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ABSTRACT

Thallium (Tl)-doped ZnO nanorods were prepared (the doping ratios were

between 0 and 5 mol %) in two stages. Combined sol–gel and spin-coating

methods and hydrothermal method were used, respectively. Depending on the

concentrations of the Tl dopant, the structural, morphological, electrical, and

optical properties of the samples were examined. XRD results demonstrated that

the ZnO samples were in hexagonal (wurtzite) unit cell type with single crys-

talline nature. FE-SEM results indicated that the undoped and Tl-doped ZnO

samples had hexagonal rod-like structures. The average lengths and diameters

of the samples were between 0.90 and 1.35 lm, and 80 and 120 nm, respectively.

The electrical conductivity increased with increasing temperature and doping

concentrations. For the undoped and 5 mol % Tl-doped ZnO-samples, the

electrical conductivity values were 1.22E-08 and 1.95E-05 (X.cm)-1 at 25 �C
and 4.84E-07 and 3.97E-04 (X.cm)-1 at 300 �C, respectively. The 1 mol % Tl-

doped ZnO had the highest transmittance (within the range of 70 and 80%) in

the wavelength of between 500 and 1000 nm. The band gap energy values of the

Tl-doped samples were higher than the undoped ZnO sample.

1 Introduction

In systems with technological and industrial appli-

cations such as solar cells, optoelectronic devices

generally require the use of a transparent electrode.

For this purpose, n-type transparent conductive

oxide (TCO) semiconductors that have high optical

transmittance and electrical conductivity, and high

thermal and chemical stability are preferred [1].

Fluorine-doped SnO2 (FTO), and tin-doped In2O3

(ITO) are the most known and preferred TCO mate-

rials. However, ITO has some disadvantages such as

low stability, toxicity, limited indium sources, as well

as high cost. On the other hand, the use of indium-

free FTO films is more limited due to the low con-

ductivity and chemical stability of this material

compared to ITO [2]. Fortunately, zinc oxide (ZnO) is

a promising alternative TCO material. ZnO-based
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materials can be produced more economically and

easily, have attracted attention recently. Thanks to its

chemical and thermal stability, ZnO is a suitable ma-

terial for optoelectronic device applications [3]. ZnO

is an n-type semiconductor that has a wide bandgap

of 3.37 eV and a large binding energy of 60 meV at

room temperature.

ZnO has good both electronic and optical proper-

ties due to the non-stoichiometry caused by inherent

defects such as vacancies of oxygen (VO2
) and inter-

stitial Zn atoms in the unit cell. However, these

properties are not stable as atmospheric oxygen is

adsorbed onto the ZnO surface, and there is a

decrease in conductivity. It is necessary the impurity

doping to stabilize ZnO and to further develop its

properties [4]. The doping process happens in the

form of the displacement of the ions of the doping

element with Zn2? ions which are in the unit cell of

the ZnO. When ions that have higher valance than

Zn2? enter the unit cell, there is an increase in elec-

tron concentration in the ZnO crystal lattice and, as a

result, an increase in electrical conductivity [5]. ZnO

materials can be doped with a wide variety of ele-

ments of group I (Li), and of groups III or V (Al, Ga,

In, N, P, As, Sb, etc.) [6]. B, Al, Ga, In as dopant

materials for ZnO have attracted much attention in

recent years. But there are fewer reports for other

trivalent dopant materials. As an alternative TCO

material, Sc, Y, La, Tl-doped ZnO samples are

promising [7]. Thallium (Tl) is a group III element,

too. Tl has been widely used as a dopant in scintil-

lators applications [8]. The Tl metal enters into the

ZnO crystal lattice as Tl?3 and has one more oxida-

tion state than Zn2?. Therefore, Tl is thought to be a

suitable dopant for ZnO. However, an experimental

study on Tl-doped ZnO has not been found in the

literature, but there is only one theoretical study [7].

