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a  b  s  t  r  a  c  t

The  preparation  of  efficient  light  emitting  diodes  requires  active  optical  layers  working  at  low  voltage
for light  emission.  Trivalent  lanthanide  doped  wide-bandgap  semiconducting  oxide  nanostructures  are
promising  active  materials  in opto-electronic  devices.  In  this  work  we  report  on  the  electrochemical
deposition  (ECD)  of Eu-doped  ZnO  (ZnO:Eu)  nanowire  arrays  on glass  substrates  coated  with  F-doped
polycrystalline  SnO2. The  structural,  chemical  and  optical  properties  of  ZnO:Eu  nanowires  have  been  sys-
tematically  characterized  by  X-ray  diffraction,  transmission  electron  microscopy,  Raman  spectroscopy,
X-ray  photoelectron  spectroscopy,  secondary  ion  mass  spectrometry,  and  photoluminescence.  XRD
results suggest  the  substitution  of Zn2+ by Eu  ions  in  the  crystalline  lattice.  High-resolution  TEM  and  asso-
ciated electron  diffraction  studies  indicate  an  interplanar  spacing  of  0.52  nm  which  corresponds  to the
(0  0  0  1)  crystal  plane  of the  hexagonal  ZnO,  and  a  growth  along  the  c-direction.  The  ZnO:Eu  nanowires
have  a single  crystal  structure,  without  noticeable  defects.  According  to  EDX,  SIMS  and  XPS  studies,

cationic  Eu  species  are  detected  in  these  samples  showing  the  incorporation  of Eu  into  the  ZnO  matrix.
The  oxidation  states  of  europium  ions  in  the  nanowires  are  determined  as  +3  (74%)  and  +2  (26%).  Pho-
toluminescence  studies  demonstrated  red  emission  from  the  Eu-doped  ZnO  nanowire  arrays.  When  Eu
was  incorporated  during  the  nanowire  growth,  the  sharp 5D0–7F2 transition  of  the  Eu3+ ion  at  around
612  nm  was  observed.  These  results  suggest  that  Eu  doped  ZnO  nanowires  could  pave  the  way  for  efficient,
multispectral  LEDs  and  optical  devices.
. Introduction

For high-performance light emitting devices, efficient emissions
re required by applying low voltages to an optically active layer
1–4]. Trivalent lanthanides doped semiconducting oxide nano-
tructures are one of the most promising nanomaterials for an
ctive layer due to their stable intra-4f shell transitions in their
ons [5]. In this context, zinc oxide (ZnO) possesses a great poten-
ial as a host material for europium-doped semiconductor [6–11]

ecause it has a wide band gap of about 3.36 eV, a large exciton
inding energy of 60 meV  [7] and native defects [8,9]. The prepa-
ation and characterizations of the optical properties of ZnO doped

∗ Corresponding authors at: Laboratoire d’Electrochimie, Chimie des Interfaces et
odélisation pour l’Energie (LECIME), UMR-7575, ENSCP-Chimie Paristech, 11 rue
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169-4332/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2013.06.053
© 2013 Elsevier B.V. All rights reserved.

with Eu3+ ions have been studied previously [10–21]. Pauporté
et al. have developed an electrochemical precipitation technique
for the preparation of the ZnO/Eu mixed layers [11,12]. In the Eu3+-
doped ZnO rod-shaped columns surrounded by a Eu/ZnO mixed
basal layer, the energy transfer from ZnO to Eu3+ under UV light
excitation was  demonstrated [11]. The electrochemical prepara-
tion was explained in the light of a thermochemical study of the
Eu–Cl–H2O system [12]. Other growth routes from solution include
spray pyrolysis [22,23], sol–gel [24] and coprecipitation [25]. Wang
et al. [18] reported on defect-mediated energy transfer in red-
light-emitting Eu-doped ZnO nanowire arrays prepared by a vapor
transport method. Pan et al. [19] studied the growth by chemi-
cal vapor deposition of single crystal ZnO nanowires diffused with
europium (Eu) from a solid source at 900 ◦C for 1 h. Chen et al. [17]
reported on Eu-treated ZnO nanowires and found that the Eu3+ ions

were in the Eu2O3-like state located at the surface of ZnO nanowire
and red emission was detected. Yang et al. [15] showed Eu-doped
ZnO nanowires prepared by high-temperature and high-pressure
pulsed-laser deposition and emission near 611 nm and 755 nm.

