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Abstract: Herein we study point defects and correlation to photoluminescence in ZnO nanorod.
ZnO mirco/nanorod structure was successfully fabricated by co-precipitation method with highly
homogeneous characteristics. When ion Mn*? introduced into ZnO structure, the d-spacing
distance of ZnO was increased from 0.248 nm to 0.295 nm due to the larger ionic radius of Mn?*
in comparison to Zn®*. The photoluminescence emission evolution of ZnO through doping and
annealing processes hinted the relation of point defect transformations. We found that zinc
interstitial, zinc vacancy and its related defects were responsible mainly for photoluminescence
emission in annealing and/or Mn?* doped samples.
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1. Introduction

Nowadays, one-dimensional (1D) micro/nanostructure ZnO fabrication and characterization have
been attracted a lot of attention because of its highly potential application in light emitting device and
the interesting unipolar property of the morphology which is suitable for gate-length miniaturization in
semiconductor devices [1, 2]. Moreover, the morphological asymmetry may induce an advance in one-
direction electron control which would bring high efficiencies in terms of electrical power, light
emitting, and photocatalytic activity[2-5].

Recently, 1D ZnO crystals doped and undoped with transitional metal ions, such as Mn*, Cr*,
Cu?*, Fe** have been studied and showed interesting properties because the doped materials exhibited
both semiconductor and magnetic behaviors [6-9]. For optical scheme, depending on treatment by
thermal annealing or doped type, ZnO nanocrystals showed their emission profiles ranging from ultra-
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violet (UV) to intra-red (IR) emission which indicated its high application potential. The visible
emission characteristics could be applied for light emitting technology, UV emission could be for UV
detector[10], antibacterial systems by irradiation [11], and IR emission could be for
telecommunication application [12]. Despite of the high potential application, the origins of optical
property in doped and undoped semiconductors are still in debate because the results among different
works showed different conclusions [13, 14] and the intrinsic defects induced photoluminescence
emission are hard to define by experimentally extrapollation method.

In this work, we co-precipitately fabricated ZnO nanorod and studied photoluminescence emission
evolution through annealing and Mn?* doping treatments. Through emission profiles of these ZnO
samples, we proposed point defect involved to emission in our samples. The study indicated that
assigned defects, zinc interstitial (Zn;), zinc vacancy (Vz,) and radiative transition between singly and

doubly ionized zinc vacancy (V,, <>V, ) were responsible to green emission at ~545 and ~570 nm,

and red emission ~649 nm, respectively. Moreover, when ZnO was doped with ion Mn*, the atomic
size difference between the doped ion and Zn**ion gave rise a structural deflection in the network that
leaded the blue-shift in comparison to the free-standing ZnO.

2. Experimentals

The Zn;,Mn,O samples with x = 0.00 and 0.05 were prepared by co-precipitation method. The
Zn(CH3C00),.2H,0 (Merck, > 99%) was mixed with Hexamethylenetetramine (HMTA) (Merck,
>99%) and the stoichiometrically corresponding amount of Mn(CH3COQ),.4H,0 (Kanto, > 99%)in
100 mL distilled water. Then, the resulted solution was added dropwise to 100 mL NaOH 2M (Merck,
> 99%) under vigorous stirring for 4h at room temperature (RT). The supernatant solution was then
discarded carefully, the solid is washed with distilled water repeatedly until pH reached 7, and dried at
100°C for an hour in air. Additionally, the powder were calcined for 4h in air at 450°C for annealing
process. The experimental conditions for the co-precipitation synthesis of samples S1 — S4 are given in
Table 1.