For synthesizing one dimensional (1D) ZnO

nanostructures and doping impurities into them

chemical vapor deposition methods such as metal–

organic vapor phase epitaxy (MOVPE) [9, 10],

chemical vapor deposition (CVD) [11], vapor–liquid-

solid phase (VLS) [12] have been used. Compared to

the vapor methods, the solution usage methods are

preferred due to their simplicity, suitability for large-

scale production, high product yield, and low

working temperature [9]. Among the solution usage

methods, the hydrothermal method developed by

Vayssieres is the more accepted [13]. Via the

hydrothermal approach, vertically and well-aligned

doped ZnO nanorod arrays can be synthesized, and

size and morphology control can be easily made by

means of synthesis conditions and chemical species

used. Using simple equipment, the hydrothermal

approach enables the efficient synthesis of ZnO

nanorod arrays at low temperatures. In the

hydrothermal method, a self-catalytic ZnO seed layer

plays as the nucleus for the growth of the ZnO

nanorods [14]. The ZnO seed layer is produced using

sputtering [15], atomic layer deposition [16], pulsed

laser deposition [17], metal–organic- CVD [18], sol–

gel [19, 20] methods. Among them, the sol–gel tech-

nique is the simplest and has the ability to control

particle size and morphology via systematic moni-

toring of reaction parameters.

2 Materials and methods

2.1 Producing the samples

Pristine and Tl-doped ZnO nanorods were produced.

In the first stage, ZnO seed layers were prepared on

the precleaned glass substrate via combined sol–gel

and spin coating routes. All chemicals used were

commercially purchased. The coating solution was

prepared by dissolving zinc acetate dihydrate

[Zn(Ac)2.2H2O, Sigma-Aldrich, 99–102%] in 2-meth-

oxyethanol [C3H8O2, Sigma-Aldrich, C 99.3%]. Then,

monoethanolamine [MEA, C2H7NO, Mer-

ck, C 99.5%] was added into the solution as a stabi-

lizer. The concentration of the coating solution was

adjusted at 0.5 M and the molar ratio of MEA to Zn2?

was 1:1. A 1 mL volume of the solution was dropped

with a micropipette on the glass substrate, which was

rotated at 3000 rpm for 30 s using the spin-coating

system. The obtained films were pre-heated at 250 �C
for 15 min to remove organic residues. The coating

and pre-heating cycles were repeated five times to get

a ZnO seed layer of appropriate thickness. Subse-

quently, the seeded glass was heated at 450 �C for

12 h (h) to complete crystallization. In the second

stage, for the growth of undoped and Tl3?-doped

ZnO nanorods on the seeded glass substrates, an

aqueous solution of zinc nitrate hexahydrate

[Zn(NO3)2.6H2O, Sigma-Aldrich, C 99.0%] with con-

centration of 0.075 M, hexamethylenetetramine

[HMTA, C6H12N4, Sigma-Aldrich, C 99.5%] was

prepared. The molar ratio of HMTA with Zn2? was

1:1. Then thallium nitrate trihydrate [Tl(NO3)3.3H2O,
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Sigma-Aldrich] was added to the aqueous solution as

a dopant source, at different concentrations of 1, 2, 3,

4, and 5 mol %. The mixture was transferred into a

teflon-lined autoclave reactor. The hydrothermal

process was achieved by keeping the temperature of

the reactor at 95 �C for 4 h.

2.2 Characterizations

Structural, morphological, electrical conductivity,

and optical transmittance characteristics of the sam-

ples were studied. The structural analysis was

investigated by powder X-Ray Diffraction (XRD)

using copper CuKa radiation (k = 1.5406 Å)

(PANanalytical EMPYREAN) along with the diffrac-

tometer equipped with a diffracted beam graphite

monochromator, copper X-ray tube. The diffraction

data were collected in the 2h range of 5�–90� with a

step size of 0.02, and a count time of 50 s per step at

45 kV and 40 mA. The morphological characteristic

was examined by a field emission scanning electron

microscope (FE-SEM) (Zeiss, Gemini 500) operated at

an accelerating voltage of 20 kV, equipped with

energy-dispersive X-ray spectroscopy (EDX). The

Four-probe technique was used to examine the elec-

trical characteristic of the samples. The measure-

ments were achieved under the air atmosphere by

using a Keithley 2400 source meter at temperatures

between 25 and 300 �C. For this purpose, a measur-

ing system of our own design was used and the

samples were placed down in the center of the sys-

tem. Platinum wires used to reduce the contact

resistance were attached to the sample surface so that

they were symmetrical in the center of the sample

and the distances between the wires were 0.2 cm.

Using the following formula the dc electrical con-

ductivity (r) was calculated:

r ¼ I

V
G�1; ð1Þ

where I is the measured current, V is the potential

voltage, and G is the geometric structure factor [21].

