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Abstract

In this study, pure and Sm doped ZnO nanorods from 0.0 to 5.5 at.% were synthesized using the chemical bath de-
position method at 90° C. The effect of Sm doping of ZnO nanorods on their structural, morphology and optical
properties were investigated. X-ray diffraction patterns revealed that Sm had been successfully incorporated into the
ZnO lattice and no other impurities or Sm oxide phases were detected. Field emission scanning electron microscopy
images showed that the growth rate of the nanorods was suppressed by Sm doping. Room temperature Raman scatter-
ing spectroscopy revealed that the relative intensity of E,(high) mode decreased and shifted slightly towards a lower
wavenumber in Sm doped ZnO when compared to the undoped ZnO nanorods. The photoluminescence spectrum of
as-synthesized Sm-doped samples measured at room temperature shows that the UV emission is slightly red shifted
and the green-yellow emission of the visible emission is enhanced, when compared to undoped samples. Photolu-
minescence studies also revealed the good crystal quality of the as-synthesized samples as all sample shows strong
ultraviolet and weak deep-level emission peaks. The as-synthesized samples were also characterized using X-ray
photoelectron spectroscopy that revealed the presence of Zn and O in all samples and a small amount of Sm in 5.5
at.% Sm doped ZnO was detected. Furthermore, the current-voltage characteristics of a fabricated Schottky diodes
showed a good rectifying behavior when ZnO doped with Sm at 1.5 at.%. The obtained Schottky barrier height for
pure and Sm doped ZnO nanorods were 0.55 eV and 0.72 eV, respectively.
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1. Introduction

Zinc oxide, as a semiconductor material with a direct band gap (3.20 - 3.37 eV) and large exciton binding energy
(60 meV) at room temperature, has attracted much interest due to it is unique properties and potential use in a wide
range of devices such as photodiodes [1, 2, 3, 4], single electron transistors [5] and sensing applications [6]. It is
believed that zinc oxide is one of the environmentally friendly candidates that can be used in nanodevices. ZnO is
also used as host material for luminescence centres. One of the most effective ways to alter the electrical and optical
properties of ZnO is doping with cations [7, 8, 9]. Previous reports have shown that dopants such as Ga and Al can
improve the optical and electrical properties of the ZnO thin films [10, 11, 12]. ZnO doped metal nanostructures such
as Mn [13] and Al [14] are very promising for the applications in nonlinear optics. Rare-earth element (RE) such as Eu
[15], Tb [16], Er, La, Yb [17] and Sm [18] have been recently used as dopant for ZnO. These RE doped semiconductors
modify effectively the emission in the visible part making them good candidates for phosphors and multicolored LEDs
[19]. These materials also show a strong florescence in a wide spectral range and upconversion, downconversion
emission at low excitation power. The presence of the RE ions are accomplished with energy transfer from the host
semiconductors. Zeng et al. observed energy transfer in ZnO doped Eu*? nanosheets [20]. RE doping ions act as
effective luminescence centers in the green and red region. Sm doped ZnO has also showed a good optical properties,
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He and co-workers found that Sm doped ZnO thin film has enhanced the green emission [21, 22]. Moreover, Sm
doping ZnO is gaining attention due to the number of advantages such that it improves optical, electrical and magnetic
properties as well as surface roughness, scintillation, luminescence and oxygen gain compared to commonly and
widely used Al which only reported to improve electrical properties and decreasing the optical transmittance window
of ZnO [23].

