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ABSTRACT.

Lanthanides doped ZnO is an interesting material for optical and electrical applications. The
wide band gap of this semiconductor makes it transparent in the visible range (Egap = 3.2eV),
allowing a sharp emission from intra shell transition from the lanthanides. From the
electrical side, ZnO is a widely used material in varistors and its electrical properties can be
tailored by the inclusion of lanthanides. Both applications are influenced by the location of
the lanthanides, grain boundaries or lattice inclusion. Yb doped ZnO samples obtained by wet
chemistry route were annealed at different temperatures and characterized by Transmission
Electron Microscopy (TEM), X-Ray Diffraction (XRD), Rietveld refinement of XRD data, and X-
ray Absorption Fine Structure (XAFS). These techniques allowed to follow the changes occurred
in the matrix and the Yb environment. The use of the Cauchy continuous wavelet transform
allowed identifying a second coordination "shell composed of Zn atoms, supporting the
observations from XRD Rietveld refinement and XAFS fittings. The information obtained
confirmed the incorporation of Yb in Oh sites of the wurtzite structure without Yb,Oj3 clustering in

the lattice.
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1. INTRODUCTION

ZnO is an interesting material due to its structural, electrical and optical properties. The structural
properties are related to its wurtzite structure (space group P6smc), that allows obtaining varied
morphologies of the oxide: colloidal nanoparticles[1], nanostructured colloids[2], nanorods[3-6],
nanowires[7-9], and tetrapods[10], thin films[11], among another complex nanostructures[12-14].
To obtain these morphologies several methods as: thermal evaporation[7, 10], [13], laser
ablation[4], hydrothermal synthesis[3, 6], [8], [14], forced hydrolysis[2, 12], precipitation[1] and

electro-deposition[5],[15], are implemented.

The nonlinear current-voltage (I-V) properties of ZnO, are known since the "50[16], however it
was not until the *70s, when Matsuoka[17] rediscovered its electrical properties settling the basis
for the implementation of ZnO in varistors. In spite of the origin of the nonlinear I-V behavior that
is not completely understood, it was reported that ions segregation at the interfaces has a great
influence in this phenomena. Just as‘an example, Sato et al. showed that in the ZnO:Pr system, the
Pr atoms are located at the grain boundaries[18], and Jiang et al. demonstrated that for ZnO:YDb,

the Yb presence induces oxygen rich zones by means of a detailed HRTEM-EELS analysis[19].

The good optical properties of ZnO have intensified the interest in this material for applications in
hybrid light-emitting diodes [20-22], and its doping with lanthanides (L.n) as activators [23-25] has
a potential use in flat displays. One drawback for these last applications is that the energy transfer
from the host to the Ln ion is not efficient enough, making them not suitable to be used in
devices[26]. The origin of this observation may be attributed to the fact that Ln ions occupy an

interstitial site in the lattice[27].

To have a deeper knowledge on the electrical and optical properties of Ln doped ZnO, it is

important to determine whether the Ln ions are located into the structural framework, or whether
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they are segregated in the grain boundaries[28]. In this work, we present a soft chemistry route for
the synthesis of ZnO:Yb and its characterization based on Transmission Electron Microscopy
(TEM), X-Ray Diffraction (XRD), Rietveld refinement of XRD data and X-Ray Absorption Fine

Structure Spectroscopy (XAFS).

The x-ray diffraction technique (XRD) provides information of the host matrix. Diffetences in the
cell parameters of pure and doped samples, treated at different temperatures, supplied experimental
evidence of the incorporation of Yb atoms in the ZnO lattice. On the other hand, the X-Ray
absorption measurements (X-ray Absorption Near Edge Spectroscopy and XANES, and Extended
X-ray Absorption Fine Structure, EXAFS) are specific to the Yb atoms environment providing

structural information of the changes taking place in samples with different thermal treatment.

Taking into account the EXAFS equation[29, 30]:

N 2R;
N kol e
J

X(k)=)_8,(k) sin(2kR; + Y _ ¢, (k))

Where S; is the amplitude reduction factor for the total central atom loss, N; and R; are the number
of neighbor atoms and the distance of each one from the central atom, | fi(k,m) | is the effective
curved-wave backscattering amplitude function, 0j2 is the Debye-Waller term, A; is the

photoelectron mean-free path, and X ¢;j(k) is the sum over all the phase shifts.