Table 1. Sample information and experimental conditions for co-precipitation synthesis

Sample Zn(Ac),.2H,0  NaOH (i100 Mn nominal Annealing
(in 100 mL) mL) concentration (at%.)  Temp/Time (°C/h)
S1 0.1M 1M 0
S2 0.1M 1M 0 450/4
S3 0.1M 1M 5
S4 0.1M 1M 5 450/4

Structural investigations were performed with a Bruker D8 Advance X-ray diffractometer with

CuKa radiation source (A =1.54064A), sweep range 20 of 20°-70°. Morphological properties was
studied by Field Emission Scanning Electron Spectroscopy (FESEM, S4800 Hitachi). Optical bandgap
were determined by UV-vis absorption measurement using UV-Vis spectrophotometry (HACH,
DR5000). The optical emission characteristics were studied by room temperature photoluminescence
measurement, using a 325-nm excitation wavelength analog spectrophotometer (Horiba, JobinYvon)
equipped with a Xe lamp as an excitation source.
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3. Result and discussions
3.1. Phase and structure

The undoped ZnO and Mn doped ZnO phases and structures were examined using X-ray
diffraction analysis which also possibly identify foreign phases in the samples. Figure 1 showed the
diffraction patterns of S1-S4 samples. The main diffraction peaks in the XRD patterns from S1 to S4
samples were indexed to the wurtzite structure (hexagonal) of ZnO, with lattice constants of a= 0.325
nm and c= 0.521 nm (JCPDS 36-1451 card)[7]. From S1 to S3 samples, there is no extra peaks related
to impurity; however, the pattern of S4 sample exhibits further reflexes at 29.84° belonging to
hetaerolite (ZnMn,0,) tetragonal secondary phase[15].
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Figure 1. X-ray diffraction patterns of S1, S2, S3, and S4 samples

For further study, the doping and annealing processes’ effects on the crystal growth, lattice
parameters (a, and c), crystalline size and d-spacing distance should be clarified. The lattice
parameters could be obtained by Bragg’s law:

ni=2dsinéd Q)
where n=1, X is the wavelength of incident X-ray 0.15418 nm, and d is the spacing distance of two
consecutive planes in the same direction. Then the following evaluation was defined for hexagonal
phase:
1 4 [h% +hk+k* 12
-
d? 3 2 c? 2
where (hkl) are the Miller indexes.

The calculated result of d-spacing distances, lattice parameters and mean crystal sizes were
showed in table 2. The d-spacing distances of S1, S2, and S3 samples were not changed with the value
about 0.247 nm. It possibly indicated that ion Mn?* was not diffuse further into the lattice. However,
when annealed at 450°C, ions Mn?* were introduced into the lattice as the result of d-spacing distance
of S4 was increased to 0.295 nm. The increase could be understood that ion Mn2+ with the radius

a
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(0.83 A) was substituted for Zn2+ with a smaller radius (0.74 A). The annealing process also increase
mean crystal size of pure ZnO from ~22.4 nm to ~44.4 nm, and doped ZnO from 33.1 nm to 43.0 nm.

Table 2. The lattice parameters data of S1, S2, S3 and S4.

Sample dyp; (nm) a(nm) c¢ (hm) Crystal size (nm)

S1 0.248 0.325 0521 2240
S2 0.247 0.325 0.521 44.39
S3 0.247 0325 0520 33.11
S4 0.295 0.328 0.523 43.03

3.2. Morphology analysis

Figure 2. Scanning electron microscopic images of as-prepared ZnO.

Figure 2 showed the as-prepared ZnO sample with homogenous in diameter. The diameter and the
length of a single ZnO rod are approximately 400 — 600 nm, ~10-20 pum, respectively. The diameter of
these nano-structured gradually becomes smaller along the growth direction.The reaction mechanism
of ZnO nanostructures can be formulated as followed:

Zn** + 40H — Zn(OH),*
Zn(OH),* — ZnO + 2H,0 + 20H

We assumed that the crystal formation process can be divided into two stages of nucleation and
crystal growth.

