRD analysis, as well.

TEM–HRTEM analysis

The TEM analysis (Fig. 4a) obtained on the precursor

powder provides a direct observation of the morphological

and structural characteristics. The precursor powder con-

sists in agglomerated nanocrystalline particles, this

behavior being characteristic for the oxalate-type precur-

sors [21, 37, 47, 48]. The high-resolution pattern (Fig. 4b)

clearly illustrates the amorphous character, but also the

presence of very small nanocrystalline particles (4–5 nm in

size).

Fig. 2 XRD patterns of ZnO and Eu-doped ZnO nanoparticles

(x mol% Eu)
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The TEM bright-field images of Eu-doped ZnO samples

(Fig. 5a–c) illustrate the presence of aggregates with dif-

ferent shapes and dimensions formed by agglomerated

spherical and polyhedral nanoparticles with sizes ranging

from 20 to 120 nm.

This tendency to form larger and denser nanoparticle

aggregates during the thermal treatment is typical for zinc

oxalate-type precursors [48]. Moreover, the particle size

distribution (Fig. 5g–i) histograms for these samples point

out the influence of Eu dopant on the mean particle size in

terms of decreasing the particle size with the increase of Eu

content. The SAED patterns (Fig. 5a–c inset) are in good

agreement with the X-ray diffraction patterns and show a

wurtzite crystal structure (JCPDS standard file—PDF No.

36-1451) for all the doped samples.

HRTEM images (Fig. 5d–f) show clear lattice fringes of

polycrystalline nanopowder with d = 2.81 Å, d = 2.60 Å,

d = 2.47 Å, d = 1.91 Å, and d = 1.62 Å corresponding to

the (100), (002), (101), (102), and (110) crystallographic

planes of hexagonal ZnO.

XPS

The quantitative analysis of samples, as well as the deter-

mination of Eu ions valence states was performed by XPS

coupled with Ar ions etching. The following XPS core-

level lines were consecutively recorded after different

etching time intervals: Eu 3d, Zn 2p, and C 1s. The C

1s line associated to C–C or C–H bonds positioned at

284.6 eV was used for spectra calibration. The C 1s line is

due to the carbon presence in the outer shell of nanopar-

ticles, as resulted from the thermal decomposition of non-

reacted precursor traces.

The presence of both oxidation states of Eu can be

explained by taking into consideration the reducing char-

acter of the oxalate-type species. The analysis of XPS

Fig. 3 Raman spectra of ZnO, Eu-doped ZnO nanoparticles, and Eu2O3 in the 150–800 cm-1 (a) and 2000-8000 cm-1 (b) ranges

Fig. 4 TEM image (a) and

HRTEM pattern (b) of

Zn0.975Eu0.025O precursor
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spectra of Eu 3d was made considering that both Eu2? and

Eu3? are present. According to the Raman spectra, the

divalent component of europium is expected, and corre-

sponds to the europium ions that substitute the Zn2? ions

into the ZnO host lattice. On the other side, the presence of

Eu3? ions may be either due to the interstitial incorporation

of Eu ions into the ZnO matrix, or to the formation of

Eu2O3 as a secondary phase. It is important to notice that

the XRD evidences the formation of Eu2O3 phase at a

dopant concentration higher than 1 mol%.

The fit was realized by using the CASA software.

A Shirley background was set for all spectra, except for the

Eu 3d core-level lines where a linear one is more suitable.

The satellites were extracted through the CASA software

designed setup. The restrictions used for fitting the Eu

3d and Zn 2p XPS spectra refer to the relation between the

integral intensities of the doublet components I(3/2) = (2/3)

I(5/2) and I(1/2) = (1/2) I(3/2) for d and p lines, respectively.

The 3d and 2p spin–orbit doublet separations were con-

sidered at 29.6 and 23 eV for Eu 3d and Zn 2p, respec-

tively. After repeated Ar ions etchings, the XPS spectra

remained unchanged in shape and intensity, being suitable

for quantitative determinations.

The XPS spectra of Eu 3d core-level doublet for

2.5 mol% Eu-doped ZnO nanoparticles together with the

corresponding deconvolutions and fitted curves are shown

Fig. 5 Bright-field TEM images and SAED pattern (inset) (a–c), HRTEM images (d–f), particle size distribution (g–i) of Zn0.999Eu0.001O,