Based on this, the identity of the backscattering atoms can be determined by the backscattering
function. Wavelet analysis allows improving the data analysis due to the possibility to observe all
the EXAFS contributions simultaneously, obtaining a tridimensional representation of k

(reciprocal) and R (real) space.



Several reports can be found about the fundamental of wavelet analysis[31-33] and its
implementation[30],[34],[35]. In our case, we applied the Continuous Cauchy Wavelet Analysis
(CCWT) to the EXAFS spectra which allows determining the identity of the atoms in noisy

signals[30],[36].

The correlation of the experimental results provided a conclusive structural evidence of the Ln
incorporation in the structural framework and a range of temperature for thermal annealing to

obtain ZnO:Yb without phase segregation.

2. EXPERIMENTAL SECTION

Zinc acetate dihydrated (Zn(AcO),.2H,0, (puriss. - Sigma-Aldrich) (ZAD), ytterbium acetate
octahydrated (Yb(AcO);.8H,0) (99.9% - Sigma-Aldrich), potassium hydroxide (KOH) (p.a. -
Merck), absolute ethanol (EtOH) (p.a. - Merck), dimethylformamide (DMF) (p.a. - J. T. Baker)
and hexane (p.a - Riedel-de Haen) were used without further purification. Hydration water from
lanthanides acetates were quantified by thermogravimetric analysis up to 1000°C for full

conversion into sesquioxides.

The synthetic path is‘a modification of that reported by Schwartz et al. [1]. In our route colloidal
nanocrystalline ZnO was synthesized at room temperature by the addition of an ethanolic solution
of KOH to ZAD dissolved in DMF. Ethanolic solution was prepared dissolving 0.93 g of KOH in
30 mL of EtOH by sonication during 15 min to obtain a clear solution (0.552 mol/L). The DMF
solution was obtained by simply stirring 1.99 g ZAD (9.1 mmol) in 90 mL dimetilformamide
(0.101 mol/L). The basic solution was added drop wise at approximately 2 mL/min to the DMF
solution under constant stirring, and precipitation was achieved by addition of ethyl acetate.
Yterbium-doped ZnO was prepared by using a DMF solution that contained Yb(AcO)3-8H»O (0.09

mmoles) and Zn(AcO),-2H,0 (9.0 mmol). To purify the obtained solid, the nanoparticles were re-
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suspended in ethanol and precipitated with hexane. The final solids were dried at 70°C overnight,
and thermally treated at 500, 600, 700, 800, 900 and 1000°C for 1 hour. Samples were named from

Zn0:Yb-070 to ZnO:Yb-1000, respectively.

XRD was performed in a PW 3710 Phillips diffractometer using Cu K, radiation (K, =
1.54056A), and a Bragg-Brentano configuration. XRD patterns were obtained in the range 20-100°
using a 0.02° scanning step and a 10 s step time. The instrumental contribution to the diffraction
peak broadening was corrected using a LaB¢ standard (NIST SRM 660). Rietveld refinement was
performed with GSAS/EXPGUI[37]. The background was fitted by a Shifted Chebyshev function

and the peak shape by the function proposed by Stephens[38].

Samples without thermal treatment were dispersed in ethanol to perform TEM observation. A few
drops of the suspension were deposited in a Cu-carbon coated grid. The TEM analysis was

performed in a Philips CM30 operated at 300 kV.

XAFS measurements were performed in the DOSB-XAFS2 beam line of the Brazilian Synchrotron
Light Laboratory (LNLS). The spectra were obtained at room temperature in fluorescence mode
with a 15 elements Ge detector. The incident beam at the sample (Iy) and the reference (I,/I,) were
recorded with ionization chambers as detectors. Samples were diluted with BN and placed at 45°
respect to the beam (fluorescence configuration). The copper K-edge (8979eV) was used for
energy calibration, measuring the spectra of a copper film together with every sample. The LNLS
D08B-XAFS2 beam line is optimized for XAFS spectroscopy in the 4-18 keV energy range. The
beam line optics consists of a cylindrical Rh-coated Si mirror for vertical collimation, a Si 111
double crystal monochromator, followed by a ULE Rh-coated bendable toroidal mirror for
horizontal and vertical focusing. The beam line yields a flux of 2x10'® photons/sec/100 miliamps