Various techniques have been used to synthesize ZnO nanoparticles, for example chemical vapor deposition [24],
pulse laser deposition [25], molecular beam epitaxy [26], sol-gel [27] and chemical bath deposition (CBD) [28, 29,
30]. In this study we report on the synthesis, structural and optical properties of pure and Sm doped ZnO nanorods
using CBD. The CBD method was used because it is a simple experimental setup, low temperature and inexpensive
technique. ZnO has been grown on different substrates such as Si [31], sapphire [32], GaN [33] and ITO (indium tin
oxide) substrates [34]. The ITO substrate wast adopted for this study due to it is transparency in the visible region
and low price compared to the Si and GaN substrates, respectively. Moreover, to our best of knowledge few reports
available that compare the Raman vibration modes for undoped and Sm doped ZnO. This also motivated the use of ITO
coated glass substrate because Si normally shows very high intensity peak that suppress the vibrational modes of ZnO.
The purpose of this study is to investigate the effect of Sm doping on the crystallization, photoluminescence, Raman
scattering, UV-vis, and electrical properties at room temperature. The electrical characterization were performed on a
fabricated Schottky diodes. The study employed low temperature and shorter growth time (90 °C, 2 h) CBD method
in an open beaker, which is the simplest solution based technique compared to study previously reported for Sm doped
ZnO nanorods, where hydrothermal method at a temperature of 96° C for 5 h [18].

2. Material and method

2.1. Materials

All reagents used in the experiments were used as purchased without any further purification. The following
starting materials were used: zinc acetate dihydrate Zn(CH3COO),.2H,0 (98%, Merck), zinc nitrate hexahydrate
Zn(NO3),.6H,0 (98%, Sigma Aldrich), monoethanolamine (MEA) C,H;NO (98%, Merck), hexamethylenetetramine
CsH2N14 (99.5%, Sigma Aldrich) and samarium nitrate hexahydrate Sm(NO3)3.6H,0 (99.999%, Sigma Aldrich).

2.2. Seed layer preparation

Zinc acetate (0.05 M) was dissolved in 60 ml ethanol and the solution was stirred at 300 rpm for 30 minutes,
where after 1 ml of MEA was added drop-wise into the solution with a continuous stirring for 2 hours. The clear and
transparent solution was aged for 24 hours, increasing the viscosity of the solution. It should be mentioned that the
molar ratio of zinc acetate to MEA was kept 1:1. ITO substrates were cleaned with ethanol, deionized water, acetone
and deionized water ultrasonically 5 minutes each, in this sequence and finally nitrogen gas was used to blown the
substrates dry. Pre-cleaned substrate were spin-coated with 3 layers of the solutions at 4000 rpm for 40 seconds, and
thereafter dried in an oven for 10 minutes at 90° C to remove any remaining residual solvents.

2.3. Growth of the nanorods

Pure ZnO nanorods were grown from ZnO seeds using CBD. Pre-coated ITO substrates with an undoped ZnO seed
layer were immersed into an aqueous solution of zinc nitrate hexahydrate (0.05 M) and hexamethylenetetramine (0.05
M). All the ingredients were measured with high accuracy using Sartorius digital balance with 4 decimal places and
Socorex 100 ml micro-pipette for measuring the solvents. The bath solution was placed in a hot water bath preheated
to 90° C and the temperature was maintained constant throughout the deposition. Substrates were placed with their
seeded side facing downward. The dopant precursor was samarium nitrate hexahydrate. Different concentrations of
the dopant (0.0, 1.5, 4.0 and 5.5) at.% were used to study the effect on the structural and optical properties of wurtzite
ZnO nanorods. It should be mentioned that the zinc and the dopant sources were dissolved separately, stirred for 10
minutes and finally mixed together and stirred again for another 15 minutes to make sure the homogeneous solution
are obtained. This was done for all concentrations mentioned above. The deposition time for all samples was 2h.



2.4. Fabrication of Schottky contact

circular Pd contacts were deposited using vacuum resistive evaporation with a mechanical shadow mask placed
on top of the nanorods for electrical measurements. The deposition rate, the vacuum pressure and the final thickness
of the Pd were 0.01 nm/s, 107> torr pressure and 100 nm, respectively. Hence, Pd/ZnO/ITO Schottky diodes of pure
and Sm doped ZnO nanorods have been fabricated.