3.3. Optical properties

In order to obtain a precise and quantifiable measure of the shifts in the band gaps from these
absorption edges, we dissolved 0.004 (g) samples in 10 mL of ethanol (> 99%) under ultrasonic
agitation for about 1h. Optical investigations were performed with DR 5000. The bandgap energy are
calculated by equation: Eg = hc/A, where h is Planck’s constant, h = 6.625x10-34 J.s; c is the speed of
light, c = 3x108 m.s-1 and A is wavelength (nm).

Figure 3 shows the UV-absorption spectra of ZnO with different Mn concentrations, which are
treated at mixed temperatures. Bandgap of bulk ZnO was 3.37 eV. The absorption edges of S1, S2, S3
and S4 are 3.34, 3.33, 3.38 and 3.33 eV, respectively. The position of S2’s absorption spectra is almost
the same in compare to S1. This indicates that annealing temperature does not affect the width of
bandgap. The position of the absorption spectra is observed to shift towards the lower wavelength side
with increasing Mn-doped concentrations in ZnO. This shows that the bandgap of the ZnO-based
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material increases with the increase of ion Mn2+ concentration. Mn2+ has semi-saturated electron
configuration (3d5), which trapped charge carriers from shallow donors. This leads to bandgap is
extended (3.38 eV). When annealed at 4500C, bandgap is narrowed. We assumed that is because
electrons are trapped by other intrinsic defects and merged with conduction band at room temperature.
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Figure 3. UV-vis absorption spectra of S1-S4 samples.

3.4. Photoluminescence (PL) study

3.4.1 Emission evolution of ZnO by thermal treatment

Photoluminescence (PL) is a suitable and nondestructive technique to determine the quality and
the presence of impurities or defects in the materials. PL measurements were carried out at room
temperature and the results of the Photoluminescence measurement on the mixed samples are
presented in this section. 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 (Vz,), interstitial zinc (Zn;), interstitial oxygen (O;) and lattice defects relating
to oxygen and zinc.

Figure 4 illustrates the room temperature PL spectra of S1 and S2 samples. In addition to the no
observations of NBE emission, these samples exhibit a broad intense deep-level (DL) emission
appears in range of 500 — 900 nm. Upon annealing at 4500C, in general, the PL emission of S2
showed blue-shift after annealing treatment, from 700 nm in S1 to 600 nm in S2. Hence thermal
treatment, in one hand, improved ZnO crystalline structure, and on the other hand, reduced point
defects in asymmetrical sites, such as interstitial of Zn (Zn;), and oxygen interstitial (O;). The
migration energy Zn; was thermally unstable [13], then the application of temperature may expel Zn;
leaving zinc vacancy (Vz,). However, oxygen related defect may introduced in the sample, i. e.
oxygen interstitial near the surface. The DL emissions of these samples were Gaussian-resolved.
According to Gaussian-fitted lines, visible peaks in each sample could be deconvoluted in to three
peaks, in S1 sample, which centered at 634 nm (1.96 eV), 721 nm (1.72 eV) and 876 nm (1.42 eV)
(Fig. 5a); while with one annealed at 4500C, S2, these are 569 nm (2.19 eV), 649 nm (1.91 eV) and
776 nm (1.6 eV) (Fig. 5b). In S1 sample, the emission centered at 634 nm (1.96 eV) was corresponded
to excess local oxygen [4] and/or radiative transition between singly and doubly ionized VZn[3]while
emission located at 721 nm (1.72 eV) is attributed to transitions from conduction band to Oi level [16]
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and the peak at 876 nm (1.42 eV), was the trapping of charge carriers by O;[10].The PL spectrum of
S2 sample,which was annealed at 450°C in air, showed three emission peaks which were blue-shifted
in compare to the as-prepared one. Zinc vacancy may contribute to 569 nm (2.19 eV) emission, which
was assigned to the transition from shallow donor to an acceptor of VVZn, due to the low migration
energy of zinc interstitial under annealing process [15-17]. The emission at 649 nm (1.91 eV) was
assigned to radiative transition between singly and doubly ionized VZn and/or transitions from
conduction band to Oi level [16]. In O-rich condition, the trapping of charge carriers by Oi, the
radiative recombination of shallow donor and Oi as a trapped hole may give rise to the red emission at
776 nm (1.6 eV) [12].
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Figure 4. Photoluminescence spectra of; a)S1, b)S2.