onto a Imm? beamspot, with an (instrumental) energy resolution of 1.2 eV at 7 keV. The energy



and average current of the storage ring were 1.37 GeV and 140 mA, respectively. Calculations
were made assuming that the first coordination shell was formed entirely by oxygen atoms. The
inelastic loss scattering factors, So%, were determined from Yb,O; standard (So2 = 0.86). Data
reduction and fitting was performed with ATHENA and ARTHEMIS codes respectively[39]. The
k-weighted EXAFS signal, ky(k), was filtered by a Kaiser-Bessel function with dk = 1.0 and dR =
0.0, and used in the range 3.5-9.4. The fitting was performed in the R range 0.9-2.7. The used k
weight for the first shell was 3. CCWT was performed following Muifioz et al[30],[36]. FEFF paths

were simulated with ARTHEMIS code.
3. RESULTS AND DISCUSSION
3.1 TEM analysis

The HRTEM images (Figure 1) shows the good crystallinity of the agglomerated nanoparticles.
This is corroborated by FFT (Fast Fourier Transform) that shows a sharp ring pattern. The size

distribution of nanoparticles ranges within a 4-8 nm interval.




Figure 1 - TEM micrograph of sample ZnO:Yb-070. The inset shows the Fast Fourier Transform and indicates no

preferential orientation and the good crystallinity of the nanoparticles.

Nanoparticles agglomeration did not show any preferential orientation in spite of some specific
orientations such as [001], [101] and [110] zone axis that can be observed in the nanoparticles at

the edge of the colloidal particles.
3.2 XRD analysis

The ZnO:Yb-070 sample diffractogram is shown in Figure 2. The peaks observed correspond to
the ZnO wurtzite phase (Space Group: P6smc (186) PDF 01-079-2205) with a peak broadening
due to the small particle size. No evidence of impurities or other phases was found. Crystal size,
obtained by applying the Scherrer equation indicates a mean coherence path dimension of about 10
nm. No anisotropic growth was detected by determining the mean coherence path dimension in the

three principal growth directions (reflections 100, 002 and 101).
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Figure 2 - XRD pattern of sample ZnO:Yb-070.

The cell parameter evolution, obtained by applying the Rietveld refinement method, was used to
determine the lanthanide incorporation in the ZnO host. The goodness of the fittings can be found

in table 1 and 2 (see Supporting Information).



Figure 3 shows the variations in cell volume of ZnO and ZnO:Yb-070 samples when heated at 500,
600, 700, 800, 900 and at 1000 °C. Both series follow a similar trend, a decrease in cell volume
with increasing annealing temperature. This behavior may be attributed to a cell stress relaxation
as previously reported[40],[41]. It can be also noted that at all temperatures the cell volume is

larger in the Yb-doped samples indicating the incorporation of Yb ions in the« structural

framework.
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Figure 3 - Unit cell volume for pure ZnO and for doped ZnO:Yb-070 treated at different temperatures

However, at higher temperatures (=800 °C), the cell volume of the doped sample presents a
decreased value and a plateau orconstant value that indicates the start of Yb,O3 segregation (Space
group: 1a-3(206) - PDF 01-077-0453) as a pure phase, and the impoverishment of Yb in the doped
phase[42]. The formation of this new phase is clearly observed in figure 4 through the appearance
of the (222) Yb,Ojreflection in the XRD pattern of doped samples heated at 900 and 1000°C. A

similar behavior was observed in[43] for ZnO doped with Er below 2%.
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Figure 4 — XRD patterns of sample ZnO:Yb-070 treated at 800, 900 and 1000°C. The arrow indicates the segregated

Yb,0; phase

3.3 XAFS analysis

The XANES part of the XAFS spectra is a useful fingerprint for characterizing the absorbing atom
environment. Figure 5a shows the XANES spectra at the Yb-L; edge of the as-prepared samples,
Zn0:Yb-070, Yb,03 and the metal organic precursor, Yb(AcO)s. The spectra comparison indicates

that the environment around the Yb atom in the sample differs from the oxides and the precursor.

Figure 5b shows the spectra of Yb,Os3, and ZnO:Yb-070 samplesheated at different temperatures.
The environment of the Yb atom in samples ZnO:Yb-500 to ZnO:Yb-800 differs from that of
Yb,0s3. Samples treated at higher temperature exhibit similar spectra to Yb,Os3, suggesting a
similar environment for Yb atoms for these samples. This fact confirms the appearance of the

sesquioxide, in accordance with the XRD analysis.