dx.doi.org/10.1016/j.apsusc.2013.06.053
http://www.sciencedirect.com/science/journal/01694332
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concentration of doping Eu(1.0 �M)-ZnO nanowires (not shown).
It was detected for all electrodeposited ZnO nanowire arrays a sharp
XRD reflection peak at ∼34.43◦, showing a preferential growth
along the c-axis normal to the FTO substrate. By analyzing the
O. Lupan et al. / Applied Sur

owever, for various cost-effective optoelectronic applications it
s important to use a low-cost technique for tuning the emission

avelength of the nanowires for fabrication of ZnO based devices
1,3,4,26]. Although, it has been demonstrated that the bandgap of
nO films can be tuned by the addition of dopants, several issues
ave to be clarified, such as the possibility of doping nanowires at
ontrolled level through a cost-effective and efficient electrochem-
cal process.

To the best of our knowledge, the direct electrodeposition of
u-doped ZnO nanowire arrays with rather high aspect ratio has
ot been reported. In this paper we present the electrochemical
eposition (ECD) technique for the direct synthesis of Eu-doped
nO nanowire arrays. The composition, crystallographic structure
nd luminescence properties of the nanostructures are investigated
nd discussed.

. Experimental

The nanowire arrays were electrodeposited in a three-
lectrode electrochemical cell using an aqueous solution containing
.2 mmol  L−1 ZnCl2, 0.1 mol  L−1 KCl as supporting electrolyte and
ontinuous oxygen bubbling in a bath solution [4,27,28]. Three
ifferent concentrations of EuCl3 (99.9% EuCl3 4H2O, Alfa Aesar)
ave been tested in the present work, 0 �mol  L−1, 1.0 �mol  L−1

nd 2.5 �mol  L−1, giving rise to the samples noted as #1, #2 and
3, respectively. Glass coated with F-doped polycrystalline SnO2

FTO) (resistance of 10 �/sq) was used as substrate. The sub-
trates were cleaned in acetone, then ethanol (95%) for 6 min  each
n the ultrasonic bath, then in HNO3 (45%) for 2 min, followed
y rinsing with deionized water (18.2 M� cm) flow. Afterwards,
he FTO substrates were mounted as a working electrode. Elec-
rodeposition was performed potentiostatically at −1.0 V versus
he SCE reference electrode using an Autolab PGSTAT30 potentio-
tat/galvanostat and with working electrode rotated at a constant
peed of ω = 300 rotations/min. The deposition time was 9000 s and
he bath temperature was fixed at 90 ◦C. After deposition, the lay-
rs were thoroughly rinsed with deionized water and dried in air
o remove chloride salts and un-reacted products from the surface.
fterwards, it was subjected to thermal annealing in air at 300 ◦C

or 1.0 h.
Scanning electron microscopy (SEM) images were obtained by

sing an Ultra 55 Zeiss FEG at an acceleration voltage of 15 kV.
uantitative elemental analyses (EDX) were realized with a Bruker
i-drift silicon detector. For structural characterization, a high-
esolution X-ray diffractometer Siemens D5000 operated with
0 kV and 45 mA  using the CuK�1 radiation with � = 1.5406 Å and a
otating sample holder were used. A TEM sample #3 was prepared
y direct transfer of nanowires to carbon holey grid. Transmission
lectron microscopy (TEM) and selected area electron diffraction
SAED) measurements were performed on a FEI Tecnai F30 TEM
ransmission electron microscope operated at an accelerating volt-
ge of 300 kV. Secondary ion mass spectrometry (SIMS) was  used
or the analysis of the Eu content in our samples due to its sensitiv-
ty and depth resolution [29]. SIMS studies were carried out with a
hysical Electronics ADEPT 1010 quadrupole analyzer with a 3 keV
s+ primary beam at 60◦ from normal. The typical primary beam
urrent was 25 nA. The primary beam was scanned over a 300 �m
y 300 �m area, with detection of negative secondary ions from an
rea of 100 �m by 100 �m at the center of the scanned area.