When calculating the resistivity, a correction element

should be used that changes according to the geom-

etry of the sample and the positions of the contacts on

the sample. Considering these ratios for sample sizes

of t/s C 0.5 and d/s\ 40, the G factor can be calcu-

lated as follows:

G ¼ 2psF1ðt=sÞF2ðd=sÞ: ð2Þ

In this equation:

F1
t

s

� �
¼

t
s

2 ln
sinh t

sð Þ
sinh t

2sð Þ

� � ¼ 0:5

2 ln sinh 0:5ð Þ
sinh 0:25ð Þ

� � ¼ 0:35; ð3Þ

F2
d

s

� �
¼ ln2

ln2 þ ln
d
sð Þ

2þ3

d
sð Þ

2�3

� � ¼ ln2

ln2 þ ln
6:5ð Þ2þ3

6:5ð Þ2�3

� � ¼ 0:83:

ð4Þ

The variation of the electrical conductivity against

temperature was examined by the Arrhenius

equation:

r ¼ r0exp � Ea

kT

� �
; ð5Þ

where r0, Ea, k, and T are the pre-exponential factor,

the activation energy, the Boltzmann constant, and

the temperature (in Kelvin), respectively [22].

The optical properties were investigated in a

wavelength range of 300–1000 nm by a double-beam

spectrophotometer with a spectral bandwidth of

1 nm at room temperature using. For this aim, Ray-

leigh—Model UV2601 UV/VIS spectrophotometer

was used Scheme 1.

3 Results and discussions

3.1 XRD and FE-SEM analysis

Figure 1 demonstrates the XRD patterns of the

obtained samples. The (002) peaks in the patterns

have the highest intensity and indicate that the

samples have the hexagonal wurtzite structure with

single-crystalline nature, and nanorods grow along

the c-axis. In the XRD pattern of the undoped sample

(002) and (004) diffraction peaks are seen. Also, the

very low intensity of the ground radiation and the

absence of impurity peaks in the pattern of the

undoped sample indicate that the crystal quality of

the sample is high (Fig. 1a). In addition to these

peaks, the Tl3?-doped ZnO samples have peaks of

(100), (101), (102), (110), (103), (200), (112), (201), (202),

(104), and (203) (Fig. 1b and c). The patterns are a

very good match with the standard data (JCPDS

number 36-1451). No impurity or secondary phase

has been observed. Also, it is seen that the intensity of

14818 J Mater Sci: Mater Electron (2022) 33:14816–14828



the (002) peaks decreases with the increase of the

doping amount in the XRD patterns of the Tl-doped

samples. The peak with the highest intensity is (101)

in the XRD pattern of the 5 mol% Tl-doped ZnO

sample. In this pattern, it is observed that the main

growth orientation of the crystal is not the c-axis, but

different orientations. The decrease in the peak

intensities and the increase in the ground radiation

intensities indicate that the crystal quality decreases.

As seen in Fig. 1d, a shift in the positions of the (002)

peaks toward higher two thetas (2h) diffraction angle

with the increasing of the Tl doping amount has been

observed. Table 1 listed the calculated a and c unit

cell constants of the ZnO. Both constants increase as

increasing the amount of the Tl doping. The ionic

radii (six-coordinated) of the Tl3? and Zn2? ions are

0.89 and 0.74 Å, respectively [23]. The doping process

happens by substituting Zn2? ions in the ZnO sites

with Tl3? ions. This increase in the constants as the

doping amount increases can be explained by the

difference between the radius of the Zn2? and Tl3?

ions [24, 25]. The shift of the (002) peak positions and

the increase in the constants clearly pointed out that

the Tl3? ions substituted the Zn2? sites in the ZnO

unit cell. A similar trend was reported by another

study [26].

For the ZnO samples, the average crystallite sizes

(D) were estimated via the Scherrer formula from the

(002) peaks [27]:

D ¼ Kk
bcosh

; ð6Þ

where D is the average crystallite size, k is the x-ray

wavelength, b is the width of the x-ray peak on the 2h
axis, normally measured as full width at half maxi-

mum (FWHM) after the error due to instrumental

broadening has been properly corrected (subtraction

of variances), h is the Bragg angle, and K is the so-

called Scherrer constant (* 0.9). There is no signifi-

cant correlation between the doping concentration

versus the crystallite size (Table 1).

Figure 2 demonstrates the FE-SEM micrographs of

the ZnO nanorods produced with various Tl3? dop-

ing amounts. The undoped ZnO sample has hexag-

onal-shaped rod structures with smooth surfaces

Fig. 2a. The average width and length of the undoped

ZnO nanorods are 100 nm and 1.0 lm, respectively.

