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ABSTRACT

The optical and photoluminescence properties of ZnO nanocrystals synthesized via hydrothermal method are determined
in this study. The effect of growing time (1 h, 6 h, 12 h, 24 h and 36 h) and Mn concentration (5x10™ mol, 10x10,
25x10 mol, 75x10™ mol, 100x10* mol, 250x10™* mol) on these properties are investigated and presented in detail. The
ultraviolet-visible (UV-Vis) and photoluminescence (PL) spectroscopy techniques are used for optical and
photoluminescence properties characterization. Room temperature PL spectra of the ZnO nanopowders show a near
band-edge emission (peak at 385 nm) and a red light emission (peak at 650 nm) for both ZnO synthesized for different
growing time and different Mn concentration. The ZnO prepared with 1 h and 12 h includes the lowest oxygen related

defects. The ZnO doped with 5x10* mol shows the highest oxygen related defects whereas that of 100x10™ mol shows
the lowest defects.
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1. INTRODUCTION

Zinc oxide (ZnO) being which is an intrinsic n-type
I1-VI semiconductor and have a wide-band gap (3.37
eV) and a large exciton binding energy (60 meV, at
room temperature) has received considerable attention
since it is low cost, non-toxic, chemically stable, high
thermally stable environmentally friendly and further its
optical and electrical properties can be tuned by doping
(Putri et al., 2018; Karmakar et al., 2012; Kadam et al.,
2017; Dhara et al., 2018; Fan et al., 2004; Wang et al.,
2011; Choudhury et al., 2016). Therefore, ZnO has
several applications such as gas sensors (Wang et al.,
2017; Wang et al., 2015; Othman et al., 2017), solar
cells (Dhara et al., 2018; Sekine et al., 2009; Keis et al.,
2002; Law et al., 2005; Martinson et al., 2007), and light
emitting diodes (Saito et al., 2002), optical modulator
waveguides (Koch et al., 1995), field effect transistor
(Vijayalakshmi et al., 2015), UV detectors (Das et al.,
2010), and surface acoustic wave filters (Emanetoglu et
al., 1999). ZnO has been synthesized using different
techniques such as microwave-assisted synthesis
(Schneider et al., 2010), sol-gel processing (Bahnemann
et al., 1987), hydrothermal synthesis (Li et al., 2001),
aerosol spray analysis (Motaung et al., 2014), wet
chemical (Toloman et al., 2013) and
hydrolysis/condensation (Cohn et al., 2012).

It was reported that doping ZnO with transition
metal ions such as Mn, Fe, Co, Ni, and Cu reduced the
band gap energy and prevent electron-hole pair
recombination through the generation of new states
(Achouri et al., 2016; Anandan et al., 2007; Chauhan et
al., 2012; Saleh et al., 2014; Bhatia et al., 2017; Nasser
et al., 2017; Tabib et al., 2017; Altintas Yildirim et al.,
2016). Besides, it is known that tuning the morphology
of ZnO nanostructure turns out variations in optical and
electrical properties (Awad et al., 2015). Among all of
the aforementioned transition elements, the most
encouraging one is Mn for doping ZnO nanostructure
because Mn with valence state of 2+ has the highest
possible magnetic moment (Khanna et al.,, 2003).
Further, substituting Mn ions into ZnO may enhance the
photocatalytic activity under UV and visible irradiation
and that is attributed to an increase in the number of
defect sites acting as electron traps that effectively
suppresses the recombination of the photogenerated
carriers (Achouri et al., 2016; Saleh et al., 2014; Ma et
al., 2016; Barzgari et al., 2016; Umar et al., 2015;
Donkova et al., 2010; Ullah et al., 2008).