X-ray photoelectron spectroscopy (XPS) measurements were
erformed in a modular ultrahigh vacuum (UHV) system (SPECS

mbH) specially designed for the preparation and charac-

erization of nanoscale materials. The analysis chamber was
quipped with a hemispherical electron energy analyzer (Phoi-
os 100) and dual-anode (Al-K�, 1486.6 eV and Ag-L�, 2984.4 eV)
ience 282 (2013) 782– 788 783

monochromatic X-ray source (XR50, SPECS GmbH) for XPS. The
base pressure in the chamber was 1 × 10−10 mbar. In our studies,
Al-K� radiation was  used. Details of the experimental procedures
can be found in our previous report [29].

The sample total transmittances were recorded at room temper-
ature with unpolarized light at normal incidence in the wavelength
range from 300 nm to 1700 nm using a Cary 5000 (Varian) UV-Vis-
NIR spectrophotometer equipped with an integrating sphere [29].
The reference was  a FTO coated glass substrate cleaned exactly
according to the same procedure as the substrates. Raman scatter-
ing was  measured at room temperature with a Horiba Jobin Yvon
LabRam IR system in a backscattering configuration. A 632.8 nm
line of a He–Ne laser was  used for off-resonance excitation with less
than 4 mW power at the sample. The instrument was  calibrated to
the same accuracy using silicon and naphthalene standards. Photo-
luminescence (PL) was  measured at 300 K and 10 K. The continuous
wave (CW) photoluminescence (PL) was  excited by the 4th har-
monic (266 nm)  of a Nd:YAG laser and dispersed with a HR250
monochromator (Jobin-Yvon) coupled to an UV-enhanced Inten-
sified Charge Coupled Device (ICCD) (Roper). Under pulsed laser
excitation, PL spectra were recorded in a pseudo CW mode with a
continuous integration of the intensity in 300 ms  corresponding to
3 full illumination pulses.

3. Results and discussion

X-ray diffraction was used to investigate the phase structure
and lattice parameters of the ZnO:Eu nanowires. Results on pure
ZnO nanowires grown by electrodeposition were presented pre-
viously [4,28]. Fig. 1 shows the X-ray diffraction pattern recorded
in the 25–130◦ range with a scanning step of 0.02◦ of Eu(2.5 �M)-
doped ZnO nanowires grown on F-SnO2/glass substrate (sample
#3). The pattern matches the lattice spacing of crystalline ZnO in
the wurtzite structure (space group: P63mc(186)) [29].

All dot-marked (blue on-line) XRD peaks (Fig. 1) are assigned to
FTO-coated glass substrates according to the Joint Committee on
Powder Diffraction Standards (JCPDS) PDF 01-041-1445 card [30]
and the rest to ZnO based on PDF 036-1451 [30]. Using a logarith-
mic  scale, two tiny Eu2O3 diffraction peaks could be detected in
this sample, whereas no Eu2O3 peaks were detectable for lower
Fig. 1. X-ray diffraction pattern of Eu(2.5 �M)-doped ZnO nanowires grown by elec-
trochemical method at 90 ◦C on FTO substrate. FTO substrate peaks are marked by
blue dots and ZnO by red lines according to JCPDS. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of the
article.)
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Table  1
Initial [Eu(III)] present in the electrolyte and final Eu-content in the ZnO:Eu
nanowires as measured by EDX.

