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GENERAL OVERVIEW OF THE DOCTORAL THESIS

Current Solutions and Problems in the Field

Zinc oxide has attracted the attention of scientists for a long time. Its wide availability and
combination of good chemical and physical properties have made it a suitable candidate for
the development of semiconductor devices. By doping it with aliovalent dopants, it is possible
to modify the ZnO zone structure of it and adapt the properties of the newly obtained material
according to their requirements. By introducing gallium, aluminium, etc. into the zinc oxide
structure, it is possible to obtain metal oxides with degenerated semiconductor properties. The
conductivity of these oxides is similar to that of metals, and their application offers ample
opportunities for the development of new innovative materials or devices (smart windows,
sensors, etc.). Direct light transmission and high conductivity are what modern smart devices
are based on — phone screens, touch screens, etc., so the development of these materials is
important for the growth of electronic devices. The conductivity of degenerated metals oxides
IS not as high as that of metals. Scientists are seeking pathways to improve the electric
conductivity. The concentration of free charge carriers in degenerated ZnO can be adjusted by
controlling the type and amount of dopants or point defects. This also provides a function to
modulate infrared light absorption for ZnO plasmonic nanoparticles. Switchable or passive
infrared absorption in these materials is especially important for smart window devices for
energy management in buildings.

The concentration of free charge carriers in metal oxide semiconductor materials can be
increased by using photodoping. In this process, nanoparticle suspensions are dispersed in
various photogenerated hole scavenger mediums (ethanol, butanol, etc.) that act as hole
scavengers. Under the influence of ultraviolet light or other light radiation (where the
radiation energy is greater than the width of the band gap of the semiconductor material) hole
and free electron pairs are created. In the presence of alcohols, the photogenerated holes are
removed, causing free electrons to accumulate in the conduction or valence zone.
Unfortunately, so far this method has not made it possible to obtain nanoparticles with a
permanent photodoping effect. Under normal conditions, photodoped nanoparticles lose the
accumulated free electrons when exposed to air or other oxidizing substances, leading to a
decrease in delocalized electron concentration. In our work, we demonstrate for the first time
in which cases photodoping in the ambient air is possible.

Free charge carriers are also important for the modulation of magnetic properties in ZnO-
based diluted magnetic semiconductors. It is well known that by doping zinc oxide with
magnetic ions (such as cobalt, nickel, chromium, manganese, iron, etc.), it is possible to
obtain dilute magnetic semiconductor oxides in which delocalized valence zone or conduction
zone charge carriers interact with the magnetic dopant in the zinc oxide material localized
spin. By adjusting the dopant and its amount, it is possible to change the magneto-optical and
magneto-electrical properties of the material. The weak ferromagnetic interactions that can be
obtained from these materials allow them to be used in the design of electrical devices and
storage media. Considering that the localized spin of magnetic ions interacts with the free



charge carriers of the conduction zone, it is hypothesized that by changing the concentration
of free electrons in the structure of zinc oxide band structure, it is possible to change/adjust
the magnetic properties of the obtained nanoparticles. For this reason, the synthesis of zinc
oxide nanoparticles doped with transition metals and Ga** ions is performed. Gallium ion acts
as an element of the donor group, creating additional free electrons in the conduction zone,
which would improve magnetic spin interaction. It is unequivocally that modifying the
structure of zinc oxide with gallium and/or a transition metal also changes the optical and
magnetic properties of the obtained sample. Changes in the concentration of free charge
carriers by photodoping are most pronounced as an increase in absorption in the infrared
region of the spectrum, which indicates additional possibilities to obtain materials with their
desired properties.

Aims of the Doctoral Thesis

To obtain degenerate ZnO nanocrystals with high concentration of free electrons and light
absorption in the infrared part of the spectrum, as well to study the effect of their free charge
carriers on the magnetic properties of ZnO doped with transition metal (Fe**, Ni?* or Mn?*).

Tasks of the Doctoral Thesis to Complete the Proposed Aims

e To carry out synthesis and Ga®* doping of ZnO nanocrystals using the solvothermal
synthesis method in different synthesis media.

e To investigate the crystalline, electronic and optical properties of synthesized ZnO
materials.

e To study the effect of photodoping on the optical properties of the synthesized Ga®*
doped ZnO.

e To formulate the conditions for the formation of free charge carriers in Ga** doped
Zn0.

Scientific Significance and Novelty of the Doctoral Thesis

The conditions for the formation of free charge carriers and their influence on the optical
and magnetic properties in ZnO nanocrystals synthesized by the solvothermal method have
been formulated.

Practical Significance

Doped ZnO nanocrystalline materials with tuneable optical properties could provide
applications in smart windows with switchable infrared absorption for energy management in
buildings. Materials can be used as well for electronics, conductive transparent coatings,
sensor materials, various optical materials, and more. Their application depends on the
chemical and physical properties, which in turn depend on the concentration and position of
the donor in the lattice, the presence and concentration of other point defects, and the size and
shape of the nanocrystals.



Thesis Statements to Be Defended

1. At fixed metal Ga: Zn salt ratios under reducing synthesis medium conditions, it is
possible to obtain Ga-ZnO nanoparticles with a higher degree of doping using the
solvothermal synthesis method.

2. lrradiation of Ga-ZnO nanocrystalline dispersions with UV light in the environment of
photogenerated hole scavengers can permanently increase the concentration of free
electrons in materials.