2.5. Characterization

The as-synthesized products were characterized in terms of their structure and morphology with X-ray diffraction
(XRD) on PANanlytical X’Pert PRO machine (4 = 1.5405 nm) and a field emission scanning electron microscopy
(FE-SEM, JEOL 6000F), respectively. The Raman studies of as-synthesized samples was measured using Jobin Yvon,
Horiba®© TX64000 with excitation wavelength 4 = 514.5 nm in the range 200 - 1800 nm. The photoluminescence
spectroscopy of as-synthesized samples was used to study the optical emission in the range 360 - 800 nm using Cary
Eclipse fluorescence spectrometer with excitation wavelength 4 = 341 nm. Optical transmittance of as-synthesized
samples was measured using a Varian Cary 100 UV-vis spectrometer. Before UV-vis transmittance, the background
correction were done using a cleaned blank ITO coated glass substrate. X-ray photoelectron spectroscopy (XPS) data
were acquired at room temperature with a SPECS Phoibos 150 electron energy analyser, using a monochromatized Al
Ka photon source (hy = 1486.71 eV). The overall energy resolution was set to 0.5 eV for all the spectra. The binding
energy was calibrated with respect to the main peak in the C 1s core level (284.6 eV), according to the procedure
reported by Zheng et al. [35]. To counteract the effect of surface charging, samples were irradiated with a low energy
electron flood gun during measurements (electron energy: 2 eV, emission current: 20 pA). Finally, electrical properties
of as-synthesized samples were characterized on fabricated Schottky diodes at room temperature using HP 4140B pA
meter /DC voltage source.

3. Results and discussion

3.1. Structural and morphological results

XRD patterns of ZnO nanorods and Sm-doped ZnO are shown in Fig. 1. All peaks in the XRD pattern were
assigned to the wurtzite structure of ZnO and the ITO substrate. There were no diffraction peaks from samarium
oxides or other impurities observed in the XRD data. The peak position of the (002) plane is slightly shifted to
the lower angle (see Table 1). This indicates that Sm ions have been successfully incorporated into the ZnO lattice
without any other crystalline phases. It is clear from Fig. 1 that the preferred orientation of the growth for all samples
is along the reflection plane (002). The preferential (002) plane peak intensity increases slightly with increasing Sm
content as compared to the undoped samples. However, the intensity of peaks along reflection planes (100) and (101)
decreased with increasing the doping concentrations. The lattice parameters were calculated from XRD patterns using
the following equation:

2 212

%:g[h2+hk+k2]ac—zl 1)
where a and c are the lattice constants, d and (hkl) represents the interplanar distance and Miller indices, respectively.
The results are shown in Table 1. The obtained lattice parameters are in a good agreement with a previously reported
Sm doped ZnO [36]. The decrease in lattice parameters indicates that Sm*3 ions replaced the Zn*? in the hexagonal
structure. Similar changes in the lattice parameters have been reported in Sm [36, 37] and Ce[38] doped ZnO nanopar-
ticles. This variation in the lattice constants is due to larger ionic radii of Sm*? (0.0964 nm) compared to Zn*? (0.074
nm) [37]. The increase in lattice parameters at higher Sm concentration may be due to a defect induced by Sm doping.
It should be mentioned that the lattice parameters are related to some factors such as concentration of impurity atoms
including the difference in ionic radii, defect, and strain developed due to the temperature and pressure [39]. The
average crystallites size (D) of the samples was calculated using the Scherrer equation [40]

0.94
D= 2
BcosO

where, A is the wavelength of the X-rays, B is full width at half maximum (FWHM) of the XRD peak and 6 is the
Bragg angle, and the volume was calculated using V = a*csin 120° [36].
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Figure 1: (Color online) XRD patterns of as synthesized samples. (a) 0 at.%Sm, (b) 1.5 at.%Sm, (c) 4.0 at.%Sm and (d) 5.5 at.%Sm.

Table 1: Lattice parameters, FWHM, particles size, volume and thickness of as-synthesized samples.

Samples Lattice parameter (A) FWHM  Position (002)  Particles size (A) Volume  Height

at.%Sm a C (002) (degree) 002) (10\3) (nm)
0.0 3.249 5.207 0.085 34.49 24.84 47.59 1500
1.5 3.249 5.206 0.101 34.47 20.76 47.59 717
4.0 3247 5.202 0.134 34.51 15.76 47.48 778
5.5 3.250 5.205 0.095 34.48 22.22 47.61 761

Fig. 2 shows SEM images of pure and Sm doped ZnO nanorods for all doping concentrations (0, 1.5, 4.0 and 5.5
at.%Sm). It is clear from Fig. 2 that the nanorods have the hexagonal wurtzite structure. The measured diameter and
height of pure and Sm doped ZnO nanorods are in range ~ 50 - 150 nm and ~ 700 — 1500 nm, respectively. The height
of the nanorods decreased with increasing the Sm content. It can be seen from Fig. 2a that the undoped nanorods grew
in a very high density area compared to Fig. 2 b, ¢ and d. This indicates that Sm affected the growth of the nanorods
on the seed layer. It should be mentioned that the seed layer for all samples was undoped ZnO.