There are some other studies about Mn doped ZnO
for instance Deka et al. (Deka et al., 2007) reported that
doping Mn ions in ZnO results in an increase in both of
unit cell volume and the optical band gap. In addition, Li
et al. (Moontragoon et al., 2013) demonstrated that Mn
doped ZnO nanorods had a strong near band-edge
emission and a weak deep level emission. It was an aim
of our group to investigate the changes of local
environment of doped ion Mn?* in ZnO (Yildirimcan et
al., 2016). The defects in pure ZnO and Mn doped Mn
were determined via electron paramagnetic resonance
(EPR) and it was concluded that structural defects due to
Zn and O vacancies were dominant compared to
extrinsic (Mn®* ion) structural defects (Yildirimcan et
al., 2016). Since the synthesis process and
characterization of the electronic and thermal properties
of our ZnO and Mn doped ZnO nanocrystals were
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studied via x-ray diffraction (XRD), thermogravimetry
(TG), differential thermal analysis (DTA), field
emission-scanning electron microscopy (FE-SEM),
transmission electron microscopy (TEM), energy
dispersive x-ray (EDX), inductively coupled plasma
mass spectrometry (ICP-MS) techniques by our group
(Yildirimcan et al., 2016), here in this study we focus on
the optical properties of those samples of ZnO and Mn
doped ZnO nanocrystals synthesized by using
hydrothermal route. The ultraviolet-visible (UV-Vis)
and photoluminescence (PL) spectroscopy techniques
are used in order to investigate the optical properties of
the samples.

2. EXPERIMENTAL PROCESS

The ZnO and Mn-doped ZnO nanopowder was
synthesized with the hydrothermal technique in Teflon-
lined autoclave at 70 °C. The synthesis of these samples
is the same as our previously published study
(Yildirimcan et al., 2016). The precursor solutions were
prepared using the stoichiometric amount of zinc nitrate
hexahydrate (Zn(NO3), 6H,O, Acros Organics),
polyethylene glycol (PEG300, Aldrich Chemistry) and
ammonia (NHs, Analar Normapur) to produce ZnO
nanopowders. ZnO nanopowders were synthesized for
various duration times such as 1 h, 6 h, 12 h, 24 h and
36 h. The Mn(NO3), 4H,0 solution was prepared certain
Mn?* concentration (X1: undoped, X2: 5 x10 mol; X3:
10 x 10 mol; X4: 25 x 10™* mol; X5: 75 x 10 mol; X6:
100 x 10* mol; X7: 250 x 10™* mol). These solutions
were added into the solutions, which are used to prepare
ZnO nanopowders (6 h) and the synthesis of Mn doped
ZnO nanopowders was performed. Finally, the
precipitation of ZnO and ZnO:Mn was filtered, washed
with distilled water, and were dried in an oven at 80 °C
for 1 h (Yildirimcan et al., 2016). All of the details about
the chemical reaction mechanisms followed for the
formation of ZnO and Mn doped ZnO were given
(Yildirimcan et al., 2016).

Photoluminescence (PL) measurements of the
nanocrystals were made by using a Varian Cary Eclipse
Fluorescence spectrophotometer. The UV-visible spectra
of the nanocrystals were recorded by using UV-1800
Shimadzu UV-Vis spectrophotometer in the range 200-
900 nm.

3. RESULTS AND DISCUSSIONS

Recently, the crystallographic structure of the ZnO
and Mn doped ZnO was presented by our group
(Yildirimcan et al., 2016) and is summarized in this
study for the reader to get a view of all properties. The
crystallographic structures of the nanocrystals were
defined in following:

The samples synthesized for 1 h, 6 h, 12 h, 24 h, and
36 h were grown in hexagonal wurtzite structure, which
was well coincided with JCPDS no: 36-1451. The (101)
direction was preferred by the samples synthesized for 1
h-24 h whereas (002) was preferred by the sample 36 h.
It was calculated that the crystallite sizes of the samples
are increased from 30 nm to 51 nm upon growing time
increase from 1 h to 36 h. On the other hand, Mn doped
ZnO samples (X2-X7) were formed in hexagonal
structure, which was well coincided with JCPDS no: 03-
0888. There were no observed systematic increases of



crystallite size by increasing the Mn concentration in
ZnO. Fig. 1 shows the change in the lattice parameter of
for the samples synthesized for 1 h — 36 h and
synthesized  with  different Mn  concentration
(Yildirimcan et al., 2016).
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Fig. 1. Change in the lattice parameter of a in hexagonal
structure of ZnO (a) depending growing time (b)
depending on Mn concentration (Yildirimcan et al.,
2016)