3. In diluted magnetic oxide semiconductor nanocrystals, the magnetic properties can be
adjusted by changing the point defect concentration.

Approbation of the Results

The scientific results of the research within this Doctoral Thesis have been summarised in
3 scientific articles and presented at 4 international conferences.
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LITERATURE REVIEW

Modification of semiconductor oxides with both acceptor/donor group elements and
transition metals provides new materials with desired properties for many research fields
and applications. Metal oxide nanocrystals, which have high plasmon absorption in the
infrared spectral region and low light absorption in the visible spectral region, are
particularly important for the development of smart window technologies for building
energy management. The absorption of infrared light in oxide semiconductors depends to a
large extent on the amount of free electrons in the conduction band. By controlling the free
electron concentration, it is possible to adjust the infrared absorption [1]. Great efforts are
being made to increase the concentration of charge carriers in the degenerate semiconductor
materials. Higher delocalized electron concentrations would lead to higher electric
conductivity and infrared absorption. Diluted magnetic semiconductor materials also benefit
from delocalized charge carriers due to enhanced magnetic spin interactions. This is
important for designing spintronic devices [2].

Unlike metal plasmonic nanoparticles where optical properties are only size dependent,
the plasmonic resonance in degenerated semiconductors can be additionally controlled or
even switched on/off by changing the type and degree of doping as well as the dopant
distribution in the nanocrystal. This ability to adjust light absorption stimulates interest in
metal oxide nanocrystals and their applications in chemical sensors and biosensors,
telecommunications, optics and photonics [3]-[5].

In the literature review of the work, a lot of attention is paid to the methods of ZnO
nanocrystal synthesis. All the methods included in the literature review can be divided into
three groups: (1) physical methods (high energy bullet milling, pulsed laser application,
laser pyrolysis, flame spray pyrolysis, electrospray); (2) biological methods
(microorganism-assisted  biogenesis); (3) chemical methods (sol-gel synthesis,
microemulsion technique, hydro-/solvo-thermal synthesis, polyol synthesis, chemical vapor
synthesis). The variety of products obtained in these syntheses is striking. Each of these
methods is unique in its own way, which makes them specific for obtaining certain
products. One of the most common methods in the synthesis of ZnO nanocrystals is the
solvothermal (hydrothermal, if the synthesis medium is water) method. Its advantage is the
ability to obtain powdered metal oxide nanocrystals with controlled properties, which can
be obtained by changing the pressure, temperature and properties of the supercritical or
near-supercritical solvent [6].

In metal oxide semiconductors, at low dopant concentrations, free charge carriers are
localized at discrete impurity levels, but at sufficiently high concentrations, charge carriers
are localized to form of a donor/acceptor bonds rather than discrete energy levels. The
formation of free charge carriers in materials is achieved by performing: (1) internal
doping — creating lattice vacancies; (2) external aliovalent substitution doping; and (3)
external interstitial doping. To obtain degenerate oxide, the charge imbalance from dopant
must be compensated with an electron or hole not other point defects such as cation/anion

10



vacancies or interstitials. This dynamic balance between defect activation and compensation
as a result of oxidation and reduction determines the properties of free electrons [7].
Photochemical charging or photodoping has become an alternative method for dynamic
modulation of electron density in semiconductor oxides. UV irradiation leads to the
accumulation of electrons in the conduction band on the semiconductor oxide. However, by
exposing the photodoped material to an oxidizer (air), the electrons accumulated in the
conduction band are diminished, which returns the material to its original state [7], [8].
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MATERIALS AND METHODS

In this work sample synthesis is done by the using solvothermal synthesis method, which
is schematically depicted in Fig. 1. After solvothermal synthesis, when the pressure vessel has
cooled down, the resulting particles and solution are centrifuged, decanted and washed with
methanol and centrifugation three times. The resulting particles are dried at room temperature
in an air atmosphere.

The performed research can be divided into 4 parts. The first part involves the synthesis of
ZnO nanocrystals doped with different gallium contents in methanol and the study of their
properties.

In the second part, gallium-doped ZnO is synthesized with a fixed ion ratio in different
synthesis solution media. During these studies, the effect of solvent environment and various
reducing agents on the concentration of delocalized electrons is determined.

In the third part, these properties are modified by photodoping. These particles are
subjected to photodoping studies during which dispersions of particles in the presence of hole
scavengers are treated in ultraviolet light. The samples are placed in closed glass bottles with
Teflon septic gasket.

In the fourth part, ZnO nanoparticles are doped with a transition metal (Me = Mn, Fe or
Ni) as well as gallium at a fixed amount of Me ions. The introduction of transition metals into
the ZnO crystal lattice is performed to obtain diluted magnetic semiconductors. The
introduction of gallium into these materials is based on the fact that their presence could
promote the formation of delocalized electrons, which would lead to improved magnetic
properties.