Figure 2: SEM images of ZnO: Sm nanorods. (a) 0 at.%Sm, (b) 1.5 at.%Sm, (c) 4.0 at.%Sm and (d) is 5.5 at.%Sm. The length of the nanorod for
pure and 5.5 at.% Sm doped ZnO are shown in (e) 1500 nm and (f) 761 nm, respectively.

3.2. Raman

The phase purity and crystallinity of as-synthesized samples have also been investigated using Raman spec-
troscopy. Fig. 3 shows the Raman spectra of as-synthesized pure and Sm doped ZnO nanorods in range 200 to
1800 cm™'. Only optical phonons at the Brillouin zone (I') are involved in the first order Raman scattering. According
to the group theory calculation the following modes exist:

Copticat = A1 + 2By + Ey + 2E5 3)

where, B is silent mode, A, E and E; are the first order Raman active modes according to the Raman rule selection.
Both A} and E; are polar and split into transverse optical (TO) and longitudinal optical (LO) components. The E;
mode is composed of low and high frequency phonons. The peaks in the spectra can be assigned to the lattice vibration
of ZnO wurtzite structure, space group C‘gV(P63mc) [41]. The peak at 335 cm™! is a multiphonon process (E, high -
E; low) and E; high mode is at 440 cm™!. The peak at 440 cm™! appears to be sharp and narrow and dominates in
the Raman scattering spectra, a good indication that as-synthesised samples have high crystallinity, and is supported
by the XRD results. As one can see in the inset of Fig. 3, the peaks at 440 cm™' are slightly shifted towards lower
wavenumber when increasing the Sm doping concentration. This shift could be due to the formation of defects in the
samples as the Sm content increases [18]. It should be mentioned that the FWHM increased on doping for the peak
at 440 cm™! E, (high) (see Table 2). However, for the multiphonons process, the FWHM decreased with increasing
dopant. The slight changes in the FWHM at 440 cm™' peaks maybe due to the Sm doping. For 0 at.% Sm ZnO
nanorods a broad peak is observed around 560 cm™' and it becomes more pronounce at higher Sm content, which
is attributed to longitudinal optical mode with A; symmetry, A;(LO). This broad peak has been seen in pure ZnO,
which has a variety of defects [42]. The broad peak between 1100 and 1200 cm™! is attributed to the multiphonons
process (2LO) and it is a characteristic feature of II - VI semiconductors [41, 42, 43, 44]. Finally the peak at 1555
cm™! originates from the ITO glass substrate.

3.3. Optical properties

3.3.1. UV-vis

The transmittance (T) spectra of pure and Sm doped ZnO nanorods at different concentrations over the wavelength
range 200 - 800 nm is shown in Fig. 4 (A). As can be seen, the transmittance increases initially and then decreases
with increasing the Sm content, and the maximum transmittance in the visible region being at Sm concentration of at
1.5 at.%. For example at wavelength of 570 nm, the optical transmittance increased from 62 % (undoped) to 67 % and
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Figure 3: (Color online) Raman spectra of pure and Sm doped ZnO nanorods at different concentrations: (a) 0, (b) 1.5, (c) 4.0 and (d) 5.5 at.% Sm.
The inset shows an enlargement of the peaks at 440 cm™ .

Table 2: Raman shift peak position of E>(high) mode and FWHM cm™! of E»>(high) mode and the multiphonon process (E>(high) - E>(low)).

