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Abstract: In this study, Mn%-Doped ZnO nanoparticle with hexagonal wurtzite phase was
fabricated by a solvothermal method where various contents of Mn ion were in situ-doped in
Zn0O nanostructure. The crystal structure and morphological properties of the nanoparticle were
investigated by X-ray diffractometry, Raman spectroscopy and transmission electron
microscopy. The photoluminescence (PL) measured at room temperature showed red-shift of
near-band-to-band emission and the evolution of visible emissions in the doped samples. The study
also analyzed the PL characteristics of synthesized samples and revealed the role of dopant Mn?* to
defect states of ZnO.
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1. Introduction

Zinc oxide (Zn0), a wide and direct bandgap (~3.37 eV) with large exciton binding energy (60
meV) at room temperature, has been attracted a huge interest from scientists worldwide as a promising
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material for optoelectronic and photocatalytic applications [1, 2]. Recently, due to its availability, eco-
friendly environment, safety, stability, ZnO material has been got attention as an excellent
photocatalyst [3, 4]. There are several problems needed to solve in advance for practical application of
the material. Firstly, ZnO has a large exciton binding energy, so excited carrier lifetime is not long
enough to degrade organic compounds. Secondly, the large bandgap means the working irradiation
light for photocatalytic activity must be in the range of ultra-violet. However, in the natural sunlight,
there is a small amount of UV-light ~3%. Hence the bandgap engineering of ZnO has been intensively
investigated such as doping ZnO with other elements [5-9], coating ZnO with other materials [10, 11].
Recently, S. Choi et al.[7] found that when ZnO doped with transition metal ion Cu?*, the
photocatalytic activity of ZnO was improved thanks to the separation of the excited carrier. Recently,
we have shown that the Cr3* could be play as an electron trap center in the hydrothermal ZnO doped
Cr samples [5]. It means that the photoelectrons were trapped then would leave holes without
recombination.

In this work, we fabricated ZnO doped Mn?* by a facile solvothermal method. Crystal structure
and morphological properties were characterized by D8 Advance X-ray diffractometry (XRD,
Bruker), transmission electron microscopy (TEM, Jeol 1600) and Raman spectroscopy (533 nm,
Renishaw). The optical properties were investigated by room temperature photoluminescence system
(Horiba Nanolog) with an excited source of 325 nm wavelength from Xe lamp. The revolution of PL
emission was analyzed by deconvolution the emission spectra, and then the role of ion Mn?" was
inferred.

2. Experimental

ZnO materials were synthesized by a solvothermal method. Zinc acetate dihydrate
Zn(CH3sCO00)2.2H20 (= 99%) and triethanoldiamin (TEA) — CeHisNOs (> 99%) was supplied by
Xilong, China; whereas Ethanol — C;HsOH (> 99%) and Mn(CHsCOO),.4H,0 (> 99%) were
purchased from Merck and Kanto, respectively. All the chemicals were purchased and used as
received without further purification. The synthesis procedures are as follows: 0.07 mol
Zn(CH3C00),.2H,0 was dissolved in 70 mL of ethanol under magnetic stirring at room temperature
(RT). Then, an amount of TEA was added and stirred in 1 h at 60 °C. In the synthesis process,
Mn(CH3sC00),.4H,0 was added dropwise to obtain proper molar concentration of Mn?* ions in ZnO:
1.0 and 3.0 at.%, were named as ZnO:Mn1l and ZnO:Mn3, respectively. After that, the solution was
poured in a teflon-lined autoclave and treated at 150 °C in 18 h. The autoclave is cooled naturally to
room temperature (RT) and the white precipitate was washed with distilled water until pH reaches 7.
Finally, the powder was dried at 100 °C for 5h.

3. Results and discussion
3.1. XRD patterns

In order to investigate the crystalline structure of ZnO materials, X-ray diffraction (XRD) pattern
was carried out at RT. The results are shown in Figure 1. The lattice parameters (a, ¢) were obtained
by Bragg’s law:

nA=2dsiné (1)
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(n=1, A is the wavelength of incident X-ray used, 0.15418 nm) and the following evaluation, which

is defined for hexagonal phase:
1 4[h%+hk+k? 12
] e e )

Where d is the distance between two consecutive parallel planes and (hkl) are the Miller indexes.
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Figure 1. XRD patterns of as-prepared ZnO and Mn doped ZnO.