5. Separation
and washing of
nanocrystals

2. Metal salt
solution (A)

1. NaOH
solution

(B)

o 9 nt -
3. Stirring for 30 min J I:> 4. Transfer to pressure vessel J

Fig. 1. Schematic diagram of synthesis process and equipment.
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RESULTS AND DISCUSSION

1. Characterisation of Gallium Doped ZnO

The following subsection is presenting the properties of gallium doped ZnO (GZO)
materials synthesized in methanol. Figure 2 shows the X-ray diffraction patterns of ZnO
powders doped with various gallium contents. Gallium content in ZnO was 0 mol %;
2.5 mol %; 5.0 mol %; 7.5 mol %; 10 mol %; 15 mol %; 20 mol %; 25 mol % and 30 mol %.
The obtained X-ray diffraction patterns correspond to the crystalline phase of ZnO (JCPDS
36-1451) wurtzite with symmetry group P63mc. Corresponding lattice parameters at 20 =
31.8° (100), 34.5° (002), 36.3° (101), 47.6° (102), 56.6° (110), 62.9 (103), 68.0 (112) and
69.1 (201). Figure 2 shows that as the gallium content in the ZnO nanocrystals increases,
crystallite and particle size decreases are observed, as evidenced by the decrease in peak
height and increase in width. These peak shape changes are due to the decrease of nanocrystal
sizes and the formation of defects in the ZnO crystal lattice by the presence of gallium ions.

| JCPDS 36-1451
| 1 ] I T TR

A GZO0 30
A ,,/\ GZ0 25
A ,/\ GZO 20
A ,\/\ GZO 15
A ,\M GZO 10
A n/\ GZO 7.5
A ,’\ GZO 5
A ,A GZ0O 2.5

ZnO|

Intensity (a.u.)

30 40 50 60 70
2Theta (deg.)

Fig. 2. X-ray diffraction patterns of ZnO samples doped with various gallium contents.

A summary of the Rietveld calculations and X-ray photoelectron spectroscopy results is
shown in Table 1. As can be seen from the crystallite size calculations, the introduction of
gallium into the system reduces the particle size in a and b (100 and 010), and ¢ (001) axes. In
addition, the formation of microstrain is observed as the amount of gallium increases. X-ray
photoelectron spectroscopy results show that Ga®* ions are present in the obtained
nanopowders. When increasing the degree of doping, the doping efficiency gradually
decreases from 80 % with 2.5 mol % gallium doped ZnO to just 23.33 % with 30 mol %
gallium doped ZnO. Figure 3 (a)—(c) clearly shows the effect of increasing gallium content on
the parameters of the crystal lattice. As the lattice parameter a and b increase and lattice
parameter ¢ decreases, the resulting cell volume (A®) increases.
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Table 1

Summary of the Rietveld Refinement and X-Ray Photoelectron Spectroscopy Calculations of
ZnO Samples Doped With Various Gallium Contents

Nominal Ga Crystallite sizes Micro Metal ion ratio Doping
ar:]";“(;:’ d(100), nm | d(001), nm St\';%]s Ga % | Zn % eff'ccf)ncy’
0 19.96 £0.16 | 69.80+1.50 0.0024 — 100.0 —
2.5 14.72+0.13 | 23.96 +0.33 0.0049 2.0 98.0 80.00
5.0 15.08 +£0.13 | 21.01+0.26 0.0050 35 96.5 70.00
7.5 14.30+0.14 | 19.87+0.27 0.0060 3.8 96.2 50.67
10 14.33+0.14 | 19.80+0.28 0.0063 4.4 95.6 44.00
15 13.25+0.13 | 18.00+0.25 0.0066 5.4 94.6 36.00
20 1449+0.16 | 20.30+0.32 0.0077 5.7 94.3 28.50
25 14.65+0.19 | 20.73+0.40 0.0089 6.7 93.3 26.80
30 13.52+0.16 | 19.60 +0.35 0.0087 7.0 93.0 23.33
3,259 i 5.212-
3,258 /'/ 5,210
3,257
23,256 . /'/ %5’208'
33,255 // ' ©5,206-
3,254 /. 5,204
32331 5,202
3,252

(a) 0 5 10 15 20 25 30
Ga concentration (mol%o)
47,86

(b) 0 5 10 15 20 25 30
Ga concentration (mol%)

—
—

"--../
I/./.

47,84
—_
47,82
<
247,80—
=
547,781
[}
47,76
> s
47,744

47,72
(©)

Fig. 3. The change of lattice parameters in ZnO by increasing the content of Ga>* ions in (a) a
axis direction, (b) in the c axis direction and (c) change in the primitive unit cell volume.

0 5 10 15 20 25 30
Ga concentration (mol%o)

Transmission electron microscopy images are shown in Fig. 4. As can be seen from the
figures, the size of ZnO particles synthesized in methanol decreases with the increasing
amount of gallium in the obtained samples. A decrease in the crystal size confirms
observations on X-ray diffraction patterns. As shown, pure ZnO nanocrystals have a diameter
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of about 20 nm and a length of up to 50 nm. As the amount of Ga** ions increases, the particle
size decreases to about 10-20 nm.

Snam 50 nm

Fig. 4. Transmission electron microscopy images of ZnO and Ga doped samples.

The change in the amount of gallium in the samples can be seen from the Ga 2p binding
energy lines (Fig. 5) obtained at the same Zn 2p intensity values. It can be observed that
increasing the amount of gallium in ZnO nanocrystals also increases the intensity of Ga 2p
binding energy lines.

