Bull. Mater. Sci. (2019) 42:199

© Indian Academy of Sciences

https://doi.org/10.1007/s12034-019-1877-2

t')

Check for
updates

Structural and optical characterization of Sm-doped ZnO
nanoparticles

H E OKURY*, N BULUT?, T ATES? and O KAYGILI?

I Department of Chemistry, Bursa Technical University, Bursa 16310, Turkey
2Department of Physics, Faculty of Science, Firat University, Elazig 23119, Turkey
* Author for correspondence (esma.okur @btu.edu.tr)

MS received 30 November 2018; accepted 25 February 2019; published online 19 June 2019

Abstract. Micro-structural changes in zinc oxide (ZnO) nanoparticles induced by the substitution of Zn?* in ZnO by a
rare earth (RE) metal ion, Sm>*, are investigated. Both pristine and Sm-doped ZnO with a nominal doping concentration
of 1, 2 and 4% of Sm using a simple wet-chemical synthetic route followed by calcination at a high temperature of 900°C,
are synthesized. Structural investigations are primarily conducted using X-ray powder diffraction (XRPD) and scanning
electron microscopy techniques. Evolution of structural parameters (unit cell parameters, average crystallite size, crystallinity
percentage, lattice strain, stress, energy density and atomic packing factor) upon Sm doping is investigated together with
Rietveld refinement and Le Bail analysis techniques. XRPD data confirmed that the synthesized nanostructures crystallize in
a wurtzite hexagonal structure, the dopant Sm is incorporated into the Zn lattice and the annealing treatment plays a crucial
role in determining the structural and optical properties of RE-metal-doped nanoparticles. Values of the optical band gap

energy estimated from optical absorbance measurements reveal a widening of the band gap.
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1. Introduction

The correlation between the properties of solids and their
size and shape on the atomic scale has been exploited for
decades and it is well-established that nanostructured sys-
tems encompass a varied range of materials and/or devices
that show various phenomena which are controlled by the
manipulation of their microstructure on the atomic scale [1].
Zinc oxide, ZnO nanostructures are one of these materials
exhibiting characteristic properties that allow a wide range
of applications [2-5]. ZnO is a II-IV semi-conducting com-
pound with a large band gap of 3.37 eV at room temperature
and a high exciton binding energy of 60 meV [6-8]; therefore,
it is popular for short wavelength applications in optoelec-
tronics, such as light-emitting diodes [9], UV-laser diodes
[10] and solar cells [11]. For semiconducting oxides, as a
tuning parameter to control the energy gap, doping with met-
als has been a favoured method. Various transition metals
(TMs), e.g., Fe [12], Co, Mn [13], Ni [14], Cu [15] and
Ag [16], have been used as dopants to reduce the energy
gap in stoichiometric ZnO and enhance the magnetic and
performance properties. Indeed, room temperature ferromag-
netism has been predicted in TM-doped ZnO compounds.
Nevertheless, due to the conflicting reports on expected ferro-
magnetism and the low-Curie temperature [17,18], TM-doped
ZnO compounds are not considered as suitable candidates
for practical applications. Instead, rare earth (RE) metals are
known to be better candidates as dopants due to their optical
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and high conductivity properties [19,20] and the existence of
partially filled f-orbitals which carry magnetic moments and
can couple magnetically. Therefore, various synthetic efforts
have been made for doping of RE metals (e.g., Er, Eu, Gd,
Nd, Ce, Dy, Ho, Pr, Sm, Yb and Tb) and different functional
and magnetic properties have been reported depending on
the nature of the dopant species and the way that the doping
is carried out [21], i.e., low-temperature hydrothermal [22],
chemical bath deposition [23], vapour phase transport [24],
sol—gel [25] and wet-chemical methods [26].

In this study, the water-based wet-chemical synthetic tech-
nique was employed to prepare pristine and doped ZnO
nanoparticles; Sm was used as a dopant with five electrons in f-
orbitals. A water-based wet-chemical synthetic route can offer
some advantages over the low-temperature hydrothermal and
wet chemical methods, e.g., environmentally favoured, low-
cost and easy to handle starting reactants, simple reaction
conditions and low-energy inputs. In this study, we experi-
mentally investigated the influence of Sm concentration on
the morphology, microstructure and optical band gap of ZnO
nanoparticles.