The highest value of a is observed for the sample
prepared for 6 h in the series presented in Fig. 1 (a).
Besides, the value of a is increased upon Mn
concentration increase as it is shown in Fig. 1 (b).

Photoluminescence and optical properties, which are
the main scope of this study, are investigated and
presented in detail. The results were presented in two
different sections in following. The comparisons of the
results with literature are presented in the discussions
part.

of ZnO
and Mn

3.1. Photoluminescence
nanoparticles:  Growing
Concentration Effects

Analysis
Time

Photoluminescence (PL) spectra are recorded by
using a Varian Cary Eclipse Fluorescence
spectrophotometer. The PL measurements of ZnO
synthesized with different growing time and Mn doped
ZnO nanoparticles were performed under the excitation
wavelength of A 325 nm. Fig. 2 shows the PL spectra
of ZnO nanocrystals synthesized for different growing
time.
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Fig. 2. PL spectra of ZnO synthesized for different
growing time.

As it is easy to observe in Fig. 2, there is a
significant change in the peak exists at around 650 nm.
However, it is difficult to observe the change in peak at
around 390 nm. Therefore, Fig. 3 shows the change in
PL spectra of ZnO depending on growing time (a) UV
emission peak in the wavelength 370-410 nm and (b) red
emission peak in the wavelength 640-660 nm.

The wavelengths of UV emission of ZnO
nanopowders prepared for 1 h, 6 h, 12 h, 24 h and 36 h
are 386 nm (3.22 eV), 387 nm (3.21 eV), 389 nm (3.19
eV), 384 nm (3.23 eV) and 3835 nm (3.24 eV),
respectively.

— 4%
6h
12h

l w24 h

Intensity (a. u.)

T T T T T T T T T
370 375 380 385 390 395 400 405 410 415

Wavelength (nm)

Intensity (a.u.)

6h
1h

T T T T T
630 640 650 660 670

Wavelength (nm)
Fig. 3. Enlarged (a) UV peak and (b) visible light
emission of ZnO nanoparticles depending on growing
time.
The UV peak is characteristic emission peak of ZnO,
which is a near band-edge emission. Also, ZnO has very



good UV emission characteristics. (Wei et al., 2010).
There was no significant change in the UV peak
intensity of ZnO nanopowders depending on the
growing time. The samples prepared for 6 h and 12 h
shift to a longer wavelength, while those prepared for 24
h and 36 h shift to a shorter wavelength.

The red emission peaks of ZnO prepared for
different growing times are shown in Fig. 3 (b). The
peaks exist at around the wavelength of 650 nm. The
change in the PL spectra of ZnO depending Mn
concentration is shown in Fig. 4.
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Fig. 4. PL spectra of ZnO:Mn nanoparticles.

Since it is difficult to follow the change both in UV
peak and red emission peak in this figure, the peaks are
redrawn separately in Fig. 5 (a) and (b), respectively.
The UV emission wavelength of Mn doped ZnO
nanopowders is 386 nm, 384.23 nm, 386.15 nm, 385.6
nm, 384.7 nm, 386 nm and 382.65 nm for X1 (undoped),
X2, X3, X4, X5, X6, and X7, respectively.
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Fig. 5. Enlarged (a) UV peak and (b) visible light
emission of ZnO nanoparticles depending on Mn
concentration.
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It is difficult to observe a systematic change neither
in peak position nor in intensity of the UV peak upon
Mn concentration increase. It was not observed a regular
change in the UV peak wavelength and intensity of Mn
doped ZnO nanoparticles depending on the Mn*'
concentration. In Fig. 5 (b), the red emission peaks are
observed at the wavelength of 650 nm for Mn doped
ZnO samples in agreement with the literature (Kaftelen
etal., 2012).