™rT rTT T T T T T T T T T

Ga mol% Ga2p h 26
> 200, N\
N 2
] 30 +UV i
8 — 30 ;«;v:; AL ik 4‘{1“\ Ga mol%
- ) \ 5 e P oM "\\-"\-'. 304UV
"E 25 ; ety i N r"‘ \ -.A'::I;""V'N" ‘r;/ N:\“‘“ — Zn 2p
" > LA e | N — 28
— 20 2 um\,:: ,(“i\, Mot /A 2
3 15 8 [ "\ fore A gty — 15
(D) | NP e —10
a |—=10 o
5 M\WA‘”‘; : —;
é = 2 5 1150 1140 1130 1120 1110 1100
o ’ Binding cnergy (cV) V)

1160 1140 1120 1100 1080 1060 1040 1020

Binding energy (eV)

Fig. 5. Ga 2p hard X-ray photoelectron spectroscopy spectra of various Ga doped
ZnO samples normalized at the same Zn 2p intensity values.
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2. Influence of the Synthesis Medium on the Properties
of GZO Nanocrystals

In the same method, gallium-doped zinc oxide nanocrystals in various solvents and
additives were obtained. Methanol, ethanol and mixtures of ethanol-butanol, ethanol-NaBH,
and ethanol-butanal (butyraldehyde) were used. The amount of gallium in this system was
fixed to a certain amount — 10 mol %.

The results of X-ray diffraction patterns of these obtained samples show formation of a
wurtzite crystalline phase corresponding to the JCPDS 36-1451 crystalline structure of ZnO
(Fig. 6 (a)). ATR-FTIR spectra were also obtained to confirm their purity from organic
impurities (Fig. 6 (b)). As can be seen from the obtained results, no peaks of organic groups
can be observed in the spectra confirming the purity of the samples. At 1450 cm™,
characteristic oscillations of the Zn-OH group are observed, where -OH groups are formed on
the surface of ZnO nanoparticles.

" ICPDS 36-1451

I i I " Butanal
||| I II |\I.|||||.||| Lab /\
— N

Butanol
M Butanol

Ethanol
| IR T S N T | 1

M Ethanol /\
) ! N ‘ h ! ) I ‘ M Iethanol
H Methanol

20 30 40 50 60 70 S0 90 100 1000 2000 3000 '_14000
(a) 20 (degree) (b) Wavenumber (cm™)

Intensity (a.u.)

Absorbance (a.u.)

Fig. 6. (a) X-ray diffraction patterns and (b) ATR-FTIR measurement results
of Zny9Gap 10 samples synthesized in various solvents.

The scanning electron microscopy (SEM) results are summarized in Fig. 7 (a)—(e). In
addition to these SEM images, a visual image of the synthesis nanopowders is attached. As it
can be seen from the SEM images, these particles have a size of about 15 nm. Also, the
particle size distribution is very similar throughout the sample volume. These nanopowders
exhibit a distinct shade ranging from yellow to grey-blue.
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Fig. 7. Scanning electron microscopy results for Zng9Gao 10 systems obtained in various
media: (a) methanol, (b) ethanol, (c) butanol, (d) NaBH,, and (e) butanal.

From the normalized spectra of Ga 2p (Fig. 8 (a)) at 1118 eV (Ga 2p32) and 1145 eV (Ga
2p12), it can be seen that ZngoGap1O nanocrystals synthesized in different media have
different Ga®* ion content. This indicates that the efficiency of the synthesis can be controlled
by changing the environment to facilitate the doping processes. Looking at Fig. 8 (b), which
shows the same hard X-ray photoelectron spectroscopy spectrum but for a deeper penetration
depth, it can be concluded that gallium is also inside the nanoparticles, indicating that Ga**
ions have been scattered throughout the ZnO nanoparticle volume.
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Fig. 8. Hard X-ray photoelectron spectroscopy results for Ga 2p peaks obtained from samples
of Zny9Gap 10 nanocrystals synthesized in different media (normalized to the same Zn 2p
height), (a) at 2.3 keV (mean free path length of inelastic electrons 23 A) and
(b) at 6.9 keV (mean free path length of inelastic electrons 82 A).

The optical absorption spectra of Zny9Gag10 obtained in different solvents are shown in
Fig. 9. As can be seen, all gallium doped samples exhibit plasmon resonance absorption in
infrared spectrum. The presence of free electrons in the conductivity zone causes the observed
absorption, which is due to the formation of free electrons caused by zinc substitution with
gallium. This substitution results in formation of free electrons, which forms electron
neutrality of lattice according to following equation:

Ga,0, — 2Ga;, +2e +20} +%o2 T. (1)

An increase in infrared absorption of Zng¢Gay 10 samples synthesized in various media is
observed in the following order: methanol < ethanol < butanol. Samples supplemented with
NaBH, and butanal show higher absorption in infrared spectrum. The different effects of
alcohols and their additives can be explained by the fact that the synthesis medium may have
different reducing properties. To prove this, NaBH, and butanal, which are strong reducing
agents, were added during the synthesis. Given the chemical equation of defect (1), it is seen
that in order to improve the substitution potential of gallium, it is necessary to efficiently
collect excess oxygen from the synthesis medium. In this case, judging by the results, more
reducing conditions of the synthesis environment can ensure more successful substitution of
gallium in the ZnO crystal lattice.
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Fig. 9. Optical absorption spectrum for Zny ¢Gap 10 nanoparticles obtained in various
synthesis media.