Concentrations  Peak Position FWHM (cm™")
(at.%) E,(high) E>(high) - E;(low)  E,(high)
0.0 440.57 22.06 7.53
1.5 440.00 12.69 7.74
4.0 439.42 8.53 8.30
55 441.15 4.37 9.05

sharply decreased to 36 % and then increased to 46 % for 1.5, 4.0 and 5.5 at.% Sm doped, respectively. Similar trends
were also reported by He et al. [22]. The average transmittance is in the range between ~46 - 72 %. The increase in
the transmittance with 1.5 at. % Sm content compared to the pure ZnO maybe due to shortening in the nanorods (see
Table. 1). The subsequent lowering of the transmittance may due to the scattering of light by the nanorods. The broad
peak between ~ 300 - 372 nm for higher doped samples is possibly due to the defects formed in the rods.
Since the band gap of wurtzite ZnO is a direct band gap, the optical band gap can be calculated using Tauc’s law
[45]:
(ahv)* = C(hv - Ey) )

where, a is the absorption coefficient, hv is the phonon energy, C is constant and E, is the optical energy gap. The
absorption coefficient can be calculated using equation [45]:

1 1
a= (3)1n(?) (5)

where d represents the thickness of the nanorods and T is transmittance. The optical band gap can be obtained by
substituting Eq. 5 in Eq. 4 and plotting (ahv)? vs. hv. The values of the optical band gap obtained when straight-line
portion is extrapolated to zero as shown in Fig. 4 (B). The obtained E, values for 0, 1.5, 4.0 and 5.5 at.%Sm are found
to be 3.24, 3.28, 3.40 and 3.36 eV, respectively. The E, values increase with increasing Sm content. The widening
in the band gap compared to the undoped sample may be due the well known Moss-Burstein effect [46, 47, 10]. The
decrease in the optical band gap at higher concentration may be due to the further increase of the Sm content.
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Figure 4: (Color online) (A) Transmittance (T) and (B) (a/v)? vs. phonon energy hv. (a) 0.0, (b) 1.5, (c) 4.0 and (d) 5.5 at.%Sm.

3.3.2. Photoluminescence

Photoluminescence (PL) spectra of pure and Sm doped ZnO nanorods measured at room temperature with exci-
tation wavelength 341 nm is shown in Fig. 5. PL is also known as one of the most effective techniques to detect
the present of defects in semiconductors. Two emissions are observed in PL spectra, UV and visible light emission.
Our PL results are in good agreement with the previously reported Sm doped ZnO thin film prepared by sputtering
assisted metalorganic chemical vapour deposition [21]. The UV emission, ~ 401 nm is also known as near band edge
emission of ZnO and it is due to the free-exciton recombination process through exciton-exciton collisions [48, 49].
It should be noted that the UV emission shows a small peak around 388 nm and it becomes more pronounce with
increasing the Sm content (see Fig. 5). This peak may be attributed to the transition in energy in ZnO between an
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Figure 5: (Color online) Room temperature PL for: (a) 0 at.%Sm, (b) 1.5 at.%Sm, (c) 4 at.%Sm and (d) is 5.5 at.%Sm in ZnO.

electron in Zn interstitial defect states and a hole in the valence band. The presence of strong UV emission of pure
and Sm doped ZnO nanorods in PL spectra indicate that the as-synthesized samples have a good crystal quality with
excellent optical properties compared to work reported by Jingyuan et al. [18] and Velusamy and co-workers [50]. PL
results are in good agreement with XRD and Raman scattering spectroscopy results discussed in preceding sections
above. From Fig. 5 it can be observed that at the Sm content (4.0 and 5.5 at.% Sm) the UV peak was red shifted
slightly to 403 nm. The as-synthesized samples shows blue emission at 466 nm which is has been reported as the Zn
interstitial or quantum confinement [51]. The broad emission (deep-level emission) in the green-yellow part of the
visible light spectrum is due to different point defects, either intrinsic [52, 53, 54] or extrinsic [55]. Vanheusden et al.
[56] reported that single oxygen vacancies in the ZnO nanomaterials are responsible for the green-yellow emission.
The donor-acceptor transition has been also proposed as origin of the green-yellow emission [57]. Furthermore, zinc
vacancy and surface defect have also been proposed as the cause of the green emission [51, 58]. The origin of the
green emission is debatable and needs further study to determine the origin of the green emission. In our case doping
ZnO nanorods with Sm introduces more oxygen vacancies, which could be responsible for the green-yellow emission.
The presence of oxygen vacancies are confirmed with results from XPS as will be discussed in the following section.
Nevertheless, Sm doped ZnO nanorods enhanced the green-yellow emission in the visible light part compared to the
pure ZnO nanorods. Our results are similar to the previously reported on ZnO nanorods doped with Sm on Si substrate
[59]. It is, however, also shown in Fig. 5 that the green-yellow emission intensity decreased at higher concentration
(5.5 at.% Sm). Similar phenomena have been observed when ZnO nanorods were doped with Ce and N [60, 61]. The
decrease in the intensity at higher concentration of dopant is due to the crystal defects, which increased scattering of
phonons. The defects seen by PL are in good agreements with results from Raman scattering (see Fig. 3).