—Yby(AcO),
3 —Yb,0,
—Zn0:Y - 70

8930 8940 8950 8960 ~ 8970 8980 8990 9000 9010
Energia (eV)

—Zn0:Yb -70
—Zn0:Yb - 500
3 \ —Z00-Yb - 600
L —Z00:Yb - 700
2 —Zn0:Yb - 800
— ~Zn0:Yb - 900 :
1 —Zn0:Yb - 1000-
Vb0, -

Absorbance (A.U.)

8930 8940 8950 8960 E 0 8980 8990 9000 9010

8971
nergy (eV)

10



Figure 5 — Comparison of the XANES spectra at the Yb Ls-edge for ZnO:Yb-70 samples and the acetate precursor
(Figure 5a)); and for ZnO:Yb-70 sample heated at different temperatures (Figure 5b)). The corresponding sesquioxide
is also shown. Blue arrow and red lines indicate the difference among the spectra due to the thermal treatment. The

spectra are vertically shifted to help visualization.

The Yb,O3 EXAFS spectra is shown in Figure 6 together with the ZnO:Yb-070 spectra treated at
different temperatures. ZnO:Yb-070 sample only exhibits a first coordination shell, which may be

attributed to a disordered environment at further distance according to Incoccia et al.[44].
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Figure 6 — Left: EXAFS region at the Yb Ls edge for ZnO:Yb without thermal treatment, different thermal treatment
(500-1000°C) and Yb,0;. Right: the corresponding fourier transform that gives information of the radial distribution
of atoms around the absorbing atom. The fitting in R-space (blue line) was performed for the first coordination shell
for all samples (table 3). The second coordination shell was performed only for ZnO:Yb - 900, ZnO:YDb - 1000 and

Yb,0s3. In the case of ZnO:Yb - 500 to ZnO:Yb - 800 there is a second shell that indicates an increased local order, but

the data quality was not good enough to perform a fitting.

In table 3 (see Supporting Information), the results of the first coordination shell fitting are
presented. The low dopant concentration in the samples and the low atomic weight of the
backscattering atoms make difficult the structural parameters determination, exhibiting very low
accuracy[44], [45]. The coordination number (CN) for the first shell is around 6 for all samples. In
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the case of samples without treatment, the distance is bigger than in those thermally treated; this
indicates that thermal annealing has an influence in the positioning of the lanthanide. For samples
treated between 500°C and 800°C, the Yb-O distance is 2.31A. This coincides with a possible
location of Yb in an Oh interstitial position of ZnO lattice, where the distance between axial
oxygen is 4,601&. This result and the CNs numbers from table 3, indicate the existence of YbOs,

possibly located in interstitial positions of ZnO host.

The Radial Function Distribution (RFD) of ZnO:Yb-500 to ZnO:Yb-800 samples clearly show a
second coordination shell. This remarkable fact indicates an increase of the local order in the Yb
environment with thermal annealing. The fitting of the second coordination shell was impossible to
perform due to the noisy signal, as a result of a low concentration of the absorbing atom. Also, as
observed in the XANES spectra and XRD patterns, those samples treated at 900 and 1000°C

present Yb,Os phase segregation.

In order to determine the identity of the second coordination shell, we have applied the Continuous
Cauchy Wavelet Analysis (CCWT) to the k3—weighted EXAFS spectra, as the CCWT has proved
to be a very useful tool to obtain structural information from complex systems. The EXAFS
spectra can be visualized in a three dimensional graph: the wavevector (k), the radial function
distribution without phase correction (R) and the modulus of the wavelet transform. The position
in k-space is proportional to the backscattering factor, so atoms with different Z number will
appear at different position in the k-space. Due to the large difference in Z values among O (Z=8),
Zn (Z=30) and Yb (Z=70), the CCWT analysis easily differentiates the nature of the atoms present

in the sample.