Zn0.99Eu0.01O, and Zn0.975Eu0.025O, respectively
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in Fig. 6a. It is known that the rare earths elements have a

complex structure of the XPS spectra containing, besides

the main peaks, shakeup and shakedown like features,

strongly depending on their oxidation state and neighbor-

ing elements. In our case, a detailed discussion should be

done for Eu3?, as well as Eu2? ionic states both having its

own satellite structure. The occurrence of Eu2O3 is clearly

indicated in Fig. 6a by the two intense peaks centered at

1135.1 and 1164.7 eV for the (5/2) and (3/2) spin–orbit

components, respectively. As expected, a shakedown fea-

ture is observed in the 3d doublet XPS spectra of Eu3? [48–

50] at around 1124 eV. It is composed of two peaks, S1

and S2 resulting from the final screening observed in our

case at 1122.95 and 1127.0 eV, respectively [48]. At higher

binding energies, two satellite features, S4 and S5 are

observed, as well. The low intensity S4 peak at 1142.2 eV

corresponds to one of the multiplet structure for the 3d94f6

configuration [51], while S5 has rather a shakeup feature

produced by the valence band rearrangement due to a

sudden formation of a photohole.

Unfortunately, since the Eu2? 3d core-level main peak

binding energy is situated in the same energy region as the

S1 and S2 shakedown final states of the Eu3? 3d core-level

features, it is often mistaken. Nevertheless, the overall

signal can be deconvoluted considering that the Eu2?

3d main peaks (both 3d5/2 and 3d3/2 states) are always

accompanied by a satellite in the higher binding energy

region separated by *7–8 eV. The occurrence of this

double-peak structure for the divalent Eu into the ZnO host

lattice is due to the large stabilization energy according to

Hund rule specific for the 4f states associated to the

exchange interaction between 3d and 4f unpaired electrons

in the final state [52, 53]. Thus, the Eu2? main peaks were

found at 1124.81 (5/2) and 1154.41 (3/2) eV, while the

associated high-energy satellites are at 1132.4 and

1161.23 eV for 3d5/2 and 3d3/2 states, respectively.

In Fig. 6b, the XPS spectrum of the Zn 2p core-level

corresponding to 2.5 mol% Eu is shown together with its

deconvolution. The main peaks are positioned at 1121.9

and 1044.96 eV for 2p3/2 and 2p1/2 core-levels lines,

respectively. At lower binding energies, less intense Zn

2p surface states peaks are observed at 1019.0 and

1041.44 eV. Two satellite shakeup features can be seen at

higher binding energies.

The oxygen content of the samples does not show any

significant modification as a result of the Ar ions sputter-

ing. For instance, the inset of Fig. 6b shows the evolution

of the total O 1s core-level line intensity relative to the

intensity after 5 min sputtering, as a function of the etching

time for the 2.5 % Eu-doped ZnO sample. We choose as

reference the line intensity after the first 5 min Ar ions

sputtering to avoid the effects of surface oxygen contami-

nation. Thus, no artificial reduction of ZnO was evidenced

as a result of accelerating Ar ions at 1 kV.

For quantitative determination, the integral intensities of

Eu 3d and Zn 2p core—level lines were calibrated by using

the corresponding real sensitivity, transmission, and elec-

tronic mean free path factors (data base of CASA software).

All the values of the binding energies are generally sub-

jected to ±0.3 eV variations as a result of C 1s positioning

errors.

Being a composite material, for the quantitative analysis

of samples containing ZnO:Eu, Eu2O3, and residual carbon,

the escape depth corrections (attenuation lengths) are also

(a) (b)

Fig. 6 The XPS spectra of a Eu 3d core-level doublets for the 2.5 %

Eu-doped ZnO nanoparticles sample, together with the corresponding

deconvolutions and fitted curves; S1 and S2 are Eu3? shakedown final

states features, while S3 Eu2? shakeup satellite. S4 and S5 shakeup

satellites may be attributed to a multiplet configuration, and a satellite

feature produced by the valence band rearrangement, respectively.

b Zn 2p core-level doublets together with the corresponding

deconvolutions and fitted curves for 2.5 % Eu-doped ZnO nanopar-

ticles sample. Surface states are seen at low intensity peaks at lower

BE. The inset shows the relative O 1s intensity evolution as a function

of the etching time
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necessary. The weight and molar concentrations were

calculated by dividing the normalized integral intensities of

Eu3? 3d5/2 and Zn 2p3/2 to C 1s lines by the corresponding

escape depths according to Ref. [54] by using the general

formula given by Cumpson and Seah [55].This formula

accounts for the mean molar mass, the mean electronic

number, the density, and the kinetic energy corresponding

for each of the analyzed peak positions. The calculated

values of the escape depth corrections were 0.46, and

0.60–0.62 for Eu2O3 and ZnO, respectively. The small

variations of escape depth for ZnO:Eu are due to the dif-

ferent doping level of the samples. For the C 1s line, the

escape depth was obtained 2.2 nm. The composition of

ZnO:Eu samples is given in Table 1.