3.3.3. X-ray photoelectron spectroscopy

Fig. 6 shows the survey XPS spectra measured for Sm-doped ZnO nanorods on ITO. Fig. 7 (a) shows a comparison
of the Zn 2p core level spectra. The line shape reveals single 2ps;, and 2p;,, peaks, which are located at 1021.1 eV
and 1044.2 eV binding energies, respectively. This reveals that Zn atoms are in a 2+ oxidation state, consistent with
previous XPS studies on ZnO nanorods [35, 62]. This is attributed to the Zn atoms in the ZnO bulk crystal structure.
Line shape and binding energies do not change with doping. This shows that the Zn electronic structure is not affected
by Sm doping.
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Figure 6: (Color online) Survey XPS spectra for Sm-doped ZnO nanorods on ITO in the binding energy range from 1190 eV to -10 eV. Core level
and Auger peaks have been named accordingly.

Fig. 7 (b) shows that the Zn 3p core level line shape is also unaffected by the doping. It comprises of two peaks,
3p3/2 and 3p;,, located at 88.03 eV and 90.03 eV, separated by a spin-orbit splitting of 2.0 eV, as expected for Zn.
Fig. 8 shows a comparison of the O 1s XPS core level spectra. The O 1s peak is composed of two subcomponents:
the main peak (labelled peak 1) on the lower binding energy side is attributed to the stoichiometric oxygen ions in the
main ZnO matrix, while its higher binding energy shoulder (peak 2) is attributed to oxygen vacancies. Therefore, the
XPS indicate the presence of oxygen vacancies increased within the Sm doped ZnO nanorods. The fitting parameters
are reported in Table 3. Which is in accordance to the PL results as described in the preceding section.

Table 3: Fit parameters for O 1s core level as a function of Sm doping.

at.%Sm BE(1) (eV) BE(2) (eV)  arearatio (1/2)

0.0 529.80 531.39 1.66
1.5 529.88 531.38 1.10
4.0 529.93 531.48 1.42
5.5 529.76 531.41 1.39

3.4. Electrical characterization

Fig. 9 shows semilogarithmic /-V characteristics of Pd/ZnO/ITO Schottky diodes fabricated on undoped and Sm
doped ZnO nanorods, measured at room temperature. The nanorods underneath the Pd contacts could be taken as
a collection of single Schottky diodes aligned in parallel. As can be seen from Fig. 9 (A) and (B) the rectification
behavior is positively improved when doping with Sm (1.5 at.%) at applied voltage +1 V. The difference between
forward and revers current at 1.5 at.% is almost two and half orders of magnitude compared to undoped samples.
Our results for undoped samples are similar to previously reported on ZnO Schottky diodes prepared using the CBD
technique [63]. However, for Sm doped ZnO nanorods at 4.0 and 5.5 at.% (not shown) there was no rectification. This
could be due to the Sm doping or poor contact between the Pd and the nanorods. The current-voltage characteristic in
the forward bias of the Schottky diodes can be well described using thermionic emission theory and its given by [64]:



Zn 2p core level n2ps3;,;  (a)

— 5.5 at.% Sm
— 4.0 at.% Sm

1.5 at.% Sm
—— 0.0 at.% Sm

Zn 2py

Intensity (arb. units)