In the pure ZnO pattern, all the expectable Bragg angles for wurtzite phase at faces of(100), (002),
(101), (102), (110), (103), (200), (112) and (201) were observed at approximately 26 = 31.77°; 34.43°;
36.27°; 47.58°; 56.65°; 62.91°; 67.97°; 68.08° and 69.13°. The calculated lattice parameters of pure

ZnO are a = 0.3252 and ¢ = 0.5206 which are in fine agreement with JCPDS No.36-1451 card.

There was no extra peak from secondary phases in doped samples, ZnO:Mn1 and ZnO:Mn3, indicated
that materials obtained in this study were highly single phase hexagonal wurtzite. The XRD patterns of
doped samples were identical to the pure ZnO indicating the average crystal size of ZnO:Mn1 and
Zn0O:Mn3 are the same in comparison to as-prepared ZnO. We assumed that the nanoparticle of ZnO
itself has an excellent doping efficiency although the dopant ion (0.083 nm in radius) is larger than the
host ion Zn?* (0.074 nm) [12].

3.2. Transmission Electron Microscope (TEM) analysis
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Figure 2. TEM images of as-preparedZnO.
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The morphology of ZnO nanostructured was characterized by TEM micrographs, as shown in fig.
2. TEM images showed that ZnO nanoparticles were mainly asymmetric and formed in different
shapes. In general, the particles were both in spherical and capsule-like shapes with the size of ~50 nm
in width and ~100 nm.

3.3. Raman spectra

To investigate the information of structure disorder and dopant in crystalline materials, Raman
spectra was carried out at RT. Furthermore, Raman is a nondestructive and superior method for
detecting the diffusion of dopant ions into the host lattice. Figure 3 shows Raman spectra of as-
prepared ZnO, ZnO:Mnl and ZnO:Mn3 samples. ZnO wurtzite was classified in space group P6smc.
The zone center optical phonons are following the equation: I, = A; + E; + 2E, + 2B;, where B;
modes are silent; A; and E; are polar modes and splitted into TO and LO phonons, both Raman and

infrared active; whereas E, modes (E»"9" and E°Y) are non-polar and Raman active only[13]. The
presence of impurities and/or defects could have an effect on both A; (LO) andE; (LO). Particularly,
E; (LO) is affected strongly[14]. The assignation and wavenumbers (based on study by R.Cuscé et
al.[14]) of the first and second-order are listed in Table 1.
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Figure 3. Raman spectra of as-prepared ZnO and Mn-doped ZnO samples.

In general, Raman vibration modes were sharper and more intensive when Mn content increased.

According to Fig. 3, the most intensive peak in the Raman spectra was Eg”gh at ~ 436 cm™ which
assigned to the oxygen vibration[14]. When Mn?* ions introduced, the Eé”gh increased but remained
the same position along with the absence ofE; (LO) modes which related to oxygen vacancies[15],
suggested that defects due to oxygen, such as excess oxygen and/or interstitial oxygen (Oi) were
increased. In addition, there was a weak peak at approximately 660 cm™ which related to the vibration
of bonding between Mn and O in the crystal lattice was observed in Raman spectra of ZnO:Mn1 and
ZnO:Mn3. It is worth to note that the XRD results indicated no secondary phase observed, we

assumed that the Mn?* ions could successfully substitute Zn?* in the crystal.
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Table 1. The wavenumbers (in cm™) of the 1st and 2nd order Raman spectra found in pure ZnO and Mn-doped

samples.
Wavenumber (cm™)

Mode Ref.[14] Pure ZnO Zn0O:Mn1 ZnO:Mn3
EJioh. plow 333 333 329 332
A,(TO) 378 385 378 383
E, (TO) 410 418

E;ligh 438 436 436 436
A, (LO) 574
E, (LO) 590

3.4. Photoluminescence (PL) study

To study the optical properties and defects that exist in the band gap of the materials, we measured
photoluminescence spectra at room temperature. In principle, the UV peak in the PL spectra is
associated to the near band-to-band emission (NBE), while the visible emission originates from the
defect levels, which includes zinc vacancies (Vzn), interstitial zinc (Zn;), interstitial oxygen (O;) and
lattice defects relating to oxygen and zinc.
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Figure 4. Room temperature photoluminescence spectra of synthesized samples.