2. Experimental

2.1 Synthesis

Zinc nitrate hexahydrate (ZN, Zn(NO3), - 6H,0), samar-
ium(III) nitrate hexahydrate (SN, Sm(NO3)3; - 6H,0) and
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ammonia (NH3) were purchased from Sigma-Aldrich and
used as received without any further purification. 40 — x mmol
ZN and x mmol SN solution were dissolved in distilled water
(total volume of the solution is 50 ml). The pH of the solution
was adjusted to the value of 10.5 by adding ammonia. Then,
this solution was stirred continuously in a magnetic stirrer
without heating for 1.5 h, placed into an oven at 120°C and
annealed at this temperature for 25 h to completely remove
the water in the samples. This was then followed by calcina-
tion of the dried powders in an electric furnace at 900°C for
2 h. Four samples were prepared with x = 0, 0.4, 0.8 and 1.6
mmol and were labelled as ZnO, 1Sm-ZnO (1%), 2Sm-ZnO
(2%) and 4Sm-ZnO (4%), respectively.

2.2 XRPD

X-ray powder diffraction (XRPD) data of pristine ZnO and
ZnO:Sm powders were collected at room temperature using
a Rigaku RadB-DMAX II model diffractometer equipped
with Bragg—Brentano geometry, over an angular range of
20 = 20-80° with a step size of 0.02° (CuKa radiation;
A = 1.54056 A). The collected XRPD on pristine ZnO was
analysed using the Rietveld refinement technique, which is
termed as a whole powder pattern fitting method with the
structure used to calculate peak intensities. An alternative
approach to fit a model to powder diffraction data, where,
in contrast, the structure is not used, but to employ a whole
powder pattern decomposition method, such as Le Bail fitting.
The Le Bail technique was employed for the analysis of the
XRPD data collected on Sm-doped ZnO powders to extract
reliable peak intensities. Both are least-squares algorithm-
based techniques to optimize the fit between the observed data
points and a calculated diffraction pattern by adjusting param-
eters of the model and instrument. Both Rietveld and Le Bail
techniques were performed using a set of programs known
as general structure analysis system (GSAS) which is written
in the FORTRAN language [27]. In the GSAS, the reliabil-
ity of refinement is quantified by the R-factors which are the
weighed profile R-factor, R, and Ry, which is the expected
statistical value for Ry,,. Another related statistical term is the
agreement y 2 factor expressed as (Ryp/ Rexp)2 and the ideal
value for x? is 1. The refinement procedure for the analysis is
as follows: a complex function is applied to model the peak
shape known as a multi term, Simpson’s rule integration of the
pseudo-Voigt function, which is a combination of Gaussian
and Lorentzian functions. A Chebyshev polynomial function
was used to fit the background. The anomalous contributions
to the X-ray, form factors of all atoms, f” and f” corrections to
[, were calculated using the program DISPANO [28] (in e per
atom) for input into the GSAS as follows: zinc ' = —1.614,
f7 = 0.677; oxygen f' = —0.046, f” = 0.032 and samar-
ium f’ = —5.662, f” = 12.303. Profile shape coefficients in
steps with intermediate refinements of zero-point correction
and background function were applied together with refined
lattice parameters and scale factors of the crystallographic
phases. During the Rietveld analysis of ZnO, the fractional
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atomic coordinates of Zn and O were also allowed to refine
together with their fractional occupancies.

2.3 FTIR, UV-visible spectroscopy and SEM

Fourier transform infrared (FTIR) spectra of the nanoparti-
cles were recorded on a PerkinElmer Spectrum Two FTIR
spectrophotometer. The optical absorbance as a function of
wavelength, in the range of 200-800 nm, was recorded using a
UV-Vis spectrophotometer. A LEO EVO 40 x VP model scan-
ning electron microscope (SEM) and Rontechxflash energy
dispersive X-ray (EDX) detector were employed to study the
morphology and elemental composition of the synthesized
samples.

3. Results

3.1 XRPD analysis

XRPD data reveal that the water-based wet-chemical route
results in the formation of a single-phase polycrystalline ZnO
powder with a wurtzite hexagonal structure as reported in
the literature [29]. Figure 1 shows an overplot of the col-
lected XRPD profiles of the samples. Qualitative inspection
of the Sm-doped data reveals that an impurity phase emerges
with an increase in Sm content. Besides, changes in the rel-
ative peak width and intensities, and a slight shift in peak
positions due to the lattice contraction, Sm-doping did not
lead to a phase transition to a structure with a different
crystal symmetry. For modelling the ZnO phase, the pre-
viously reported wurtzite structure with a hexagonal space
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Figure 1. XRPD profiles of pristine ZnO and Sm-doped ZnO sam-
ples collected at room temperature with A = 1.5406 A. Black and red
ticks mark the reflection positions of co-existing hexagonal ZnO and
cubic SmyO3 structures, respectively. The inset shows an expanded
view focussing on the hexagonal (101) Bragg’s peak.
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Figure 2. Rietveld fit to XRPD data collected for pristine ZnO
(bottom) and Le Bail fits to XRPD data collected for Sm-doped ZnO
compounds (tops, as labelled). Red circles, blue and green lines
represent the observed, calculated and difference profiles, respec-
tively. Black and red ticks mark the reflection positions of hexagonal
ZnO and cubic Sm O3 structures, respectively. The observed Bragg
peaks are labelled by their (hkl) Miller indices with the same
colours as the tick marks. The weighed-profile and expected R-
factors are Ryp = 19.2%, Rexp = 17.6% (ZnO), Ryp = 20.5%,
Rexp = 18.3% (1Sm-ZnO), Ryp = 22.8%, Rexp = 18.8% (3Sm-
Zn0) and Ryp = 21.6%, Rexp = 19.1% (4Sm-ZnO).