1050 1040 1030 1020 1010

Binding Energy (eV)

Zn 3p core level
P Zn 3p3,, (b)

—— 5.5 at.% Sm
— 4.0 at.% Sm

1.5 at.% Sm
—— 0.0 at.% Sm

Zn 3py,;

Zn 3p energy loss

Intensity (arb. units)

120 110 100 90 80

Binding Energy (eV)

Figure 7: (Color online) Zn 2p (a) and Zn 3p (b) core level XPS spectra for Sm-doped ZnO nanorods on ITO.
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where, ¢ is the electronic charge, R is the series resistance and /I is the saturation current in the absence of external
bias and it is given by:
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where, A™ is the effective Richardson constant, Kj is the Boltzmann constant, T is the absolute temperature, S is the
diode contact area, @p, is the Schottky barrier height and n is the diode ideality factor. The n values obtained from
the fit were 4.8 and 2.5 for undoped and Sm doped ZnO nanorods at 1.5 %, respectively. These values are higher
compared to ideal diode (n = 1) which could be attributed to some reasons such as series resistance, voltage drop
across the metal semiconductor junction, surface and interface states [65]. Furthermore, Schottky diodes fabricated
using chemical solutions in air can induce interfacial dielectric layers that affect the current transport across the diode
[66]. The obtained ®p, values from the fit for undoped and Sm doped ZnO nanorods at 1.5 at.% were found to be 0.55
eV and 0.72 eV, respectively. The deviation of these values from the theoretically calculated one (difference between
Pd work function and ZnO electron affinity) could be due to some factors. For examples, non-homogeneous barrier
formation, poor contact between Pd/ZnO [63], deviation from the linearity of I-V characteristic and Sm doping could
probably cause this deviation.

4. Conclusion

Pure and Sm doped ZnO nanorods were successfully synthesized on seeded ITO glass substrates using the chem-
ical bath deposition method. XRD results revealed that Sm* has been successfully incorporated into the ZnO lattice
structure and no other impurities or other phases from Sm were detected. The growth rate of the nanorods was sup-
pressed by the Sm doping ZnO nanorods as seen by FE-SEM where the density and length of the nanorods decreased
upon Sm doping concentration. Raman spectra revealed high crystalline hexagonal wurtzite ZnO structure by having
sharp and intense E; (high) mode. However, the FWHM increased with increasing Sm doping concentrations indicat-
ing that more defects were introduced into the ZnO nanorods. The UV-vis transmittance revealed that the Sm doping
ZnO nanorods has widened the optical band gap. The PL spectra shows both strong UV emission located at 400 nm
along with small peak positioned at 388 nm and broad peak (green-yellow band) in the visible region. All the samples
displayed strong UV emission peak indicating high crystal quality of the as-synthesized samples. The deep-level

11



1E-3 1E-3

E| 3 3 3

S w3 : ®)/ 3

184 5 T 1E4 — -

< - ) )

1E-5

c E q  1Es5 -

[} - = 3 3

= ] . - 3

5 ] N _ ]

o i i
1E6 -

3 3 1E-6 — -

1E-7 - : i

= 3 1E7 = -

1E-8 . . .

| T I T I | T I T I

-1 0 1 -1 0 1

Voltage (V) Voltage (V)

Figure 9: (Color online) semilogarithmic /-V characteristic of (A) pure ZnO nanorods and (B) Sm doped ZnO nanorods at 1.5 at.%.

emission peak intensities were enhanced with increasing Sm content indicating more defects were introduced which
agreed well with Raman scattering results. The XPS results revealed the presence of Zn and O with small amount of
C used for calibration and Sm in the 5.5 at.% Sm doped ZnO. Moreover, the XPS analysis showed the presence of
oxygen vacancies within the Sm doped and undoped ZnO nanorods. The /-V curve showed that the rectifying behav-
ior of Schottky diodes is improved when ZnO nanorods are doped with Sm at 1.5 at.%. The contrast between forward
and revers current were two and half orders of magnitude for Sm doped ZnO at 1.5 at.% compared to undoped ZnO.
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