3.2. Optical properties of ZnO nanoparticles:
Growing Time and Mn concentration effects

The UV-visible spectra of the nanoparticles were
recorded using UV-1800 Shimadzu UV-Vis
spectrophotometer in the range 200 — 900 nm at room
temperature (RT). Figure 6 shows the RT absorbance
spectra of ZnO nanocrystals prepared for different
growing time (1 h, 6 h, 12 h, 24 h, and 36 h).
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Fig. 6. UV-VIS absorbance spectra of ZnO nanoparticles
depending on growing time

The absorbance peaks known as excitonic absorption
peaks of the samples appeared in the wavelength range
of 350 nm — 420 nm. Namely, the excitonic peak exists
at 371 nm, 374 nm, 379 nm, 380 nm, and 382 nm for the
sample synthesized for 1 h, 6 h, 12 h, 24 h, and 36 h,
respectively. It was mentioned in the literature (Samanta
et al, 2018) that the absorbance spectra of
nanostructures were affected by various factors such as
particle size, defect of structure, oxygen vacancy. A
small shift toward higher wavelength known as red shift
is observed with increasing growing time. The reason
for red shift might be increasing concentration of oxygen
vacancies on surface ZnO nanopowders (Ahmed, 2017).

Figure 7 shows the change in the excitonic
absorption peak position in energy scale (eV) depending
on the growing time.
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Fig. 7. The change in the excitonic absorption peak
position of ZnO depending on growing time

It is observed in Fig. 7 that there is a decrease at the
peak position with increasing growing time.

Fig. 8 shows the RT UV-visible absorbance spectra
of ZnO nanocrystals doped with different Mn?
concentrations in the wavelength range of 200 nm — 700
nm. It is noticed that the spectra of ZnO is changed
drastically once it is doped with Mn?" ions. However,
increasing Mn®" ion concentration does not make any
change in the spectra significantly. The absorbance peak
occurred at 374 nm for undoped ZnO (X1) and 372 nm,
372 nm, 370 nm, 370 nm, 372 nm, 372 nm for X2, X3,
X4, X5, X6, and X7, respectively. An extra absorption
peak starts to be existed with Mn?" ions doping in ZnO.
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Fig. 8. UV-VIS absorbance spectra of ZnO:Mn
nanoparticles depending on Mn concentration

The main part of our discussion is about
photoluminescence of the ZnO and ZnO:Mn since there
are quite different explanation especially about the
origin of visible light emission in PL spectra. It is
obvious that the concentration of defects should be
reduced in order to fabricate high efficient
optoelectronic devices. Thus, firstly it is important to
determine the origin of defects created in the structure in
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other words the origin of defect related emission in
visible region. Besides, it is known that different
techniques to produce nanomaterials play a role on
morphology as well as different types of defects and
following different luminescence spectra. Namely,
different defects are responsible for the variable visible
emissions. For instance, it was reported (Gong et al.,
2007) that red emission which takes place in the PL
spectra at around (620 nm-780 nm) is originated by
mainly either oxygen interstitials or oxygen vacancies.
Besides, it was mentioned that oxygen vacancy has three
possible charge states in following (Gong et al., 2007):
the neutral oxygen vacancy (V9), the singly ionized
oxygen vacancy (V,) and the doubly ionized oxygen
vacancy ( Vp ). Since the single ionized state is
thermodynamically unstable with respect to the first
principle calculations (Erhart et al., 2006; Janotti et al.,
2005), it is not possible for the oxygen vacancy to be
existed in single ionized state. Further, the neutral
oxygen vacancies having the lowest formation energy
will dominate for ZnO nanoparticles in n-type bulk
form. It was observed in the literature that the red-
orange emission peak position at ~640-680 nm or
~1.8-1.9 eV was less commonly observed than green
and yellow emissions (Studenikin et al., 1998; Mei et al.,
2005; Vlasenko et al., 2005; Radoi et al., 2003; Wu et
al., 2006; El Hichou et al., 2005) and the effect of
excitation wavelength on green, yellow, and orange
defect emission form ZnO nanostructures (Djurisic et
al., 2006).