Sample Initial [EuCl3] in the
starting aqueous
electrolyte (�M)

Molar Eu content
determine by EDX (%)a

#1 0 0.0
#2  1.0 1.2
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#3  2.5 2.1

a Defined as the ratio [Eu]/[Eu+Zn].

ogarithmic XRD pattern of Eu-ZnO nanowires, we  found that,
or dopings higher than 2.5 �M,  the peaks at 42.45◦ and 86.86◦

ttributable to cubic phase of Eu2O3 according to PDF 03-065-3182,
ncreased in intensity. The high intensity of the ZnO peaks relative
o the background clearly indicates good crystallinity of the sam-
les. To confirm the possible substitution of Zn ions with Eu ions

n ZnO:Eu NWs, the angle shift of 2� for the ZnO (0 0 0 2) peak as a
unction of doping was observed. This shift increases up to 0.1◦ as
oping rises from 0 to 2.5 �M,  suggesting the substitution of Zn2+ by
u cations in the crystalline NW lattice. Similar shifts were reported
efore [31,32]. The calculated Eu-doped ZnO lattice constants were
etermined according to [29,33]: a = b = 3.2506 Å, c = 5.2055 Å for
ure ZnO NWs; a = b = 3.2506 Å, c = 5.2076 Å for ZnO:Eu (1 �M);

 = b = 3.2507 Å, c = 5.2096 Å for ZnO:Eu (2.5 �M)  nanowire arrays.
t can be seen that compared to pure ZnO nanowires the c-lattice
arameter progressively became slightly expanded by introducing

 higher concentration of Eu ions into ZnO. According to our results,
e can suggest that the solubility of Eu3+ ion into the ZnO lattice is

imited to about 2.5 �M in solution in case of ECD. These results are
n agreement with previous observations of limited Eu solubility in
he ZnO matrix [25,31,6,34,32].

Fig. 2a and 2b are top- and lateral-views of ZnO:Eu (2.5 �M)
anowire arrays grown on FTO substrates at 90 ◦C for 9000 s. Based
n these SEM images, it can be concluded that sample ECD at 90 ◦C
as a high-aspect ratio in good agreement with previous report
n pure ZnO by Pauporté et al. [35]. The mean nanowire diameter
as about 125 nm and the length was about 2200 nm. The wires in

ig. 2b have well-defined edges. Analysis by energy dispersive X-ray
pectroscopy (EDX) have been done to estimate the molar Eu con-
ent in the nanowire arrays prepared in the presence of europium
hloride on FTO substrate. The results are reported in Table 1. The
olar ratio between europium and zinc in the ZnO NWs  increased
ith the europium content in the bath and was significantly lower

han that in the deposition bath. The [Eu]/[Zn+Eu] molar content in
inc oxide nanowires was  found about 1.2% and 2.1% for samples
2 and #3, respectively.

TEM and selected electron diffraction (SAED) were employed
o gain insight into the structure of an individual nanowire with
niform diameter in sample #3 and the results are presented in
ig. 3. We  can clearly see that the NWs  had a uniform diameter
long their length (Fig. 3a). The corresponding high-resolution TEM
mage taken from the edge of the sample reveals the ZnO {0 0 0 1}
lanes of the hexagonal ZnO in Fig. 3b. The interplanar spacing of
.52 nm matches well with the (0 0 0 1) plane of wurtzite ZnO, indi-
ating that the nanowire is single crystalline and grows along the
0 0 0 1 direction (c-axis being the preferential growth). The asso-
iated SAED pattern indicates that the ZnO:Eu-nanowires have a
ingle crystal structure and do not display any noticeable defects in
he investigated areas. Fig. 3c shows that the growth direction was
he 0 0 0 1 c-axis. The chemical composition of the pure and Eu-
oped ZnO nanowires was investigated by SIMS. Fig. 4 shows Zn,

u and Sn signals from sample #3 versus the sputtering time. The
u count rate seems to closely follow the Zn count rate over most
f the sample depth. This is an indication that the Eu dopant was
uite homogeneously incorporated throughout the ZnO nanowire
Fig. 2. SEM micrographs of a sample #3 nanowire arrayed layer electrodeposited
on FTO substrate at 90 ◦C for 9000 s: (a) top-view and (b) lateral-view.

structure. As expected, no correlation between the Eu and Sn (from
the FTO substrate) count rates was observed, and a gradual increase
in the Sn signal until saturation was  observed as a function of the
sputtering time.