FEFF paths were generated and summed with ARTHEMIS and the CCWT was applied. The
results were compared with the CCWT of the experimental data (Figure 7a). The result most

similar to the experimental one was obtained with a combination of a first coordination shell
12



around 2,3A composed by oxygen atoms and the second around 3.8A composed by Zn atoms
(Figure 7b). A simulation of a second shell composed by Yb atoms is also shown in Figure 7c, as
clearly observed, the heavier atom, Yb, appears at higher frequencies than Zn. This result and the
CNs numbers from table 3, indicate the existence of YbOg surrounded by Zn atoms and the

inexistence of Yb,Os clusters in the host lattice.
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Figure 7 — Continuous wavelet analysis of A) experimental ZnO:Yb — 700, B) simulated FEFF paths of a first
coordination shell composed by oxygen atoms and a second one composed by zinc atoms, C) Idem. but a second

coordination shell is now composed by Yb atoms.

Figure 8 exhibits the postulated position of Yb atoms in the ideal ZnO wurtzite structure.
According to the postulated position of Yb atoms, the EXAFS signal should exhibit Zn atoms at
1.9A, but no signal is observed for Zn atoms at this distance. These Zn vacancies can be explained
due to the need of charge balance in the lattice. The introduction of two Yb atoms in interstitial
position will introduce positive charges that should be compensated with Zn vacancies, this

mechanism can be expressed using the Krdger-Vink-Notation: 0=2Yb""" +3V,, .

1

The presence of correlated Yb atoms was not detected in the measured range. In fact, this
correlations are more easily observed in higher k ranges, k>10 A, where only the heavy atoms in
the matrix contribute to the EXAFS signal[45]. Observation of this range of k should be performed

in the ' Yb K edge due to the proximity of Zn K edge (9659¢V).
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Figure 8 — Scheme of Yb atoms in ZnO lattice. A) along c-axis, B) along b-axis. The atoms in red, blue and green

correspond to oxygen, zinc and ytterbium respectively.

The structural information obtained shows that the optimal thermal annealing for ZnO:Yb
preparation is between 500 and 800°C, higher temperatures produce the phase segregation of the
sesquioxide from the wurtzite host. Due to this fact, the system can be considered

thermodynamically unstable at high temperatures, like all the nanostructured systems.

During the thermal treatment, the system suffers atomic rearrangement and the direct consequence
of this atomic reconstruction is the reduction of imperfections in the lattice[46]. Hynes et al. have
studied the dependence of the onset for this process during the sintering of ZnO, Al,O3 and Y,0s.

They found that, as a rule of thumb, the required temperature for the sintering of a solid is a
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fraction of the melting point (Tm): 0.8 — 0.9 Tm, but in case of nanocrystalline materials[47], this

value may be decreased to 0.4 - 0.5 Tm.

The segregation of the lanthanides from the wurtzite structure can be attributed to a thermally
activated mass transport and an atomic rearrangement. The mass transport drives the system to a
more thermodynamically stable state by the segregation of the sesquioxide from the ZnO host. In
the case of nanometric systems, these processes that usually take place at a temperature close to the
melting point can be observed at lower temperatures because of the nanometric dimension of the

solids.

In our case, the melting point of ZnO is 2248 K and the Yb,0O3 segregation occurs in the range
1073-1173K (or 800-900°C), which approximately coincides with 0.5 Tm and with the onset for

the sintering of a nanocrystalline system.

4. CONCLUSIONS

ZnO:Yb with good crystallinity and free of crystalline impurities were synthesized by a soft
chemistry route and structurally characterized by X-ray techniques. The combined utilization of
Rietveld refinement, XAS characterization and data analysis techniques proves the insertion of
lanthanide ions in the Oy, sites of the ZnO structure without phase segregation. Differently from our
previous paper using XRD[43], where only the interstitial insertion could be postulated. The
CCWT proved that the second coordination shell is composed of Zn atoms, confirming that the Yb
atoms are incorporated in the structure without forming Yb,Os clusters. The optimal range for
thermal annealing of the obtained samples showed to be between 500°C to 800°C, higher
temperatures showed Yb,Os; phase segregation. The reason for the segregation of the sesquioxide
phase can be attributed to the mass transport and atomic rearrangement during the sintering of the

nanopowders, which has its onset at lower temperature, 0.5 of Tm instead of 0.9 of a micrometric
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system, because of the nanometric dimensions of the system.
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Optical and electrical properties of ZnO are influenced by lanthanides doping.
Optical and electrical properties of ZnO are influenced by lanthanides positioning.
Yb is incorporated in the Oh sites of the wurtzite structure.

There is not Yb,0s3 clustering or segregation for treatments below 800°C.

21