In this study, the PL spectra of ZnO nanocrystals
prepared for different growing time and doped with
different Mn concentrations are measured at RT. In both
of cases, the PL spectra consist of two peaks: first peak
is occurred at ~370-400 nm (3.10-3.35 eV) know as
typical UV emission peak, which is attributed to band-
edge emission or donor-band excitation (Glushenkov et
al., 2007) and second one at ~640—-660 nm (1.87-1.94
eV) visible light emission, red emission. It was reported
(Alvi et al., 2011) that the red emission of ZnO occurred
between 620-750 nm could be attributed to oxygen
interstitials (O;) for the range from 620 nm to 690 nm
and to oxygen vacancies (V,) for the range from 690 nm
to 750 nm. The UV peak known as exciton emission
shift is due to crystal defects and Burstein-Moss Effect
(Chang et al.,, 2012). The long-wavelength shift is
related to defects, while short-wavelength shift is related
to Burstein Moss effect. That is, the band gap is
expanded by the short wavelength shift (Chang et al.,
2012).

The intensity of the red-light emission at 650 nm
increases drastically with increasing growing time
except for the sample grown for 12 h. Thus, we can
conclude that the 12 h sample has the lowest oxygen
related defects in the samples of 6h, 24 h, and 36 h. On
the other hand, it is difficult to observe a linear
correlation between Mn concentration and so-called red
peak emission intensity centered at ~650 nm. In this
series, the undoped ZnO shows the lowest intensity and
once it is doped 5x10* mole of Mn (X2) shows the
strongest intensity. The PL intensity decreases with
increasing concentration from 5x10* (X3) to 5x10*
(X6) and then the intensity increases for X7.

Wei et al., 2010 calculated the intensity ratios of the
UV to visible light emission peak as a function of
annealing temperature. They concluded that the largest



intensity ratio with the lowest defect emission was
obtained by annealing at 700°C. The similar intensity
ratios of our PL spectra are calculated and the results
shows that the ratios of the samples 1 h and 12 h are
very close to each other (0.0305 and 0.0302) and these
are the values which are greater than those of the
samples 6 h, 24 h, and 36 h (0.0185, 0.0125, and
0.0070). From the point of view of intensity ratio of PL
spectra we can conclude that doping ZnO with Mn?*
ions creates oxygen related defects in the structure. The
sample labeled with X6 shows the lowest oxygen related
defects where as that of X2 shows the highest defects.

4. CONCLUSIONS

In the present work, the effects of growing time and
Mn concentration on the photoluminescence and optical
properties of ZnO nanocrystals synthesized by
hydrothermal method have been investigated. It is
concluded that the sample prepared for 36 h has the
highest oxygen related defects whereas 1 h and 12 h
samples have the lowest defects. Besides, doping Mn?*
ions creates similar defects in ZnO. However, there is no
linear correlation observed between Mn?* concentration
and the defect concentration. While the sample X2 also
has the highest oxygen related defects, the sample X6
has the lowest defects. We conclude that all of these
oxygen related defects are originated by either oxygen
interstitial or oxygen vacancies. In addition, these
oxygen vacancies should be neutral oxygen vacancies
and not by single ionized or doubly ionized oxygen
vacancies existing in the structure. In the UV-visible
spectra of ZnO the red shift is observed with increasing
growing time. Doping Mn?* ions in ZnO creates an extra
peak at around 279 nm. However, increasing Mn®*
concentration does not change the UV-visible spectra
significantly in ZnO:Mn samples.
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