To further illuminate the detailed chemical composition of the
nanowires, XPS was used to characterize the composition of sam-
ple #2 and sample #3. XPS data of pure ZnO NWs  were include in
Ref. [33,36]. Positive binding energy (BE) shifts were observed in
the XPS spectra due to charging effects. Therefore, the BE scale was
calibrated using the adventitious carbon peak (C-1s) at 285 eV as
reference. In our samples, residual amounts of adventitious carbon
and carbonyl compounds were unavoidable due to their exposure

to air prior to the XPS analysis [36]. Fig. 5a shows XPS spectra
of the Zn-2p core level region. The Eu-doped ZnO nanowires dis-
play a doublet at 1021.9 eV and 1045 eV (vertical reference lines)
corresponding to the Zn-2p3/2 and 2p1/2 core levels, respectively
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Fig. 3. (a) TEM image of the sample #3-nanowire on carbon holey TEM grid revealing
the  surface morphology along the entire nanowire. (b) HRTEM image of the ZnO:Eu
nanowire tip. (c) Selected area electron diffraction (SAED) pattern of the sample.
Fig. 4. SIMS measurements of sample #3. The dashed curve (Sn) corresponds to the
FTO substrate.

[37]. The asymmetric feature observed in the O-1s region, Fig. 5b,
was  deconvoluted by two  subspectral components: stoichiometric
ZnO (530.5 eV), and defective ZnOx (531.8 eV) [38]. Based on the O-
1s XPS data, the relative contents of ZnO and ZnOx species were 61%
and 39%, respectively, and very similar in both Eu-doped samples.

The Eu-3d XPS BE region of the Eu-doped ZnO nanorod samples
is shown in Fig. 6. This BE region could be fitted with two dou-
blets assigned to the Eu-3d5/2 and 3d3/2 core levels of two different
species: (i) Eu2+-3d5/2 (Eu-3d5/2 = 1126 eV, 26% of the total Eu XPS
signal) and (ii) Eu3+-3d5/2 (Eu-3d5/2 = 1135.4 eV, 74%) [39,40]. The
fact that only cationic Eu species were detected in these samples
suggests the incorporation of Eu into the ZnO matrix, as reported
by Du et al. [41] for ZnO nanocrystals.

The optical total transmission spectra of Eu-doped ZnO NW
samples are shown in Fig. 7. Sample #2 and sample #3 have a
transmittance higher than 70% in the visible region and higher
than 90% in the near-infrared one. Pure ZnO NWs  show a trans-
mittance higher than 62% in the visible region and it is higher than
90% in the near-infrared range. The interference fringes are due to
the superposition of waves that originate from the same point of
the same source. The interference fringes most likely are due to the
FTO film on the glass substrates. Raman spectroscopy is recognized
as a powerful technique for the characterization of nanocrystal
structures. To see dopant influence on the Raman scattering and
to obtain more information on the microstructure of ECD ZnO:Eu
NWs with two different concentrations of EuCl3 in the bath, their
room-temperature Raman spectra were analyzed. ZnO belongs to
the wurtzite space group C4

6v and phonon modes E2 (low and high
frequency), A1 [(TO)-transverse optical and (LO)-longitudinal opti-
cal] and E1 (TO and LO) are expected all being Raman and infrared
active, B1 mode keeps silence. The optical phonons at the � point
of the Brillouin zone belong to the representation [29]:

�opt = 1A1 + 2B1 + 1E1 + 2E2 (1)

Fig. 8 shows the Raman spectra measured in backscattering geom-
etry in the annealed ZnO:Eu nanowire arrays ECD on FTO substrate.
The Raman emissions from the FTO layer presents broad peaks at
106, 122, 244, 284, 373, 472, 494, 561, 633 cm−1 [29] and can be
found in all spectra of our samples. The E2(low) (100 cm−1) mode in
ZnO is associated with the vibration of heavy Zn sub-lattice and the
E2(high) mode involves only the oxygen atoms. The Raman peak
at 436 cm−1 is assigned to the ZnO nonpolar optical phonons of
high-E2 mode, which is one of the characteristic peaks of wurtzite
ZnO [29]. The band at 327 cm−1 is attributed to the overtone of A1.