Also, the Tl3?-doped ZnO samples have hexagonal

rod-like structures Fig. 2b–f. The average lengths and

diameters of the Tl3?-doped ZnO samples are

between 0.90 and 1.35 lm, and 80 and 120 nm,

respectively (Table 1). There is no regular variation

between the average diameter of the nanorods versus

the doping concentration. While the nanorods are

better aligned in the vertical direction for the 1 and

2 mol % doped ZnO samples, the vertical alignment

is disrupted after 3 mol %. As the doping concen-

tration increases, the nanorod structure and crystal

quality begin to deteriorate. The EDX and elemental

mapping analysis confirmed the Tl content of the

ZnO samples. The results are demonstrated in Fig. 3.

The EDX results indicate that Tl3? ions enter into the

crystal structure. Also, the mapping results show that

Tl3? ions are distributed homogeneously overall

material, which also confirmed the formation of Tl3?-

doped ZnO nanorods. According to the EDX results,

the doping concentrations of the Tl3? ions that have

entered into the ZnO crystal lattice are given in

Table 2.

Scheme 1 Schematic diagram of the undoped and Tl-doped ZnO

nanorods production
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Fig. 1 a XRD pattern of the

undoped ZnO nanorods; b and

c XRD patterns of the Tl-

doped ZnO nanorods; d shifts

in the (002) peak position of

the ZnO nanorods
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3.2 DC electrical measurements

The crystal structure of the ZnO samples has an effect

on the electrical conductivity. The heat treatment

modifies the crystal structure of the ZnO samples,

and accordingly in the electrical conductivity prop-

erties [28]. The electrical conductivity depending on

the temperature was measured, and logr - 1000/T

graphs of the ZnO samples were plotted. The graphs

are grouped for comparison in Fig. 4. As understood

from the figure, as a requirement of semiconducting

behavior, the electrical conductivity of the pure and

doped ZnO samples increases with increasing heat

treatment temperature. The following reaction equa-

tion can explain the increase in electrical conductivity

of pure ZnO sample with the increase in temperature:

ZnO
heating

$Znþþ
i þ 1

2
O2 gð Þ þ 2e�; ð7Þ

where Znþþ
i is the interstitial Zn2? ion. The conduc-

tivity of ZnO increases after the ionization resulting

from the heat treatment, two electrons are released,

so the amount of free charge carriers increases, and

accordingly [29]. Also, as the oxygen molecules

adsorbed onto the ZnO surface will be desorbed from

the ZnO surface at high temperatures, the potential

barrier height at the grain boundaries decreases, and

accordingly the electrical conductivity increases. In

addition, intrinsic imperfections such as oxygen

deficiency (VO2
) which formed donor levels below

the conduction band in the forbidden zone and

caused the conduction mechanism are resulting in

the electrical conductivity of the pristine ZnO. The Tl

amount and the produced imperfections control the

electrical conductivity mechanism. The increase in

the electrical conductivity with Tl amount means that

the doping process influences the imperfection

chemistry of the ZnO [30]. The carrier concentration

in the ZnO unit cell increases with Tl doping con-

centration because Tl3? has one more valence elec-

tron than Zn2?. Thus, the Tl3?-doped samples have

higher electrical conductivity than the pure ZnO. The

values of the electrical conductivity at different tem-

peratures are given in Table 3.

The activation energy (Ea) was found via the fol-

lowing formula:

r ¼ rLow exp
EaðLowÞ
kT

� �
þ rHighexp

EaðHighÞ
kT

� �
: ð8Þ

In this equation, rLow - rHigh and Ea(Low)-

- Ea(High) demonstrate the electrical conductivity

and activation energy for the conduction mechanisms

in the low- and high-temperature zones, respectively.

