
Structural, optical, and electrical properties of Yb-doped ZnO thin films prepared by
spray pyrolysis method
I. Soumahoro, G. Schmerber, A. Douayar, S. Colis, M. Abd-Lefdil, N. Hassanain, A. Berrada, D. Muller, A.
Slaoui, H. Rinnert, and A. Dinia

Citation: Journal of Applied Physics 109, 033708 (2011); doi: 10.1063/1.3544307
View online: https://doi.org/10.1063/1.3544307
View Table of Contents: http://aip.scitation.org/toc/jap/109/3
Published by the American Institute of Physics

Articles you may be interested in
A comprehensive review of ZnO materials and devices
Journal of Applied Physics 98, 041301 (2005); 10.1063/1.1992666

Green luminescent center in undoped zinc oxide films deposited on silicon substrates
Applied Physics Letters 79, 943 (2001); 10.1063/1.1394173

On the optical band gap of zinc oxide
Journal of Applied Physics 83, 5447 (1998); 10.1063/1.367375

Fabrication of green and orange photoluminescent, undoped ZnO films using spray pyrolysis
Journal of Applied Physics 84, 2287 (1998); 10.1063/1.368295

Optical and electrical properties of ZnO films prepared by spray pyrolysis for solar cell applications
Journal of Vacuum Science and Technology 16, 994 (1979); 10.1116/1.570167

Antireflective downconversion ZnO:Er3+,Yb3+ thin film for Si solar cell applications
Journal of Applied Physics 117, 055301 (2015); 10.1063/1.4906976

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by univOAK

https://core.ac.uk/display/249986725?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1736894787/x01/AIP-PT/JAP_ArticleDL_032118/scilight717-1640x440.gif/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Soumahoro%2C+I
http://aip.scitation.org/author/Schmerber%2C+G
http://aip.scitation.org/author/Douayar%2C+A
http://aip.scitation.org/author/Colis%2C+S
http://aip.scitation.org/author/Abd-Lefdil%2C+M
http://aip.scitation.org/author/Hassanain%2C+N
http://aip.scitation.org/author/Berrada%2C+A
http://aip.scitation.org/author/Muller%2C+D
http://aip.scitation.org/author/Slaoui%2C+A
http://aip.scitation.org/author/Slaoui%2C+A
http://aip.scitation.org/author/Rinnert%2C+H
http://aip.scitation.org/author/Dinia%2C+A
/loi/jap
https://doi.org/10.1063/1.3544307
http://aip.scitation.org/toc/jap/109/3
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.1992666
http://aip.scitation.org/doi/abs/10.1063/1.1394173
http://aip.scitation.org/doi/abs/10.1063/1.367375
http://aip.scitation.org/doi/abs/10.1063/1.368295
http://aip.scitation.org/doi/abs/10.1116/1.570167
http://aip.scitation.org/doi/abs/10.1063/1.4906976


Structural, optical, and electrical properties of Yb-doped ZnO thin films
prepared by spray pyrolysis method

I. Soumahoro,1,2,3 G. Schmerber,2 A. Douayar,1 S. Colis,2 M. Abd-Lefdil,1 N. Hassanain,1

A. Berrada,1 D. Muller,3 A. Slaoui,3 H. Rinnert,4 and A. Dinia2,a�

1Laboratoire de Physique des Matériaux, Faculté des Sciences, B.P. 1014, Rabat, Morocco
2IPCMS, UMR CNRS 7504, UDS-ECPM, 23 rue du Loess, B.P. 43, F-67034 Strasbourg, France
3InESS, UMR CNRS 7163, UDS, 23 rue du Loess, B.P. 43, F-67037 Strasbourg, France
4Institut Jean Lamour, Nancy-University–UPVM–CNRS, Boulevard des Aiguillettes B.P. 239,
54506 Vandœuvre-lès-Nancy Cedex, France

�Received 19 September 2010; accepted 6 December 2010; published online 3 February 2011�

Yb-doped ZnO thin films were prepared on glass substrates by spray pyrolysis technique in order to
investigate the insertion of Yb ions in the ZnO matrix and the related optical properties of the films.
The molar ratio of Yb in the spray solution was varied in the range of 0–5 at. %. X-ray diffraction
patterns showed that the undoped and Yb-doped ZnO films exhibit the hexagonal wurtzite crystal
structure with a preferential orientation along �002� direction. No secondary phase is observed in
Yb-doped ZnO films. All films exhibit a transmittance between 75 and 90% in the visible range with
a sharp absorption onset about 375 nm corresponding to the fundamental absorption edge at 3.3 eV.
The photoluminescence measurements show a clear luminescence band at 980 nm that is
characteristic of Yb3+ transition between the electronic levels 2F5/2 and 2F7/2. This is an
experimental evidence for an efficient energy transfer from ZnO matrix to Yb3+. Hall effect
measurements showed low resistivities and high carrier mobilities which makes these films of
interest to photovoltaic devices. © 2011 American Institute of Physics. �doi:10.1063/1.3544307�

I. INTRODUCTION

Large band gap semiconductors based on metallic oxides
show an increasing interest due to their wide range of appli-
cations in the field of spintronics, information storage, opto-
electronics, and photovoltaic devices.1–5 Rare-earth �RE�-
doped wide band gap materials are particularly of potential
interest to reach the down conversion function. The idea is to
reduce the thermalization losses occurring in solar cells by
transforming a high energy photon into two photons of lower
energy. In such materials absorption of photons takes place
via excitation of the host material. Auger processes and en-
ergy transfer processes between the host matrix and the dop-
ing ions are able to involve in the excitation of two RE ions
after only one incoming photon. On the other hand, a theo-
retical study has shown that it is possible to increase the
conversion efficiency of solar cells up to 35–40% by adding
a down conversion wide band gap semiconducting oxide
doped with RE ions at the top of a silicon-based conven-
tional solar cell.6 This perspective has led to �i� an intense
research activity on these types of materials and to �ii� a
renew of the interest for the deposition techniques such as
sol-gel,7 sputtering,8 and electroplating9 which are com-
monly used at industrial scale. The nature of the host matrix
is chosen to correspond to the required transparency to vis-
ible and near infrared �IR� light, to be compatible with sili-
con �i.e., to allow the absorption of photons with the energy
higher than the band-gap of silicon� and RE �i.e., to show an
efficient energy transfer to the RE ions�.10,11

Among the promising materials, ZnO holds a particular

position since it combines both semiconducting and optical
properties, with potential impact in the light conversion into
electric power. Moreover ZnO is non-toxic, abundant and
has a wide band-gap �3.3 eV�, a high transparency for visible
light, and a large energy of the exciton binding energy at
room temperature ��60 meV�.12 It is also well known that
the doping of ZnO with trivalent RE ions enhances the opti-
cal activity and that the low phonon energy ��436 cm−1�
renders this matrix favorable for the RE luminescence.

In this study we have focused our interest on Yb doped
zinc oxide �ZnO:Yb�. Doping by Yb is motivated by the
characteristic optical transition around 980 nm of Yb3+ ions13

which is compatible with Si-based solar cells. Samples have
been prepared by spray pyrolysis and studied by x-ray dif-
fraction �XRD� experiments, absorption and photolumines-
cence �PL� spectroscopies. It is shown that an efficient en-
ergy transfer between Yb ions and the ZnO matrix allows us
to obtain the near IR PL of Yb ions.