Figure 4 illustrates the PL spectra of as-prepared and doped ZnO samples. As shown in Fig. 4, the
PL spectra of as-prepared ZnO, ZnO:Mn1 and ZnO:Mn3 showed not only an NBE emission centered
at 387 nm (3.20 eV), 385 nm (3.22 eV) and 384 nm (3.23 eV), respectively; but also a broad intense
deep-level (DL) at 589 nm (2.11 eV) in as-synthesized ZnO, 591 nm (2.10 eV) in ZnO:Mn1, 596 nm
(2.08 eV) and 647 nm (1.92 eV). When Mn?* ions were introduced, the NBE emissions were slightly
red-shifted, which revealed that the crystallinity was improved. Besides, at 1.0 at.% Mn?*
concentration, the intensity of UV peak decreased and that of the DL emission increased. This could
have resulted from Mn?* ions acting as trapped centers in the bandgap of ZnO nanostructure.
Moreover, when Mn?" concentration was increased to 3.0 at.%, both NBE and DL emissions
decreased. This luminescence quenching might due to the outside covering of the ZnO nanoparticles.
We assumed that Mn 1.0 at.% concentration is the best doping yield.
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Figure 5. Photoluminescence spectra of: a) as-synthesized ZnO and b) ZnO:Mn1l

In order to study bandgap structure, deep-level emissions in PL spectra of ZnO were Gaussian-
resolved into four emissions, which belong to green luminescence: 523 nm (2.37 eV) in ZnO sample
and 521 nm (2.38 eV) in ZnO:Mn1 sample; yellow — red regions: ZnO at 576 nm (2.15 eV), 636 nm
(1.95 eV); and ZnO:Mn1 at 567 nm (2.19 eV), 645 nm (1.92 eV); and infrared radiation (IR) at 801
nm (1.55 eV) in ZnO, 847 nm (1.46 eV) in ZnO:Mnl, as shown in Fig. 5. Firstly, according to studies
by Vanheusden et al.[16,17], correlation between the intensity of the green luminescence and the
concentration of Vo based on the observation of a line with g ~ 1.96 in EPR measurement proposed
for green emission. In addition, Leiter et al.[18, 19] reported the green band around 2.45 eV with
oxygen vacancies based on optically detected magnetic resonance experiments. Still in debate,
Reynolds et al.[20] and Kohan et al.[21] have suggested that transitions between the conduction band
(or shallow donor) and the Vz, are the source of green band. Based on Janotti et al. [22] calculation,
this transition would give rise to luminescence around 2.4 — 2.5 eV. Moreover, a strong argument in
favor of zinc vacancies had been provided by strong passivation of the green emission by hydrogen
plasma treatment in experiments of Sekiguchi et al. [23] and Lavrov et al. [24] whose works
simultaneously observed an increase in vibrational modes associated with hydrogenated zinc
vacancies. In this study, it could possibly conclude that the green luminescence was originated from
Vz.. When the dopant ions diffused into wurtzite lattice, Vz, in unit cells was substituted by Mn?*,
which resulted in the intensity of emission centered in green region decreased. Secondly, peaks at
yellow region, which centered at 576 nm (2.15 eV) in pure ZnO and 567 nm (2.19 eV) in ZnO:Mn1,
might be contributed to O; or other defect complexes [25, 26]. Thirdly, the dominant emission peaks
appeared in ZnO and 1.0 at.% Mn doped ZnO samples were in red region at 636 nm (1.95 eV) and 645
nm (1.92 eV), respectively, would possibly contribute to Oi > defect [22]. Finally, in this study, we
also obtained an infrared emissions centered at 801 nm (1.55 eV), 847 nm (1.46 eV) in ZnO,
ZnO:Mn1 PL spectra, respectively. These emissions are from radiative transitions of intrinsic defects.

4. Conclusions

In conclusion, the asymmetrical ZnO nanoparticles doped and undoped with Mn?" were
successfully prepared by a simple sovolthermal method. The doping efficiency with ion Mn?* was
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high then the crystalline structure of the doped samples was not significantly changed. The
photoluminescence of synthesized samples was investigated and showed the effect of Mn content in
the ZnO matrix. In general, the UV emission intensity of ZnO was decreased when the content of the
dopant Mn?* increased. The red-shift of the UV emission when introducing Mn?* in the ZnO matrix
indicated that the electrons in the conduction band or near deep donor level of ZnO were captured by
the dopant ions. Hence the conduction band would be up-shifted.
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