Table 2
Summary of Rietveld Refinement and Other Determined Parameters
Parameters Methanol Ethanol Butanol NaBH, Butanal
a, A 3.25607 3.2568 3.25887 3.25783 3.25818
Aa, A +0.00048 +0.00041 +0.00044 +0.00049 +0.00036
c, A 5.21024 5.20992 5.20462 5.20591 5.20729
Ac, A +0.00085 +0.00073 +0.00077 +0.00085 +0.00066
cla 1.600 1.600 1.597 1.598 1.598
Crystallite 115 5 027 | 12442021 | 12.35£022 | 12.14£0.23 | 14,62 £ 0.26
sizes (100), nm
Crystallite 1 57 4 0.44 | 31.70 £ 130 | 62.90 + 6.00 | 45.30 = 3.20 | 54.80 + 3.90
sizes (001), nm
Vv, A° 47.84 47.86 47.87 47.85 47.87
Doping 2.06 3.61 3.64 4.54 7.14
amount, %
Doping
efficiency, % 20.6 36.1 36.4 454 71.4
Band gap, eV 3.24 3.25 3.29 3.31 3.32

Table 2 shows the results of the Rietveld refinement and other calculations. From these
results it can be concluded that by changing alcohols it is possible to change the dimensions
of a and b unit cells in the direction of crystallographic axes — the distance of the lattice
parameters increases in the row: methanol < ethanol < butanol. The decrease of unit cell size ¢
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is observed in the same order. The length/width ratio (c/a) for the resulting nanoparticles
decreases with increasing hydrocarbon chain length in alcohols. The calculated nanoparticle
crystallites have a size of 12 nm to 15 nm in width and 16 nm to 63 nm in length, which can
also be observed in the images obtained by scanning electron microscopy. Also, increasing
the chain length of hydrocarbon alcohols in the system shows an increase in the volume of the
unit cell, which may indicate an increase in the amount of Ga®* ions in the ZnO crystal lattice.
Calculation of gallium content from solid X-ray photoelectron spectroscopy spectra revealed
that the Ga®* content is at least 2.06 % for the samples synthesized in methanol. In this case, a
change in the amount of gallium in the Zng¢Gay 10 samples synthesized in different media is
also observed. The lowest concentration of gallium was observed in methanol synthesized
ZnO samples, but the highest concentration was observed in butanal synthesized samples. The
degree of doping varies from 2.06 % to 7.14 % in this case. This change in the gallium
content is proportional to the changes observed in both the optical absorption/transmission
spectra and band gap calculations.

3. Control of ZnO Charge Carriers by Photodoping

The gallium doped ZnO samples synthesized in methanol were subjected to photodoping
(irradiated with UV radiation in hole-scavenging medium — n-butanol). Figure 10 (a) shows a
visual representation of how the sample changes after photo-doping. Comparing X-ray
diffraction patterns of the samples irradiated with UV light with those of the non-irradiated
sample, no changes are observed (Fig. 10 (b)). Photodoped samples also continue to contain
the crystalline phase of the wurtzite structure after UV treatment.

Before After JCPDS 36-1451
’ ? A\\;‘(A S ~ I II I l | Ih 1
:_'1,; 4:‘*.-— 5 : GZO 30 +UV
e S =
= _-,ﬁ._b, S N~
3 :’:.;!«'w iy GZ0 30
%)
c
L
& ZnO

3 TTTT T T T IRRRARRARE] T Ty IREAREREER] TrTTT
|

(b) 2Theta (deg.)

Fig. 10. GZO nanoparticle photo-doping: (a) GZO pre- and post-UV treatment and
(b) X-ray diffraction patterns for the GZO 30 sample before and after
photo-doping in the hole-scavenging medium.
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The Rietveld refinement and XPS studies summarized in Table 3 show a comparison
between the synthesized and photodoped GZO 30 samples. The content of gallium in the
samples has practically not changed (these minor changes in the contents of gallium are
within error). The crystallite size does not differ significantly between the irradiated and the
non-irradiated samples. The small changes could be attributed to the uneven distribution of
particle size. The microstrain for irradiated and non-irradiated samples is very similar.

Table 3

Summary of the Rietveld Refinement and Calculations of X-Ray Photoelectron Spectroscopy
for ZnO Nanocrystals Doped With 30 mol % Gallium

Nominal Ga Crystallite sizes Micro Metal ion ratio | Doping
amount strains efficiency,
' 0 0
mol % d(100), nm | d(001), nm iz Ga, % | Zn, % %
30 13.52+0.16 | 19.60+0.35 0.0087 7.0 93.0 23.33

30 + UV 14.81+0.20 | 19.85+0.39 0.0092 6.9 931 23.00

Examination of the particles by TEM (Fig. 11) shows that the overall size and shape of the
particles before and after UV treatment has not changed. The irradiated and non-irradiated
particles are crystalline and have a size less than 10—15nm.

Fig. 11. TEM image of GZO 30 samples before and after UV treatment with
n-butanol at higher magnifications.

The UV light irradiation Kinetics and changes in absorbance over time (Fig. 12 (a))
indicate that it takes 50—70 hours or the photodoping process in n-butanol to reach saturation.
The integrated area of the absorption in 400-1500 nm region shows that the changes in
absorbance are logarithmic, indicating that during photo-doping the kinetics of the process
gradually decelerates to saturation or, in this case, photochemical equilibrium. From this
logarithmic change, it is seen that at the beginning of the photodoping process (Fig. 12 (b)),
atmospheric oxygen in the vessel and oxygen dissolved in butanol is consumed, which
postpones the initiation of the photochemical process.
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Fig. 12. Absorption kinetics of GZO samples: (a) change in absorbance over time of
irradiation and (b) change in absorbance area (in the range of 450-1500 nm) over time.