group P63mc was employed. Refined structural parameters
of hexagonal ZnO are as follows: the lattice constants and
unit cell volume are a = 3.24927(5) A, ¢ = 5.2031(2) A and
V = 47.574(1) A3, respectively, in agreement with the previ-
ously reported lattice parameters at 300 K: a = 3.2489(1) A
and ¢ = 5.2053(4) A [29]. The fractional occupancies of
zinc and oxygen were allowed to refine and they converged
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t0 0.915(17) and 1.085(17), respectively, which reveal a good
agreement between the refined and nominal occupancy val-
ues of 1. Refinement of the zinc and oxygen coordinates gave
a Zn—0O" bond length of 1.98233(5) A and 7Zn-0'(x3)* =
1.97527(3) A, which are consistent with the reported bond
lengths of 1.986(2) and 1.9745(2) A, respectively. These
refined structural parameters confirm the quality of the syn-
thesized polycrystalline ZnO compound.

The final Rietveld fit and Le Bail fits to the collected
XRPD data of pristine ZnO and Sm-doped ZnO, respectively,
and are shown in figure 2. The reason for employing the Le
Bail technique rather than Rietveld for doped samples is to
reliably extract the evolution of the unit cell volume with Sm-
doping. As seen from the figure, the observed XRPD data of
Sm-doped samples were satisfactorily modelled by including
cubic samarium oxide, Sm,O3 (space group 72;3) [30] as a
second crystallographic phase.

The fractional atomic coordinates and occupancies of
Sm,0O3; were kept as constants as per literature values, but
its lattice parameters were allowed to refine. Table 1 summa-
rizes the refined structural parameters of Sm-doped samples
and co-existing phase fractions of wurtzite-structured ZnO
and cubic Sm,03. Both qualitative and quantitative inves-
tigations of the XRPD data show that with Sm-doping at
a nominal level of 0.4 mmol (1% Sm): 1Sm-ZnO, a slight
lattice contraction is observed in the ZnO hexagonal struc-
ture. One expects to observe a lattice expansion rather than
a contraction due to the substitution of bigger Sm** (0.964
nm) for Zn>* (0.74 nm); however, this strongly depends on
the presence of the lattice distortion and strain and defects
induced by the slight substitution of Sm**. For instance,
while Arora et al [31] and Kumar et al [24] found a slight
lattice contraction upon Sm doping. Pandiyarajan er al [26]
reported a lattice expansion with Sm-doping. The observed
shift in the peak positions towards higher angles, however,
did not continue with an increase in the doping level of Sm,
i.e., no further lattice contraction is observed within error
with doping concentration of 2 and 4%, which is in excel-
lent agreement with the previously reported studies [24,31].
This trend can be tentatively attributed to a further increase
in the concentration of defects and impure atoms due to the
increased substitutional doping of Sm and size mismatch
between the ions present in the structure. These reasons
also led to a significant suppression of the peak intensity
in the XRPD data of 1Sm-ZnO compared to that of pure
ZnO.

Table 1. Refined structural parameters and phase fractions for pristine ZnO and Sm-doped ZnO.

Nominal Hexagonal ZnO Cubic Smy03
Sm-content a (A) c (/f\) \% (A3) phase (wt.%) phase (wt.%)
0 3.24927(5) 5.2031(1) 47.574(1) 100 —