II. EXPERIMENTAL

Zn1−xYbxO �0�x�0.05� thin films were deposited on
glass substrates by spray pyrolysis technique. An homoge-
neous solution was prepared by dissolving zinc chloride
�ZnCl2� �0.05 M� and hexahydrated ytterbium chloride
�YbCl3 ,6H2O� in distilled water at room temperature. The
solutions have 0, 1, 3, and 5 at. % Yb molar ratio. Some
drops of acetic acid �CH3COOH� have been added while
stirring at room temperature for 30 min to obtain a clear
solution. The glass substrate was cleaned in ethanol, rinsed
in distilled water, and subsequently dried under nitrogen gas
flow before deposition. The substrate was then placed on aa�Electronic mail: aziz.dinia@ipcms.u-strasbg.fr.
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plate and heated progressively until the deposited tempera-
ture is reached. All films were deposited at 350 °C during 77
min with a flow rate of the solution fixed at 2.6 ml/min.

The structural properties of the films were analyzed us-
ing a Bruker D8 Advance x-ray diffractometer equipped with
a Cu K�1 monochromatic source ��=1.540 56 Å�. The sur-
face morphology has been observed using a JEOL JSM-
6700F scanning electron microscope �SEM� coupled with an
energy dispersive x-ray spectroscopy �EDX� analyzer used to
determine the chemical composition of the films. The distri-
bution of the chemical elements �Zn, Yb, O� along the
growth direction as well as the thickness of the films were
investigated by Rutherford backscattering spectroscopy
�RBS�. The RBS technique is based on elastic scattering col-
lision between high energy �2.9 MeV� incidents He ions and
the stationary atoms located in the sample. This technique
allows investigating the atomic distribution �i.e., the stoichi-
ometry� as a function of depth in the film.

The optical properties of the films were checked by us-
ing a U-Perkin-Elmer Lambda 950 spectrophotometer for the
absorption �in transmission and reflectance modes� measure-
ments. PL measurements were also performed in order to
have insight on the film defects and on the spectral transi-
tions of Yb3+. For PL experiment in the visible range, the
355 nm excitation line is delivered by a frequency-tripled
neodymium-doped yttrium aluminium garnet �Nd-YAG� la-
ser. For the steady state PL experiments in the near IR range,
the samples were excited by a 30 mW He–Cd laser using the
325 nm line. For the time-resolved PL experiments, the
samples were pumped by the 355 nm line of a frequency-
tripled Nd-YAG laser. The laser pulse frequency, energy and
duration were typically equal to 10 Hz, 50 �J, and 20 ns,
respectively. The PL signal was analyzed by a monochro-
mator equipped with a 600 grooves/mm grating and by a
photomultiplier tube cooled at 190 K. The spectral response
of the detection system was precisely calibrated with a tung-
sten wire calibration source. PL experiments were performed
at room temperature and at 77 K for the near IR spectral
range. The electrical properties of films were studied at room
temperature using an ECOPIA Hall effect measurement sys-
tem.

III. RESULTS AND DISCUSSIONS

Figure 1 shows the XRD patterns of the Zn1−xYbxO �0
�x�0.05� thin films. It is clearly seen that only the peaks
corresponding to the ZnO wurtzite structure are observed.
The samples are polycrystalline, with no sign of spurious

phases. The analysis of the peaks intensity shows that all
films have a preferential orientation along the �002� direc-
tion. The slight decrease in the 2� value of the �002� peak for
the Zn1−xYbxO films compared to that of the pure ZnO indi-
cates that the c-axis lattice parameter increases with Yb dop-
ing which is consistent with other works dealing with the
effect of doping in ZnO.14–16

Quantitative information concerning the preferential
crystallite orientation along the �002� direction is obtained
from the analysis of the different texture coefficient �TC�
�hkl� associated to the texture of a particular plane. Its devia-
tion from unity indicates a stronger preferred growth along
the �hkl� direction. TC is defined as:17