The optical measurements of ZnO nanocrystals doped with 30 mol % of gallium are
shown in Fig. 13. Measurements were carried out with dried samples before and after UV
irradiation in a hole-scavenging medium (n-butanol). Measurements were also repeated 2 and
4 weeks after UV irradiation for the samples held in the air atmosphere. The optical
absorption of the samples increases after UV irradiation in the range of about 400 nm to
1500 nm (Fig. 13). To quantify the increase in absorbance, the absorbance integral areas of
each sample in the 400-1500 nm region before and after UV treatment were calculated. The
obtained results reveal that UV irradiation in the hole-scavenging environment increases the
absorption of infrared (IR) light. An increase in the absorption area ranging from 27 % to
58 % is observed for all samples in the 400-1500 nm region. The increase in light absorption
in the infrared region can be attributed to the increase in the concentration of charge carriers
in nanoparticles. To track the changes in IR light absorption for photodoped GZO
nanoparticles, repeated light absorption measurements were performed in 2 and 4 weeks. It
was found that after some time the absorbance in the range of 400-1500 nm slightly decreases
(relaxation occurs) but is higher than the absorbance of the unirradiated sample, or reference
sample. These results lead to the conclusion that ZnO doped with Ga has an independent
stable photodoping effect in the environment. The additional positive charge introduced into
the donor dopant crystal lattice can be compensated by various point defects, namely,
electrons, zinc vacancies, or oxygen at the interstitial points according to Equations (2)—(4):

Ga,0, —2° 52Ga}, +30% + V.., @)
Ga,0,—22>2Ga;, +30} +0,, (3)

Zn0O . X 1 -
Ga,0,—22-52Gas, +205 +0, + 26", @)

Only free electrons provide the desired optical properties. The observed permanent effect
is related to electron compensation becoming the dominant compensation mechanism for Ga
dopant charge as the result of photodoping.
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Fig. 13. 30 mol % Ga doped ZnO nanocrystal optical properties before and after UV
irradiation, as well as in 2 and 4 weeks after UV irradiation.

To verify the possible modulation of the permanent photodoping effect, the photodoped
nanocrystals were heated (oxidized) at 150 °C for 24 hours. After annealing, the nanocrystals
were dispersed in a hole-scavenging medium and treated with UV light for a second time. The
obtained absorption spectra are shown in Fig. 14 (a). During the heating at 150 °C,
nanocrystals relax completely, but photodoping recovers the free electrons.

Photodoped materials also show the Burstein—Moss shift as revealed by optical band gap
measurements (Fig. 14 (b)). The same shift is observed for the samples that have retained the
photodoping effect for more than 4 weeks (Fig. 15 (a)). After treatment of particles at 150 °C,
the band gap value decreases as expected (Fig. 15 (b)).
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Fig. 14. ZnO nanocrystals doped with 30 mol % gallium: (a) absorption spectrum before and
after UV treatment under different conditions and (b) representation of restricted zones.
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Fig. 15. ZnO nanocrystals doped with 30 mol % gallium 4 weeks after UV treatment: (a)
absorption spectrum before and after heating at 150 °C and (b) representation of band gap.

ZnO samples with different doping levels were studied using photoluminescence
spectroscopy (Fig. 16 (a) and (b)). The ZnO sample exhibits luminescence in the UV spectral
region (360-400 nm). This part of the luminescence is attributed exciton recombination [9],
[10]. In the visible part of the spectrum (400-550 nm) the samples doped with Ga show a
broad emission region that indicates effects of defects on the doped ZnO nanocrystals
(Fig. 10 (b)). After UV treatment, a decrease in the photoluminescence spectrum is observed
due to the accumulation of free charge carriers in the conductivity region according to Auger
recombination [7].
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Fig. 16. Luminescence spectra of ZnO and Ga doped ZnO sample: (a) ZnO and (b) 30 mol %
Ga doped ZnO (GZO 30) nanocrystals before and after UV treatment.

4. Transition Metal and Transition Metal-Gallium Co-Doped
ZnO Diluted Magnetic Semiconductors

Synthesis of transition metal doped zinc oxide nanoparticles was performed by
introducing iron, nickel, and manganese into the ZnO system. The concentration of these
cations (Me = Ni, Fe, and Mn) was fixed at 5 mol % of total ZnO. The purpose of transition
metal ion fixed concentration was to obtain diluted semiconductor magnets and to
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demonstrate that the magnetic properties are controllable by the addition of delocalized
electrons. From the X-ray diffraction patterns of the powder samples (Fig. 17 (a) and (b)) we
can conclude that the dominating crystalline phase is wurtzite of zinc oxide (JCPDS 36-1451)
with corresponding (hkl) diffraction plane peaks at 26 = 31.8° (100), 34.5° (002), 36.3° (101),
47.6° (102) and 56.6° (110) (Fig. 17 (a) and (b)). In nickel-doped crystals, a peak located at
20 = 44.7° related to metallic nickel impurity phase is observed in addition to the crystalline
phase of wurtzite. This observed impurity phase at 20 = 44.7° is deciphered as metallic nickel.
Given that the sample shows only one small peak of this phase, its true composition is
difficult to determine. Depending on added dopant, the diffraction peaks shift relative to the
pure ZnO spectrum, since the transition metal ions introduced into the crystal lattice change
the parameters of the lattice and promote the generation of strains.
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Fig. 17. X-ray diffraction pattern analysis of ZnO doped with 5 mol % various metal ions
(a) overall image and (b) peak shift.