1 3.24851(8) 5.20183(20) 47.540(2) 96.80(8) 3.2(2)
2 3.25070(7) 5.20457(18) 47.629(2) 94.39(9) 5.6(2)
4 3.25020(7) 5.20432(18) 47.612(2) 90.72(7) 9.3(1)
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Table 2. Micro-structural parameters and optical band gap energy.
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Parameter Pure ZnO 1Sm-ZnO 2Sm-ZnO 4Sm-ZnO
Xc% 95.3 93.7 93.6 94.2
Ds (nm) 37.15 38.18 39.07 41.60
Dwy (nm) 44.75 48.82 53.74 63.02
Strain, & 0.53 x 1073 1.11 x 1073 0.44 x 1073 1.37 x 1073
Stress in the surface, o (MPa) 55.35 93.77 44.90 113.96
Energy density, u (k] m~—3) 16.64 56.58 10.93 84.17
Atomic packing factor, APF% 75.525 75.476 75.496 75.504
Optical band gap energy, E; (eV) 343 3.71 3.56 3.81
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Figure 3. W-H analysis of pure ZnO and Sm-doped ZnO nanoparticles. Blue lines represent fit to the data, the strain
is extracted from the slope and the crystalline size is extracted from the y-intercept of the fit.

To investigate the evolution of crystallinity percentage and
crystallite size of the samples, a series of calculations were
performed. The crystallinity percentage (Xc%) was calcu-
lated using the following equation [32]:

YA

Xc% = —————
€ Y Ac+

x 100, ey

C
> Aa

where Y Ac and ) A, are the total areas under crystalline
and amorphous peaks. The calculated values of the X% are

shown in table 2. The crystallinity percentage for pristine ZnO
is calculated as 95.3%, confirming high crystallinity of the
material. Sm-doping does not really affect the crystallinity; a
decrease of only ~1.8% in X% was calculated.

To evaluate the possible peak broadening with crystallite
size and lattice strain induced by doping, average crystallite
size (D) of the samples was determined by the X-ray line
broadening method using the Scherrer equation (Ds, equa-
tion (2)). In addition to that the Williamson—Hall method
(Dwn, equation (3)) was applied to investigate the possible
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Figure 4. Modified form of W-H analysis. Red lines represent fits to the data. The stress in the surface (o) is extracted

from the slope of the fit.

strain-induced broadening arising from crystal imperfections
and distortion [33]:

De — 0.91 @)
ST Bcosh’
0.91
Bcosh = Dwn + 4esin6, 3)

where B, 6, A and ¢ are the full-width at half-maximum,
Bragg’s angle, wavelength of the incident X-rays and lattice
strain, respectively. The strain, & and particle size, Dwy are
estimated by the slope and y-intercept of the fitted line on the
B cos 0 vs. 4 sin 6 plots (W-H plot) shown in figure 3. The
W-H plot shows that line broadening is essentially isotropic,
indicating that domains are isotopically grown. The crystallite

2
v s o]

Y =

size estimated using the W—H plot shows a similar trend to
that obtained by Scherrer’s equation (table 2). We found that
average crystallite size, Dy increases from 37 to 42 nm with
an increase in Sm-content up to 4%. This implies that the cal-
cination temperature of 900°C led to a significant increase in
the average crystallite size with an increase in the doping level
because at such high temperatures, migration of grain bound-
aries occurs, leading to the combination of small grains which
results in the formation of large grains: this is consistent with
the literature [34].

For a hexagonal crystal, the Young’s modulus for each
Miller indices is given by equation (4) [35], where s,
s13, $33 and sy44 are the elastic compliances and reported
to be 7.858 x 107'2, —2.206 x 1072, 6.940 x 10~'? and
23.570 x 10712 m?> N~!, respectively [36].

2 4 1 a2
S11 (hz + —(h+32k)2) + 533 (a;l) + (2513 + S44) <h2 4 G207 +32k)2) ( 1)

“)

c
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Figure 5. Modified form of W—H analysis. Red lines represent fits to the data. The energy density (u) is extracted from

the square of the slope of the fit.

Using the calculated Y values, the stress in the surface
(o) and energy density (u, energy per area) values for all
the samples were calculated using the following equations,
respectively:

§cost 091 4o sin@ )
0s6 = _
Dwn Y
0.9 2u\'"?
Beosh = — +4sin9<7u) . 6)
WH

The slope of the B cos 6 vs. 4 sin 8Y~! plots shown in
figure 4 gives the o value for each sample and the square of the
slope of the B cos A vs.2%/% sin 8Y ~/2 plots shown in figure 5
equals to the u values. We have also calculated the atomic
packing factor (APF) from the following equation [37]. The
calculated APF for pristine and doped ZnO is ~75%, implying
that the introduction of Sm did not lead to a significant change
in packing fraction, in agreement with earlier studies [37,38]:
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Figure 6. FTIR spectra of pristine and Sm-doped ZnO samples.
The inset shows an expanded view focussing on the Zn—O stretching.