The XPS depth profile of Eu2? and Eu3? content, as

resulted from the calibrated integral intensities depen-

dences on the cumulative etching time, is presented in

Fig. 7a for the 2.5 mol% Eu sample. One can observe that

the Eu2? ions concentration in the ZnO nanoparticles

decreases in depth. It is an indication that the doping

process of the ZnO nanoparticles is diffusion driven. It

begins at the surface and is less efficient with respect to the

inner part of the nanocrystals. The non-diffused europium

excess undergoes further oxidation resulting in the forma-

tion of Eu2O3 nanocrystals. We have to mention that the

correlation between the sputtering time and the etching

process rate is possible when the sample is conductive. The

effectiveness of this process is measured through moni-

toring the ground discharge current. In our case, with

almost insulating samples, the discharge current to the

ground does not reflect the rate at which the etching is

produced. This is because the sample behaves like a

capacitor, thus the etching rate which is accompanied by

positive charge accumulation, and the ground discharging

current operate with large time constant differences.

The efficiency of the doping process may be seen in

Fig. 7b where the ratio between the XPS calibrated integral

line intensity I(Eu2?), associated to the ZnO doping level,

and the total europium content as calculated for each

sample, Itotal = I(Eu2?) ? I(Eu3?), is presented as a

function of the initial europium concentration. By

increasing the initial europium concentration, the relative

amount of divalent Eu substituting the ZnO matrix signif-

icantly decreases, indicating the preferential formation of

the Eu2O3 phase. On the other hand, the absolute doping

level of Eu2? into ZnO can be evaluated by representing

the I(Eu2?)/[I(Eu2?) ? I(Zntotal)] ratio dependence on the

theoretical Eu concentration. Up to 0.5 mol% theoretical

Eu concentration, the resulted Eu2? doping level is almost

constant, but at higher theoretical Eu concentration it

increases.

Photoluminescence spectroscopy

Besides the structural and morphological consideration, the

luminescent properties of the ZnO:Eu samples should be

assessed in terms of emission intensity and characteristic

peaks, which relate to the degree of incorporation into the

lattice and the valence state of the Eu ions, respectively. In

divalent, trivalent, or even with both valence states, the

europium ions exhibit luminescence when present in dif-

ferent oxide matrices leading to simultaneous

4f ? 5d broad emission band and/or 4f–4f characteristic

line emission [56]. The room temperature luminescence

spectra for the undoped and Eu-doped ZnO nanoparticles at

an excitation wavelength of 360 nm are shown in Fig. 8.

The PL spectra of all samples present a near-band edge

UV band centered at 395–397 nm, attributed to the free

exciton recombination. According to the literature data, the

blue emission bands at 435, 454, and 469 nm for the ZnO

spectrum originates from extended interstitial zinc (Zni),

located slightly below the simple interstitial zinc state, to

the valence band (VB), possible to be formed during the

annealing process, resulting in a defect localization cou-

pled with a disordered lattice [57–60]. Also, the blue

emission bands at 483 and 494 nm are attributed to the

intrinsic defects, such as oxygen and zinc interstitials [58].

The origin of the well-known green emission of ZnO

nanoparticles around 560 nm was intensively studied and it

strongly depends on the surface morphology and the grain

structure [61, 62]. Ye et al. [63] related that this band

originates from the radiative recombination of the Vx
O

(electron from the conduction band is trapped by Vþ
O

forming an instable Vx
O center) with the hole from the VB.

When Vþþ
O (formed when Vþ

O traps a hole from the grain

surface) are the dominant native defects, they trap a pho-

toexcited electron from the CB and yield photons with an

energy value around 2.2 eV (560 nm). The luminescent

properties are influenced by the addition of the europium

ions into the ZnO matrix. The observed visible emission

bands are different, meaning that both the specific emission

attributed to the 4f7–4f65d1 for Eu2? and 5D0 ? 7F2 for

Eu3? transitions and the emission induced by the existence

Table 1 The calculated values for the composition of the ZnO:Eu

samples

Nominal

Eu3?

(mol%)

Eu2?

(mol%)

Composition

ZnO:Eu Eu2O3 Residual C

mol% wt% mol% wt% mol% wt%

0.1 0.097 98.27 99.36 0.10 0.41 1.60 0.22

0.5 0.100 97.26 98.67 0.25 0.99 2.40 0.33

1 0.204 98.69 97.58 0.67 2.35 0.64 0.08

2.5 0.279 95.06 86.54 4.42 13.40 0.50 0.05

6082 J Mater Sci (2015) 50:6075–6086

123



of multiple defects in the ZnO nanoparticles are present.

One can observe that the PL spectra of Eu-doped ZnO

samples present similarities, but the intensities of the main

emission bands decrease with the increase of europium

concentration from 0.1 to 2.5 mol%.