The results of SEM are shown in Fig. 18. As can be seen from these figures, during the
solvothermal synthesis of ZnO there is a tendency to form nanorods with a length of 400—
600 nm. The introduction of transition metals in the ZnO growth medium inhibits or promotes
growth. In the presence of Fe ions, growth is hindered by the fact that the Fe and Zn ions
exhibit the greatest difference in ion radius, leading to higher stresses in the crystals during
growth. In the case of manganese and nickel, the difference in ionic radius is not that large, so
the stress is not formed in the crystal. In the presence of nickel, particle growth also occurs in
transverse direction. The presence of Ni ions disrupts the polarity of the growing planes of
ZnO, improving the growth of the non-polar planes. ZnO growth during hydrothermal
synthesis at elevated pH (>12) is promoted by the formation of Zn(OH)3~ and Na+ complex.
Formation of the tetrahydroxy zincate ion is given in equation (5):

Zn(OH), +2(OH" ) —*=2 7n (OH); . (5)

This ion is responsible for the growth of ZnO polar planes [11]. The substitution of Zn
ions with other valence ions (like Ga®*) results in a surface charge change that inhibits
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diffusion of tetrahydroxy zincate ions to the crystal surface. Due to equal charge repulsion,
the growth of the (001) polar plane is reduced.
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Fig. 18. Scanning electron microscopy images of the obtained Zng gsMeg 050 samples
compared to a pure (a) ZnO sample synthesized in ethanol as well as ZnO samples
doped with (b) Fe; (c) Mn and (d) Ni ions.

Rietveld refinement of the obtained X-ray diffraction patterns confirms the formation of
wurtzite crystalline structures belonging to the P6smc symmetry group in the samples under
investigation. As already noted, the X-ray diffraction results of ZnO crystals doped with
transition metals show changes in lattice parameters, which are shown in Table 5. Rietveld
refinement indicates that the Fe, Ni, and Mn ions are present in ZnO structure. The addition of
Fe and Mn increases the unit cell volume (Vo) of ZnO. The reason for this increased lattice
volume could be the presence of larger high spin state Fe and Mn ions in the Zn lattice sites.
This high spin state feature is confirmed in the literature and attributed to the formation of
tetrahedral complexes [12]. The sizes of different ions are shown in Table 4. In the case of Ni
ions, the lattice volume is smaller than that of pure ZnO.

Adding Ga®*" ions in the transition metal doped ZnO materials increase parameters a and b
but decrease parameter c (increase c/a ratio). A decrease in this ratio is observed gradually
with an increase in Ga>* content.

26



Results of Rietveld Refinement

Table 4

Elementary cell

Crystallite sizes

parameters Micro Good-
Sample cla Vo, A3 strains d;an dO) d(001) ness of
a, A c, A vVk2 4(010), om : fitS
nm

ZnO 3.2510 | 5.2076 1.6017 47.6211 | 0.0024 | 109=+10 212+36 | 1.1589
Zngos5Feg 050 3.2522 | 5.2021 1.5996 47.6487 | 0.0029 | 51.0+2.1 | 117.0+9.3 | 1.1374
ZNg g25F€0,05Gap 0250 3.2520 | 5.2013 1.5994 47.6355 | 0.0034 | 40.0+1.2 | 75.0+£35 | 1.2315
Zng gFeq05Gag gs0 3.2532 | 5.1905 1.5955 475717 | 0.0107 | 25.0+1.4 | 67.0+8.8 | 1.2441
ZNng g75F€0.05Gap 0750 3.2530 | 5.1838 1.5935 475044 | 0.0122 | 15.0+0.3 | 33.0+1.6 | 1.2412
Zng gs5Fep05Gag 10 3.2544 | 5.1882 1.5942 47,5857 | 0.0095 | 19.0+0.7 | 33.0+1.9 | 1.2503
ZNng gsNig 050 3.2490 | 5.2071 1.6027 47.6007 | 0.0011 | 97.0+4.0 | 258+39 | 1.1228
ZNng.925Nig 05Gap 0250 3.2528 | 5.2103 1.6018 47.7414 | 0.0046 | 45.0+39 | 186+53 | 1.8303
ZngoNig 05Gag 50 3.2532 | 5.2094 1.6013 47.7449 | 0.0050 | 29.0+1.1 | 69.0+5.3 | 1.0989
Zng g75Nig 05Gag 0750 3.2524 | 5.2023 1.5995 47.6564 | 0.0082 | 18.0+0.8 | 71.0+9.9 | 1.1671
Zng gsNigsGag 10 3.2545 | 5.2046 1.5992 477391 | 0.0083 | 21.0+1.1 | 63.0+8.0 | 1.1760
ZNg.gsMng 050 3.2524 | 5.2090 1.6016 47.7178 | 0.0031 | 113+12 226 +41 | 1.1303
ZNng gsMng 0sGagosO | 3.2528 | 5.2063 1.6006 47.7048 | 0.0040 | 38.0+1.7 | 99.0+9.4 | 1.4216
ZNng gMng 5Gag gs0 3.2507 | 5.2055 1.6013 476359 | 0.0048 | 36.0+1.2 | 122+12 | 1.3183
ZNngg7sMngosGage7s0O | 3.2528 | 5.1992 1.5984 47.6397 | 0.0097 | 36.0+35 | 140+45 | 1.1767
ZNo.g50Mng05Gag 10 3.2547 | 52027 | 1.5985 47.7275 | 0.0084 | 25.0+1.1 | 69.0+£6.9 | 1.2959

