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Abstract: The aim of this study was to determine the electronic properties of as-deposited ALD-
grown Ge-doped zinc oxide thin films annealed at 523 K or 673 K. SEM, EDS, and ellipsometry
measurements confirmed that the Ge-doped zinc oxide films with a thickness of around 100 nm and
uniform composition were successfully obtained. GI-XRD measurements did not reveal phases other
than the expected Wurtzite structure of the ZnO. The electronic properties, i.e., conductivity, charge
carrier concentration, and mobility of the films, were evaluated using Hall effect measurements and
explained based on corresponding XPS measurements. This work supports the theory that oxygen
vacancies act as electron donors and contribute to the intrinsic n-type conductivity of ZnO. Also, it is
shown that the effect of oxygen vacancies on the electronic properties of the material is stronger than
the effect introduced by Ge doping.

Keywords: thin films; atomic layer deposition; Hall effect; ZnO doped by Ge; ZnO; Ge-doped zinc
oxide; electronic properties

1. Introduction

Zinc oxide (ZnO) is a versatile semiconductor material with a wide bandgap, which
endows it with substantial optical and electrical properties. It is well-known for its high elec-
tron mobility, strong thermal conductivity, and stability under harsh conditions, making it a
suitable candidate for a range of applications, from electronics to environmental technology.
The unique properties of ZnO can be further enhanced by doping with metallic elements
such as gold (Au) [1] and copper (Cu) [2], or other oxides like Ge(IV) [3], Mn(II) [4], etc.

At the nano and quantum scales, these materials exhibit quantum confinement effects,
which influence their electronic and optical behaviors. The quantum effects can lead to
tuning of the bandgap and size-dependent optical properties. The combination of ZnO’s
intrinsic semiconductor properties with the unique characteristics imparted by Ge doping
at the nano and quantum levels opens up exciting opportunities in various high-tech appli-
cations, including renewable energy, environmental remediation, and advanced electronics.

Atomic layer deposition (ALD) is a powerful technique for depositing thin films in
a thickness range from a few atomic layers to several hundreds of nanometers. Some
of the distinct advantages of ALD include precise control of the film thickness, uniform
deposition of pinhole-free films over large areas, and its ability to deposit conformally on
surfaces [5]. ALD finds extensive application in the field of silicon microelectronics, which
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requires precise control and conformality [6]. Additionally, it allows the synthesis of metal
sulfides [7,8] for energy and photonic applications [9,10].

Above all, ALD is also used to grow thin films of metal oxides (MO) [11], e.g.,
ZnO [12-16], Al,O3 [17,18], and TiO, [19,20]. Zinc oxide is a transparent oxide semi-
conductor with a direct band gap Eg = 3.4 eV [21]. It crystallizes in a hexagonal system
called Wurtzite [22]. Due to its simplicity in synthesis by various methods [23], the attrac-
tiveness of this compound increases. ZnO, grown by ALD, can be applied, for example, in
thin-film transistors [24,25], light-emitting diodes [26,27], and coatings for Li-ion battery
electrodes [28].

Naturally, ZnO shows n-type conductivity. Due to this fact, it is difficult to produce
p-type conductivity in this compound [12]. For n-doping of ZnO, elements from groups
IIB [29,30], IVA, and IVB [31,32] are usually used. In the case of group IV, the simple
hydrogen-like substitutional donor model cannot be applied anymore as dopants are
forming defect complexes acting like shallow donors [33].

Several studies have previously addressed the investigation of defects and electron
properties in Ge-doped zinc oxide (Ge:ZnO) [34,35]. Nevertheless, there is a noticeable
scarcity of research specifically delving into the electronic properties of thin films at elevated
temperatures. This gap in the literature is particularly noteworthy given the myriad
potential applications that necessitate operation under elevated temperatures, including
but not limited to the realm of thermoelectric devices [36,37]. The unique challenges and
opportunities posed by elevated temperature conditions make it imperative to delve deeper
into the electronic behaviors of thin Ge:ZnO films in such environments. Consequently,
a comprehensive exploration of the electronic properties under elevated temperatures is
essential for advancing our understanding and unlocking the full potential of Ge:ZnO thin
films in various technological applications.

Most frequently, the Ge/ZnO multilayer films have been prepared by rf magnetron
sputtering [3]. The materials obtained in this way usually have a large thickness compared
to the ALD method. Physical, optical, and electrical properties may also vary due to the
uneven distribution of doping components. Ge/ZnO materials can also be obtained by the
solid-state reaction method [38]. Unfortunately, the control of the process is limited only
to time, temperature, and the degree of grinding of the reacting ingredients. As a result,
control of optical and electrical properties is practically impossible.