3.4.2 Emission evolution of ZnO doped Mn?* by thermal treatment

Figure 5 showed PL spectra of Mn doped ZnO at 5 at% nominal concentration of Mn?* unannealed
(S3) and annealed (S4) at450°C for 4h in air.

a) — 53 - gapanwetst | b) "— A :e;::ﬁmrul
Fit Paaks 669 Fr Puney
— Curmfalive Fit Pea | Cumadative Fit Paak

Intensity (a.u.)
Intensity (a.u.)

1 1 1 I 1 1 1
00 500 €00 700 800 900 400 500 600 700 &00 900

Wavelength (nm) Wavelength (nm)

Figure 5. PLs spectra of: a) S3; b) S4.
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When a certain amount of transition metal ion Mn2+ doped ZnO, the deep-level emission is
changed. As-prepared Zn0.95Mn0.050(S3) exhibited a spectral feature at 650 nm, its DL emission
was Gaussian-resolved into four peaks at 545 nm (2.28 eV), 630 nm (1.97 eV), 717 nm (1.73 eV) and
887 nm (1.54 eV). The S4, sample annealed at 4500C, shows a peak centered at 667 nm. This was
Gaussian-fitted into three peaks centered at 669 nm (1.86 eV), 741 nm (1.68 eV) and 873 nm (1.4 eV),
in addition, which signal centered at 1.86 eV dominates the others.

In S3, as-prepared Zn0.95Mn0.050, the peak centered at 545 nm (2.28 eV), according to
Ramanachalam et al.[17], might be resulted from interstitial zinc (Zni). When introduced to ZnO, ions
Mn2+ are likely to replace Zn2+ in the lattice, resulted in increasing Zni concentration. The other
signals at 630 nm (1.97 eV), 717 nm (1.73 eV) and 887 nm (1.54 eV), are similar to which found in
PL spectrum of S1. Since the ionic radius Mn2+ is larger than Zn2+, it causes a deflection in the
network, leading to the small blue-shift in comparison to free-standing ZnO. For S4, Zn0.95Mn0.050
annealed at 4500C for 4 h in air, the Gaussian fit line peaks were at 669 nm (1.85 eV), 741 nm (1.67
eV) and 873 nm (1.42 eV), of them the signal centered at 1.85 eV dominates the others. Upon 4500C,
the green emission (545 nm) was quenched. The quenching might due to Mni — Zni reactions [15]
and/or competing defect reactions. The signal centered at 669 nm was possibly related to zinc defect, i.
e. radiative transition between singly and doubly ionized VZn, similar to the dominated emission
found in PL spectrum of S2 sample. When introduced ions Mn2+ in ZnO lattice, the unfilled electron
states of transition ions may passivate oxygen related near the donor level. Hence, oxygen defect
related radiative emissions were quenched.

4. Conclusions

We fabricated 1D ZnO micro/nanorod with homogenous size distribution (~400 nm in diameter,
and ~15 pm in length) by co-precipitation method. The XRD spectra indicated ZnO samples in
hexagonal wurtize structure and the d-spacing distance of Mn** doped ZnO with annealing treatment,
0.294 nm, is larger than that of the as-prepared sample, 0.247 nm. This result was attributed that Mn?*
was successfully doped in ZnO nanostructure. Photoluminescence study showed the defect evolution
in ZnO under treatments and the defect transformation from zinc interstitial to zinc vacancy through
annealing process. When doped with Mn®* in crystal ZnO, the unfilled electrons in transitional ion
could passivate electron traps in oxygen related defects and in conduction band which showed
dominantly zinc vacancy related defect in PL emission.
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