With increasing temperature, the electrical conduc-

tivity increases slowly in the low-temperature zone

(25–150 �C). The migrating of the carriers within

localized levels may cause this slow increase in the

electrical conductivity. The electrical conductivity

increases with increasing temperature in the high-

temperature zone (150–300 �C) [31]. The slope of the

linear part of the logr-1000/T graph is equal to

�Ea=k. The Ea values were calculated for the samples

from the curves, and given in Table 1. It is under-

stood that the Ea values increase in both low and

high-temperature zones with the increase of the

doping concentration. The Tl atoms may generate the

structural changes or supply new acceptor/donor

levels [32]. The Tl atoms replacing with Zn2? ions

and occupying the zinc interstitial site are thought to

either have a higher ionization potential or be a deep

donor (or act as). Therefore, the Tl atoms can not be

Table 1 The values of the unit cell constants, activation energy, bandgap energy, crystallite size, and average diameter of the ZnO

nanorods samples

Samples Lattice constants,

(Å)

Activation energy, (eV) Optical bandgap

energy, Eg (eV)

Average crystallite

size, D (nm)

Average diameter

of the rod, (nm)

a c Ea1 (25–150 �C) Ea2 (150–300 �C)

Undoped ZnO – 5.1500 – – 3.20 25 100

% 1 Tl-ZnO 3.2490 5.2052 0.06 0.29 3.23 24 100

% 2 Tl-ZnO 3.2497 5.2048 0.07 0.24 3.24 24 90

% 3 Tl-ZnO 3.2527 5.2055 0.08 0.32 3.22 23 105

% 4 Tl-ZnO 3.2575 5.2080 0.04 0.29 3.23 24 110

% 5 Tl-ZnO 3.2609 5.2114 0.06 0.24 3.20 25 120
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ionized as easily as the Zn atoms [33]. It is under-

stood from Table 1 that the Ea values in the low-

temperature zone are less than those in the high-

temperature zone due to the changing the conduc-

tivity mechanism from one to another within the

material. The electrical conductivity which is called

intrinsic conductivity is mainly controlled by intrinsic

imperfections in the high-temperature zone. The high

values of the Ea in this zone may be due to the fact

that the energy required to generate the imperfec-

tions is greater than the energy needed for its

entrainment. Therefore, the intrinsic imperfections

caused by thermal differences control the high-tem-

perature electrical conductivity of the samples [34].

3.3 Optical characterization

The optical absorption spectra for all the ZnO sam-

ples were taken in the range of 300–1000 nm using a

UV–Visible double-beam spectrophotometer. The

spectra are demonstrated in Fig. 5. The results indi-

cate that the optical transmittance increases with

Fig. 2 Top view and cross sectional FE-SEM images of the ZnO samples: a-a" undoped; b-b" 1 mol %; c-c" 2 mol %; d-d" 3 mol %; e-e"
4 mol %; and f-f" 5 mol % Tl-doped
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increasing thallium doping concentration. The sam-

ple with 3 mol % Tl-doped has the highest optical

transmittance in the range of 350–1000 nm (within

the range of 70 and 80%). The 4 mol % Tl-doped

sample shows the lowest transmittance in the range

of 350–675 nm. However, at longer wavelengths, the

samples with 4 and 5 mol % Tl-doped have higher

optical transmittance than undoped ZnO. This result

may be attributed to the reduction of the defects in

the sample and the improvement of the homoge-

neous structure with uniformly spread out particles.

So, the increased optical transmittance may be due to

the crystallinity of the samples [35].

The optical band gap energy (Eg) of the ZnO

samples was determined using Tauc formula [36]:

aðhmÞ ¼ Aðhm� EgÞn; ð9Þ

where a(hm) is the absorption factor, h is the Planck

constant, A is a constant, m is the wave frequency, and

n = 1/2, for a direct semiconductor.

bFig. 3 EDX spectra and elemental mapping images of the Tl ZnO

samples: a-a" 1 mol %; b-b" 2 mol %; c-c" 3 mol %; d-d" 4 mol %;

and e-e" 5 mol % Tl-doped

Table 2 The EDX results of Tl.3?-doped ZnO samples

Tl.3? doping concentration, (Theoretically calculated value before

starting the experiment)ðmol number of Tl3þ

mol number of Zn2þ � 100Þ
Tl.3? doping concentration, (Value obtained from EDX results

after the experiment)ðmol number of Tl3þ

mol number of Zn2þ � 100Þ

1 0.76

2 1.51

3 2.36

4 3.26

5 4.14

Fig. 4 A combined demonstration of the electrical conductivity variations of all the ZnO samples for comparison
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Figure 5 shows the Tauc plots that are the energy

(hm) versus (ahm)2 for the pure and Tl-doped ZnO

samples. In order to have detailed information about

the values of the optical band gap energy of the

samples, the dependence of the absorption factor on

the photon energy in the high absorption region was

investigated. The Eg values are found by extrapolat-

ing and intersecting the linear portion of (ahm)2 to the

energy axis (Fig. 6). Based on the calculations, the

results are listed in Table 1. The optical band gap

energy values of the Tl-doped samples are mostly

higher than the undoped ZnO sample, however,

there is no regular variation between themselves of

the doped samples. The broadening in the optical

band gap with the increase of dopants concentrations

can be explained by the changes in the lattice con-

stants. This change significantly modifies the elec-

tronic levels of the samples. Therefore, the

redistribution of energy bands is directly associated

with the structure (unit cell constants) of the samples.