TC�hkl� =
I�hkl�/I0�hkl�

�1/n��nI�hkl�/I0�hkl�
,

where I�hkl� is the measured relative intensity of a plane
�hkl�, Io�hkl� is the standard intensity of the plane �hkl� taken
from Joint Committee for Powder Diffraction Standard data
�Card No. 80-0075�, and n is the number of diffraction
peaks. The values of TC�002� are reported in Table I. As can
be observed, the “textured” character of the samples in-
creases upon Yb doping and remains constant for Yb con-
centrations larger than 3%. The fact that above 3% the value
of TC�002� remains rather constant is probably due to the
insertion of Yb in interstitial positions related to the low
solubility limit of Yb in ZnO. A similar behavior can be also
evidenced when considering the crystallite size as a function
of the Yb concentration. This size calculated from the �002�
diffraction line �D�002�� using the Scherrer’s formula18 is
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FIG. 1. �Color online� XRD patterns of Zn1−xYbxO �0�x�0.05� thin films
deposited by spray pyrolysis on glass substrates recorded using a monochro-

matic Cu K�1 ��=1.540 56 Ǻ� radiation.

TABLE I. Various parameters of Zn1−xYbxO �x=0,0.01,0.03,0.05� thin films.

x nominal

RBS XRD Optical measurements

Thickness
�nm� Effective x�0.005 TC�002�

D�002�
�nm� HR

Gap energy
�eV�

0.00 410�40 0 2.71 92�5� 0.41 3.27�2�
0.01 250�25 0.009�1� 3.05 83�5� 0.42 3.27�2�
0.03 455�45 0.023�2� 3.28 69�4� 0.56 3.23�2�
0.05 455�45 0.039�3� 3.15 83�5� 0.84 3.22�2�
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shown in Table I. The size decreases rapidly from 92 to 69
nm when the Yb concentration increases to 3%. Besides the
solubility limit of Yb in ZnO, this also suggests that Yb acts
as nucleation centers as long as Yb substitutes Zn ions in the
ZnO matrix. Due to this low solubility limit, the lattice pa-
rameters a and c of about 0.3279 nm and 0.5248 nm, respec-
tively, did not show any variation for Yb concentration larger
than 3%.

Figure 2 shows SEM images obtained for different
Zn1−xYbxO �x=0,0.01,0.03,0.05� thin films. We can note
that all the films are fairly uniform and homogeneous. The
chemical composition of the films has been determined using
EDX in different regions of the films surface. The results
show systematically larger Yb concentration with respect to
the nominal concentration.

The RBS spectra recorded for the Zn1−xYbxO �x
=0,0.01,0.03,0.05� are shown in Fig. 3. The spectra show
as expected the contributions of oxygen, silicon �from the
substrate�, zinc, and ytterbium. The Yb RBS line �at about
2.65 MeV� recorded for Zn1−xYbxO increases as expected
with the Yb concentration. However, this line as well as the

Zn one, presents a rather smooth variation in the low energy
part. This suggests a significant interface �substrate/film�
roughness of the deposited films, in contrast to the surface
roughness characterized by an abrupt variation in the RBS
signal. It is also important to point out the existence in the
high energy side of the Yb line, of a sharp peak in a region
representing about 10 nm from the surface. This peak, which
starts to be visible in the 3% Yb doped sample, is more
pronounced for higher Yb concentration, and can be related
to the low solubility limit of Yb in ZnO. Although most Yb
ions remain distributed in the film, more and more ions mi-
grate toward the film surface. In contrast to EDX analyses,
the Yb concentrations estimated by RBS are smaller than the
nominal ones. These values, together with the film thick-
nesses estimated by RBS are given in Table I.

The transmittance �Fig. 4� and total reflectance �diffu-
sion, and specular contributions� �not shown here� of
Zn1−xYbxO �0�x�0.05� thin films was measured in the
200–2500 nm wavelength range. All the films exhibit a high
transmittance between 75 and 90% in the visible range ex-
cept for high doping content where the transmittance de-
creases drastically. The specular transmittance was also mea-
sured and its contribution was very small �around 5%�. The
absence of contrasted fringes is related to the diffusion phe-
nomenon in agreement with the small grain size. The haze
ratio HR is evaluated by the ratio of the diffused reflectance
to the total reflectance of Zn1−xYbxO films at the wavelength
of 550 nm. HR increases from 0.41 to 0.84 when Yb content
increases from 0 to 0.05 �Table I� which indicates a non
negligible roughness at the surface of the films in agreement
with RBS and SEM analyses.