The peak intensities centered at 435, 454, 470, 483, and

494 nm were strongly influenced by the presence of

europium ion. The most intense emission was registered for

the 0.1 mol% europium sample. The increase of Eu con-

centration in the ZnO samples is accompanied by the

decrease of the emission. Also, it is well known that the

4f7–4f65d1 transition of Eu2? presents a broad emission

centered at 530 nm. The asymmetric allure for all the

ZnO:Eu spectra can be explained by the presence of this

latter Eu2? emission band [11, 64–66]. The low red PL

emission peak at 613 nm observed in ZnO:Eu samples is

associated to the 5D0 ? 7F2 transition of the Eu3? ions.

This low intensity emission is due to the fact that most of

the energy of the 360 nm excitation photons, being trans-

ferred to higher excited electronic states, is lost through

ZnO defects by radiative recombinations [50].

The decrease of the PL intensity may be understood in

terms of two processes: (i) quenching of the PL due to the

Eu2O3 formation and (ii) ‘‘quenching’’ produced by

increasing the Eu2? doping concentration of ZnO known as

concentration quenching [63]. In Fig. 8b, it is represented

the maximum of PL intensity (483 nm) as a function of the

Eu2? doping level from Table 1. It can be noticed that,

although samples with nominal 0.1 and 0.5 % have the

same Eu2? concentration, their PL response differs

(a) (b)

Fig. 7 a The XPS depth profile of Eu2? and Eu3? contents for 2.5 mol% Eu analyzed by using Ar ions etching and b Eu2? content versus Eutotal

content as function of Eu concentration and Eu2?/(Eu2? ? Zntotal) as function of Eu concentration

(a) (b)

Fig. 8 PL spectra of ZnO and Eu-doped ZnO nanoparticles (kexc. = 360 nm)
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significantly. The difference between samples is given by

the increased quantity of Eu2O3 secondary phase formation

in the sample with 0.5 mol% Eu nominal concentration

with respect to 0.1 mol% Eu sample. Thus, the first

quenching process may be attributed to the Eu2O3 crys-

tallite formation on the surface of ZnO. Here the Eu3? ions

act as non-radiative decay centers. The linear reduction of

the PL response for samples with larger doping levels may

be further seen as due to already mentioned concentration

quenching. In the same time, the decrease of ZnO crys-

tallite size with the increase of Eu nominal concentration

was already mentioned. This process is accompanied by an

increase of the ZnO surface defects. It is already known

that these defects act as radiative decay centers, thus

reducing the quenching effect due to Eu2O3 formation,

explaining the slower decrease of PL dependence in the

0.1–0.3 mol% Eu domain.

Conclusions

Eu-doped ZnO nanoparticles have been synthesized by a

wet chemical synthesis route using the SimAdd technique.

The full understanding of decomposition mechanism of the

as-obtained oxalate precipitate was achieved based on the

thermal analysis correlated with the evolved gas analysis

and FTIR spectroscopy. The XRD studies reveal the for-

mation of a hexagonal wurtzite-type structure. The pres-

ence of Eu2O3 cubic structure can be observed up to

0.5 mol% Eu, suggesting that the solubility of the divalent

or trivalent Eu into the ZnO lattice is limited. The forma-

tion of Eu2O3 secondary phase at higher Eu concentration

is sustained by Raman spectroscopy, as well. It is worth-

while mentioning that in the wavenumber range

2000–8000 cm-1 only the Eu-doped ZnO nanoparticles

present bands and these bands are specific to Eu2O3. Also,

the Raman and XPS investigations suggest that at smaller

europium concentration, 0.1 mol%, a part of the Eu3? ions

are reduced to Eu2? and incorporated into the ZnO lattice.

According to the Raman spectra, the divalent component of

europium is expected, and corresponds to the europium

ions that substitute the Zn2? ions into the ZnO host lattice.

On the other side, the presence of Eu3? ions may be either

due to the interstitial incorporation of Eu ions into the ZnO

matrix, or to the formation of Eu2O3 as a secondary phase.

The TEM investigations of the Eu-doped ZnO samples

illustrate the presence of aggregates with different shapes

and dimensions formed by agglomerated spherical and

polyhedral nanoparticles with sizes ranging from 20 to

120 nm. The PL measurements sustain the presence of both

divalent and trivalent europium ions into the ZnO host

lattice and, at the same time, an increase of its defects

density induced by the dopant presence. In summary,

following this wet chemical synthesis route, the partial

reduction of the Eu3? ? Eu2? ions was evidenced by

complementary XRD, Raman, XPS, and PL investigation

methods. The possibility to tune the luminescence emission

of the Eu-doped zinc oxide by controlling the Eu2?/Eu3?

ratio was pointed out by this study. Supplementary exper-

iments have already been developed in order to increase the

Eu2? concentration by the thermal treatment of zinc oxa-

late-type precursor under reducing atmosphere. In this

context, the possibility to synthesize phosphors with tar-

geted luminescence emission can be achieved.
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