Thus, the variations in the unit cell constants change

the band gap values [37]. Our result is consistent with

the results of the other works. Chen et al. produced

La-doped ZnO samples via sol–gel and spin-coating

methods. They observed that the bandgap of La-

doped ZnO samples increases with the increasing

doping amounts [38]. Serrao et al. deposited pure and

Sn-doped ZnO samples on the glass substrates via

spin-coating method, and observed an increase in the

optical band gap while increasing Sn doping amount

Table 3 The values of the electrical conductivity of the ZnO samples at different temperatures

Tl doping amount (mol %) Electrical conductivity values, r (X.cm).-1

25(�C) 50(�C) 100(�C) 150(�C) 200(�C) 250(�C) 300(�C)

Undoped 1.22 E-08 2.32 E-08 4.98 E-08 1.15 E -07 2.12 E -07 2.73 E -07 4.84 E -07

1 1.22 E-08 2.32 E-08 4.98 E-08 1.16 E-07 2.13 E-07 2.73 E-07 4.85 E-07

2 4.99 E-07 5.73 E-07 8.05 E-07 1.13 E-06 3.11 E-06 6.45 E-06 1.29 E-05

3 9.99 E-07 1.14 E-06 1.66 E-06 2.47 E-06 1.12 E-05 2.50 E-05 6.29 E-05

4 5.35 E-06 5.58 E-06 6.24 E-06 9.22 E-06 4.29 E-05 8.97 E-05 1.79 E-04

5 1.95 E-05 2.07 E-05 2.80 E-05 3.93 E-05 1.42 E-04 2.81 E-04 3.97 E-04

Fig. 5 Optical transmittance graphs of the ZnO samples
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[37]. Kovalenko et al. determined in their theoretical

study that with increasing Al, Ga, In, and Tl doping

concentration there was an increase in the optical

band gap [7].

4 Conclusion

In this study, the pristine and Tl-doped ZnO nanor-

ods were fabricated. The unit cell constants increased

with increasing dopant concentrations. There was a

red shifting in the locations of the (002) peak in the

XRD patterns as the doping concentrations increased.

The FE-SEM results demonstrated that the samples

had rod-like structure, and the nanorod arrays were

vertically aligned on the substrate. The electrical

conductivity of the samples increased with increasing

temperature and Tl doping concentrations. The

optical measurements indicated that the undoped

ZnO sample had the highest transmittance in

between 500 and 1000 nm. The Eg values of the Tl-

doped samples were higher than the undoped ZnO

sample. The deterioration in crystal quality of the

ZnO samples with the Tl doping seen in the XRD

patterns, and the variations in the nanorod orienta-

tions seen in the FE-SEM micrographs, and the

irregular changes in the optical transmittance support

each other. The optical transmittance can be

improved by coating the thin film on the surface of

the glass substrate is more homogeneously and by

making the nanorod orientations in the c-axis direc-

tion more uniform. With increasing doping concen-

tration, also, variations which are in the unit cell

constants calculated from XRD data, in the values of

the electrical conductivity, and in the bandgap con-

firm the existence of Tl3? ions and their entry into the

ZnO crystal lattice. In this way, Tl-coated ZnO

nanorods samples can be considered as an alternative

TCO material.
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von Kolloidteilchen mittels Röntgenstrahlen. Nachr Ges Wiss

Göttingen 26, 98–100 (1918)

28. A. Jimenez-Gonzalez, S. Suarez-Parra, Effect of heat treat-

ment on the properties of ZnO thin films prepared by suc-

cessive ion layer adsorption and reaction (SILAR). J. Cryst.

Growth 167, 649–655 (1996). https://doi.org/10.1016/0022-

0248(96)00308-9

29. A. Janotti, C.G. Van de Walle, Fundamentals of zinc oxide as

a semiconductor. Rep. Prog. Phys. 72, 126501 (2009). http

s://doi.org/10.1088/0034-4885/72/12/126501

30. M. Behrens, G. Lolli, N. Muratova, I. Kasatkin, M. Hävecker,
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