The plots of ��h��2 versus �h�� for the various Yb doped
ZnO samples, and the extrapolation of the linear portion of
the plots onto the energy axis gave the band gap value. We
observed a slight decrease from 3.27 to 3.22 eV with increas-
ing Yb doping from 0 to 5 at. %. This result is in agreement
with what was observed in Fe, Mn, or Co doped ZnO films
grown by ultrasonic spray pyrolysis and other
techniques.19–25

PL measurements are very useful because they allow
showing the energy levels due to defects in the ZnO matrix,
as already reported by Behera et al.26 Figure 5�a� shows the
PL spectra at room temperature of undoped and Yb doped

1�m

x = 0

1�m

x = 0.01

1�m

x = 0.03

1�m

x = 0.05

FIG. 2. SEM images of Zn1−xYbxO �0�x�0.05� thin films deposited by
spray pyrolysis on glass substrates.
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FIG. 3. �Color online� RBS spectra of the Zn1−xYbxO �0�x�0.05� thin
films deposited by spray pyrolysis on glass substrates.
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thin films deposited by spray pyrolysis on glass substrates.
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ZnO films. Thus, although PL is excited by the frequency-
tripled YAG:Nd3+ laser at 1064 nm, a weak contribution of
the doubled frequency line is responsible for the peak at 532
nm of the PL spectrum. The peak at 710 nm corresponds to
the second order diffraction peak of the 355 nm laser line.
The strong luminescence band at 379 nm corresponds to the
excitonic emission. The electrons from the valence band
�VB� are excited to the conduction band and upon emitting
the same amount of energy; they come back to the VB and
associate with a hole to form an exciton. The second order of
this PL band is visible at 760 nm. The wide PL bands cen-
tered at 510 and 680 nm are characteristic of deep levels of
oxygen vacancies in the ZnO matrix, and zinc interstitial
position, as this was previously observed for ZnO thin films
prepared by sol-gel method.27 In addition the PL band of the
sample with 1% of Yb is redshifted with respect to the PL of
the other samples. This could be related to a higher intersti-
tial Zn amount in the thin sample �Zn0.99Yb0.01O� with re-
spect to the other samples.

Figure 5�b� shows the PL in the 900–1200 nm range,
measured at 77 K. A baseline was subtracted to take into
account the broad response of the glass substrate. A contri-
bution around 980 nm is clearly observed in this wavelength
range for the different values x=0.01,0.03,0.05. This emis-
sion is characteristic of the 2F5/2→ 2F7/2 transition of Yb3+

ions. The PL intensity is an increasing function of the Yb
concentration. This result suggests that no concentration