The main Raman peak at 436 cm−1 E2-high clearly shifts toward
lower wavenumber as Eu-concentration increases confirming an
effective substitution of Zn2+ by Eu3+ (Eu2+) ions in the investigated
samples [13,42–48], in agreement with XRD, SIMS and XPS results.
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t can also be observed, a peak broadening caused by a phonon con-
nement effect [49–52]. Moreover, as the Eu concentration in bath

ncreases from 1.0 �M to 2.5 �M and above, the Raman line E2(high)
ode becomes broadened, which means that the crystallinity of

nO decreases [49,50]. The relatively small shift suggests small
tress in the ZnO:Eu NWs, which can be attributed to the stress
elaxation effect in the nanorods [8,53–55]. It is of importance to
ention that signals corresponding to any other europium species

n the Raman spectra were not detected. This demonstrates that the
oped nanowires keep the same wurtzite structure as ZnO when
here are no apparent detectable impurities as reported before [41].

The optical quality and the emission properties of the
lectrodeposited ZnO:Eu NW arrays were characterized by
hotoluminescence (PL) measurements. Fig. 9a shows the pho-
oluminescence (PL) of sample #3 recorded under UV excitation
t 266 nm using the fourth harmonic of YAG:Nd laser. The emis-
ion peak centered at 382 nm is characteristic of ZnO near band
dge recombination. By using a logarithmic scale, a weak green

uminescence due to ZnO intrinsic defects was observed at about
30 nm whereas no red emission due to the Eu dopant could be
etected [8,53]. The samples were also investigated using inten-
ified CCD detector and pumping at 394 nm in the 4f–4f Eu3+
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tion of the band to band UV recombination. Fig. 9b shows a
magnified broad emission at 530 nm for samples #2 and #3 which
can be assigned to defects in ZnO or possibly to the 5d–4f Eu2+

Fig. 8. Raman spectra of NWs  ECD with two different concentrations of EuCl3 in the
bath: (1) sample #2 and (2) sample #3.
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mission. On the other hand, the narrow peak at around 612 nm
nd satellite emissions can be attributed to the Eu3+ ions (5D0 → 7F2
ransition for the strongest one). At 394 nm,  direct resonant excita-
ion occurs in the 7F0–5Fj transitions of Eu3+ ions in ZnO nanowires.
he 5D0 → 7F2 transition lifetime at 10 K (Fig. 9c), was  measured at
bout 1.7 ms  for the first part of the decay and is characteristic of

 Eu3+ transition. The non-exponential profile probably indicates
nergy transfer between europium species. Furthermore, we have
bserved that the emission at 612 nm (Eu3+) vanished when the

emperature was increases (not shown). The presence of two  oxi-
ation europium states, demonstrated by XPS measurements, and
efects could give rise to non-radiative energy transfers preventing
he efficient europium emission.

[
[

[

ience 282 (2013) 782– 788 787

4. Conclusions

We  have shown that dense arrays of Eu-doped ZnO nanowires
can be prepared by an original electrochemical technique and that
their Eu content can be adjusted by varying the EuCl3 precursor
concentration in the deposition bath. The synthesis procedure is
simple, reproducible and low-cost since it does not require expen-
sive equipment. The synthesis is done at low temperature and at
atmospheric pressure. The substitution of Zn by Eu in the crystal lat-
tice has been shown by XRD measurements. Eu doping was  quite
uniform along the nanowires. High-resolution TEM studies indi-
cated a 0 0 0 1 growth direction along the c-axis of the hexagonal
ZnO and the associated selected electron diffraction showed the
single crystal structure without noticeable defects in the ZnO:Eu
nanowires. According to SIMS and XPS studies, only cationic Eu
species were detected suggesting the incorporation of Eu into the
ZnO lattice. The valence state of europium ions in the nanowires
was  determined as predominately +3. Direct resonant excitation of
Eu in the material led to the sharp red emission at around 612 nm
due to 5D0–7F2 transition of the Eu3+ ion. These results suggest
that Eu-doped ZnO nanowires could pave the way for efficient,
multispectral LEDs and optical devices.
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