The scanning electron microscopy studies concluded that the introduction of Ga** ions
into Znogs xMegpsGaxO systems inhibits the crystal growth as determined by Rietveld
refinement. Figure 19 clearly shows that the crystal size along the z-axis has shrunk from
several hundred nanometres to a few tens of nanometres in all sample systems. In systems
containing Ni ions, a decrease along the x and y directions is also observed. This decline
during the crystal growth is due to Coulomb repulsion, which is facilitated by free electrons
that compensate Ga®" ions at Zn?* crystal lattice sites. This repulsion prevents the diffusion of
zinc ions to the crystal surface, thus limiting lattice growth [11].
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Fig. 19. Scanning electron microscopy images of Zng.gs xMeg0sGaxO system samples
horizontally: (a)—(d) Me = Fe; (e)—(h) Me = Ni; (i)—(I) Me = Mn; and vertically
depending on x = 0.025; 0.05; 0.075 and 0.1.

The magnetic properties at the room temperature and a summary of their parameters are
shown in Fig. 20 and Table 5. Iron and nickel containing ZnO samples exhibit magnetic
properties — ferromagnetic behaviour with hysteresis loop formation. This change has also
been observed by other researchers with Fe doped ZnO nanocrystals [13]-[15] and Ni doped
ZnO nanocrystals [16], [17]. Mn containing ZnO nanocrystals exhibit paramagnetic properties
with no hysteresis loop.

The presence of gallium affects the magnetic properties. In the case of Fe containing
samples, the magnetization decreases with increasing Ga®" ions. The decrease in
magnetization in this case could be due to the formation of crystal lattice defects, which lead
to a weakening of the magnetization interaction. The change of magnetization by changing
the concentration of Ga>* ions is also observed in the samples containing Mn and Ni, but the
nature of their change is not clear. As the samples containing Ni and Mn also contain
crystalline phases of impurities, their effect on the total magnetic properties should be
considered. Metallic nickel observed in X-ray analysis could be the main cause of
ferromagnetic properties in nickel-containing specimens, and the increase in its amount alters
the values of magnetization, coercive force and residual magnetization [18]. In the case of
manganese, the individual Mn-containing crystalline phase could be the cause of the
paramagnetic properties [19].
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Fig. 20. Magnetization depending on magnetic field of Zng g5 xMeg 05GaxO samples: (a) Fe
doped, (b) Ni doped, and (c) Mn doped samples.

Table 5
Summary of Magnetic Properties of the Obtained Samples
Sample 'Vlsatur.attiorl,3 He, G Mg
emu - 10
ZNo.g5F€0.050 75.667 57.840 0.00256
ZNo.925F€0.05Ga0,0250 73.852 47.388 0.00266
Zno.oFeq.05Gag 050 40.553 13.017 0.00026
Zno.g75F€0.05Gap 0750 17.638 19.106 0.00020
Zno gsFep.05Gap 10 48.897 11.223 0.00040
Zng.g5Nig 050 107.82 142.72 0.01451
ZNg.925N1ig.05Gap 0250 57.041 128.43 0.00764
Zng9Nig05Gag 050 123.64 127.69 0.01803
Zng g75N1ig.05Gap 0750 123.20 113.84 0.01384
Zngg5Nig0sGap 10 109.15 103.84 0.01483
ZNo.95sMng 050 3.5403 8.1759 —7.42- 1078
ZNg.925MnNg 05Gag.0250 2.3979 17.645 7.59- 10_6
Zn,sMno,05Gao 050 2.5902 23.439 8.25-10°
ZNo.g7sMnNg05Gag 0750 3.4487 28.361 1.39: 1075
Zno 850MNg,05Gap 10 4.4150 13.911 9.80-10°°
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CONCLUSIONS

Using the solvothermal synthesis method, ZnO nanoparticles with different amount of
gallium doping were obtained, concentration of which, depending on the initial nominal
gallium concentration (0—30 mol %) in the synthesis, can be increased up to 7 %.
Increasing the nominal gallium concentration in the synthesis reduces the doping
efficiency of ZnO from 80 % to 23 %.

During the synthesis at a fixed nominal amount of gallium of 10 mol % by providing
more reducing synthesis conditions, it is possible to increase the doping efficiency
from 20 % to 70 %.

. When doping ZnO with gallium, nanocrystals begin to absorb light in the infrared part
of the spectrum, increase the band gap due to the Moss—Burstein effect, decrease
exciton luminescence and shift in the fundamental mode of Ej;_ in Raman spectra,
indicating the presence of delocalized electrons in the conduction region.

Using photodoping, it is possible to increase the concentration of delocalized charge
carriers in Ga-ZnO nanocrystals, which can be observed with the expansion of the
band gap due to Burstein—Moss shift as well as higher absorption in the infrared part
of the spectrum.

Depending on the introduced transition metal ion, the magnetic interaction in ZnO
nanocrystals changes. The introduction of iron and nickel ZnO causes ferromagnetic
properties, while the introduction of manganese causes paramagnetic properties.

By changing the concentration of gallium in zinc oxide nanocrystals doped with
transition metals, a change in magnetic interaction is observed, which is related to the
presence of gallium and its defects in the crystals.

. The obtained Ga-ZnO nanocrystals, due to their infrared light absorption, could be
used in the creation of smart windows for temperature control in buildings.

. The acquired knowledge about magnetic semiconductor oxide nanocrystals and their
changing magnetic properties will provide important information in the field of
material design for the manufacture of various magnetic devices.
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