3.2 FTIR and SEM

The FTIR spectrum (figure 6) shows the strong absorption
band ranging from 450 to 550 cm™! assigned to the Zn—O
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2Sm-Zn0O

1Sm-ZnO 4Sm-ZnO

Lkl

Zn (at% O (at%) Sm (at%)
Pure-ZnO 74.64 25.36 -

1Sm-ZnO  74.12 24.77 1=11
2Sm-ZnO  73.67 24.33 2.00
4Sm-ZnO  72.54 23.18 4.28

Figure 7. SEM images and EDX reports of pure and Sm-doped ZnO nanoparticles.
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Figure 8. Energy dependence of (a/kv)? for pure and Sm-doped
ZnO nanoparticles. The solid black lines through the data are the
linear fit.

stretching vibration mode [39] for the ZnO and Sm-doped
nanostructures. As the samples were heated up to 900°C, no
hydroxyl groups remained due to the adsorption of water. The
SEM images and EDX spectrum for each sample taken at the
magnification of x 10,000 are shown in figure 7. The images
reveal that samples possess well defined grain boundaries and
pores, and with a further increase in doping concentration,
i.e., 4% in 4Sm-ZnO, the surface becomes rough and more
compact, implying an enhancement in the densification of the
particles. This is in good agreement with our calculated higher
stress and energy density values of 4Sm-ZnO compared with
that calculated for lower Sm concentrations (table 2). The
chemical compositions of the doped nanoparticles are also
determined by EDX measurements, confirming virtually the
same compositions with the target-doped materials.

3.3 Determination of optical energy band gap

As ZnO has a direct band gap, optical energy gap, E, can be
determined by the following Tauc’s equation [40]:

(ahv)? = C(hv — E,), (8)

where « is the absorption correction, v is the photon energy
and C is a constant. Figure 8 shows the relationship between
(ahv)? and the photon energy, and E, is obtained by extra-
polating the linear part of the curve in the high energy region
to zero with a least squares linear fit. This gives the optical
band gap of ZnO as 3.43 eV, which is in good agreement
with 3.37 eV reported in the literature. The estimated E, of
doped compounds are found to increase with an increase in
the doping level (table 2): a maximum widening of ~0.38 eV
of E, is obtained with a maximum doping level of 4Sm-ZnO.
Band gap widening with an increase in the Sm-doping level
has been previously reported in Sm-doped ZnO nanoparticles
[41,42]. This widening obtained here is larger than the
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previously estimated widening values for doped ZnO, i.e.,
0.04 eV for Al-doped (3 at.%) and 0.19 eV for Sm-doped
(0.75 at.%) ZnO [42]. The reason for an increase in the band
gap energy was previously attributed to the quantum confine-
ment effect [42]. Recent studies and our study confirm that
the nature of the doped cations, the way that doping is carried
out and the crystallite size of the doped ZnO nanostructures
are of vital importance for determining the degree and type of
band gap change [43]; therefore, subtle changes lead to con-
flicting reports on the behaviour of the band gap upon metal
doping in ZnO nanostructures.

4. Conclusion

In conclusion, Sm-doped ZnO nanoparticles were obtained
using a water-based wet-chemical synthetic method. XRPD
data collected on pure ZnO and doped samples were analysed
using the Rietveld refinement and Le Bail analysis techniques,
respectively. Refined lattice parameters of ZnO are found
to be consistent with the literature values. Both qualitative
and quantitative inspection of the XRPD data of 1Sm-ZnO
reveal that a slight lattice contraction with the substitution of
Zn>* in ZnO by the larger Sm>7 cation, i.e., decreases from
47.574(1)t047.540(2) A3, results in a large suppression of the
peak intensity. We found no considerable difference between
the crystallinity percentage of 1, 2 and 4Sm-ZnO samples.
On the other hand, the average crystallite size of the sam-
ples, which are calcined at a high temperature of 900°C, is
found to increase ~12% from pure ZnO to 4Sm-ZnO. We
have also found that lattice strain and stress on the surface
increase with an increase in Sm-content and the surface mor-
phology strongly depends on the doping concentration of Sm.
The structural investigation found that doped and pure ZnO
samples are stable up to 900°C at which calcination was per-
formed. The estimated band gap energy values reveal that
for doped ZnO, E, exceeds by ~0.38 eV compared with
that of pure-ZnO and confirm the interesting phenomenon
that was previously questioned: band gap narrowing and
widening in doped-ZnO nanostructures. Therefore, this issue
merits a more detailed investigation of RE-metal-doped ZnO
materials using a well-established synthetic method with par-
ticular attention being paid to the heating treatment, which
correlates well with the crystallite size and hence E,, and
characterization of families of samples where the doping level
systematically varied in a broad range.
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