quenching effect occurs in this range of doping content. De-
cay time measurements were performed at 978 nm to con-
firm that result. The time-dependent PL intensity is shown in
the inset of Fig. 5�b� for the sample prepared with x=0.01.
The experimental data are not satisfactorily simulated by a
single exponential curve but a good agreement is obtained
using a double exponential curve. The existence of the fast
contribution is still not clear but could be due the response of
the glass substrate. Indeed, only this fast decay component is
obtained for a measurement at 950 nm �not shown here�
where no Yb3+-related PL occurs. Moreover, the decay time
is very similar for all the doping content studied here. The
decay time is equal to 128, 129, and 150 �s for the Yb
content equal to 1, 2, and 5 at. %. This result also suggests
that no PL quenching due to non radiative interaction be-
tween Yb3+ ions occurs. As the excitation is not-resonant
with Yb3+ ions levels, the results suggest that the Yb3+ ions
are indirectly excited by the host matrix. This is a strong
experimental evidence of an efficient energy transfer from
the ZnO matrix into the Yb3+ ion. Further experiments will
be performed to further investigate the energy transfer pro-
cess. Figure 6 shows the Yb3+-related PL emission of the
sample Zn0.99Yb0.01O for different temperatures. These re-
sults show that Yb related signal is rather complex. Presently
Yb3+ ions have only two spin orbit manifolds levels, 2F5/2,
and 2F7/2. Due to its 4f13 electronic configuration, the screen-
ing effect of the 4f electrons for Yb is weaker than that
occurring for other RE ions, which induces a more important
interaction with the host matrix. The host matrix is respon-
sible of the energy splitting of the fundamental and excited
states of Yb3+ ions. Our results show three different bands
centered at 978, 1029 and 1067 nm. These bands probably
contain several narrow contributions which are not well re-
solved here. The different contributions could be due to the
existence of several sites for the Yb3+ ions, to the different
crystal field effects and to the contribution of phonons. The
PL shape obtained here is very similar to the one obtained in
Yb doped GaN layers where PL bands are localized at 989,
1012, and 1042 nm.28 Moreover, a temperature quenching
effect is obtained and is characterized by a decrease in the
PL intensity with a factor 5 from 77 K to room temperature,
as shown on the inset of Fig. 6.

The carrier concentration n, the Hall mobility �, and the
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FIG. 5. �Color online� �a� PL at room temperature in the visible region of
Zn1−xYbxO �0�x�0.05� thin films. �b� PL at 77 K of Zn1−xYbxO �0�x
�0.05� thin films measurements in the IR region showing the transition
lines of Yb3+ between the levels 2F5/2 and 2F7/2. The inset shows the time-
dependent PL emission at 978 nm, measured at 77 K.
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electrical resistivity 	, were measured at room temperature
using the Van der Pauw method.29 For doped transparent
conducting oxides films, carriers originate from intrinsic do-
nors such as lattice defects, from extrinsic doping or from
both.30 In our case, the intrinsic donors are oxygen vacancies
and metal atoms in interstitial positions, while the extrinsic
doping is due the substitution of Yb for Zn in ZnO structure.
One free hole will be produced for every Zn substitution by
Yb, which will contribute to the electric conduction of the
films as free carriers.

Figure 7 shows the variation in resistivity and Hall mo-
bility as a function of Yb concentration �x�. All Zn1−xYbxO
�0�x�0.05� thin films are n-type conducting, indicating
that the presence of Yb3+ in the ZnO matrix is not sufficient
to induce a “p” type conduction. The conduction character-
istics of ZnYbO thin films are, therefore, primarily domi-
nated by defects in ZnO matrix and that most of Yb atoms
are in interstitial positions. This is well supported by RBS
results and is in agreement with what was reported by Un-
gureanu et al.31 and Kaur et al.32 on RE doped ZnO films,
Al-doped ZnO films33 and As-doped ZnCoO films.16 The
carrier density values range between 6.5
1022 and 1.4

1021 cm−3. In addition, both the resistivity and carrier mo-
bility show a small variation with Yb concentration, making
these films potentially interesting for their use as photons
down conversion layers in photovoltaic cell.

IV. CONCLUSION

Polycrystalline Zn1−xYbxO thin films were prepared by
spray pyrolysis technique. The structure of the films was not
sensitively modified by Yb incorporation. The optical prop-
erties were studied by transmittance and reflectance measure-
ments where the transmittance in the visible range was in
75–90% range. A clear Yb related PL peak was observed in
the IR region at 980 nm corresponding to 2F5/2→ 2F7/2 tran-
sition indicating an efficient energy transfer from ZnO matrix
to the Yb3+ ions. All Zn1−xYbxO thin films were n-type, and
the lowest electrical resistivity was around 1.8

10−2 � cm for 1% of Yb making these films as potential
candidates for photons down conversion process.
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