In this work, Ge:ZnO thin films were deposited using ALD. To date, there has been a
single publication detailing the synthesis of Ge:ZnO using ALD [34]. However, in this paper,
thin films were fabricated in the large-scale ALD reactor at mild temperature conditions.
The large-scale ALD instrument offers the possibility of mass-scale production of thin films,
especially ZnO, as it is relatively easy to deposit. The drawbacks of this instrument include
long process times at elevated temperature and low pressure, which can have an impact
on the thermal budget of the process, and an increased cost of one process due to larger
power and precursor consumption for small batches. Furthermore, samples were annealed
in a constant flow of dry air at 523 K or 673 K for 4 h. The temperature values of 523 K and
673 K were chosen based on the literature review of annealing ZnO thin films [35,39] and
nanomaterials [40], so that effects related to activation of defect migration, such as Vz, at
~540 K [41], could be observed and interpreted. Fabrication of films using the industrial
system highlights their possible application in electronics or optoelectronics.

2. Materials and Methods
2.1. Fabrication of the Thin Films
2.1.1. Atomic Layer Deposition

Ge-doped ZnO thin films were synthesized using the atomic layer deposition method
following the procedure described by Chalker et al. [34], adjusted to the conditions of the
large-scale reaction chamber. The deposition was performed in a Beneq P400A ALD system
at 473 K and 1 hPa of carrier gas pressure in the reaction chamber. Diethylzinc (DEZ)
(Lanxess Organometallics GmbH, Berkgamen, Germany) and tetramethoxygermanium
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(GEME) (Gelest, Inc. Morrisville, NC, USA) were used as sources of Zn and Ge, respectively,
with water vapor as a co-reactant. The precursors were kept at room temperature and
introduced to the reaction chamber via vapor draw. Every pulse of metal precursor was
followed by two pulses of water to ensure a high degree of reaction. The pulse times
of DEZ and GEME lasted 0.3 s, while the water pulse lasted 0.5 s. After each step, the
chamber was purged with Ny with 99.999% purity (PSA Nitrogen Gas Generator, Parker,
Dukesway Gateshead, UK) for 2 s. The Ge doping was realized by uniformly spacing GeOx
layers between stacks of ZnOy layers, so that the desired stoichiometry could be achieved.
The achieved growth per cycle was 0.16 nm/cycle for undoped ZnO and decreased to
0.14 nm/cycle for 20% Ge:ZnO.

Two different substrates were used for the film growth: 1 mm thick quartz glass
(Helma, Miillheim, Germany) and 0.18 mm thick ultra-flat single-side polished silicon
wafers Si <100> (Alpha Nanotech Inc, Vancouver, Canada). Before the deposition, quartz
substrates were additionally cleaned. Firstly, in 2% Hellmanex III solution (Helma Analytics,
Miillheim, Germany) in an ultrasonic cleaner at 353 K for 5 min, followed by rinsing using
deionized water. Then, submerged in isopropanol in an ultrasonic cleaner at 323 K for
5 min, followed again by rinsing in deionized water. Cleaned samples were stored in
deionized water and dried with nitrogen before use.

Additionally, just before deposition the surface of both types of substrates were treated
by argon plasma using plasma cleaner Diener Tetra 30. Process pressure was 0.3 mbar, and
the applied power was equal to 120 W during 2 min.

2.1.2. Annealing of the Films

Samples deposited on the quartz substrates were annealed in a tube furnace in a
constant flow of dry air of approximately 100 mL/min at 523 K or 673 K for 4 h at on
overpressure of 3 kPa relative to ambient conditions. The heating rate was 5 K/min. Next,
the samples were cooled down with the furnace.

2.2. Film Characterization
2.2.1. Scanning Electron Microscopy (SEM)

The ratio of Ge/(Ge + Zn), i.e., the amount of substituting germanium, was determined
using a JEOL JCM-6000 scanning electron microscope (Freising, Germany) equipped with
an energy-dispersive X-ray spectroscopy (EDS) detector.

2.2.2. X-ray Diffraction

The X-ray diffraction was carried out using a PANalytical Empyrean diffractometer
(by Malvern Panalytical Co., Almelo, the Netherlands, and Malvern, UK) with Cu Ko
radiation and a parallel beam geometry (Gobel mirror in the incident beam optics and
parallel plate collimator in the diffracted beam optics) over the 26 range of 25-45°, step
0.02°, at room temperature. Diffraction patterns were collected using the grazing-incidence
X-ray diffraction method (GIXRD) with an incident angle of 1°.

2.2.3. Laser Ellipsometry

The thickness of the films was confirmed using a Sentech SE400adv ellipsometer
(Berlin, Germany) at an incident angle of 70°.

2.2.4. X-ray Photoelectron Spectroscopy (XPS)

The X-ray photoelectron spectra (XPS) were recorded using an EA 15 (PREVAC)
hemispherical analyzer (Rogéw, Poland) equipped with a dual-anode X-ray source, RS
40B1 (PREVAC). The measurements were performed using Al K« (1486.6 eV) radiation and
an analyzer pass energy of 100 eV. The spectra were recorded in normal emission geometry
with an energy resolution of 0.9 eV. The spectrometer was calibrated with the Ag, Au, and
Cu foil according to ISO standard 15472:2010 [42]. Ultra-high vacuum (UHV) conditions
of 8 x 10~? mbar were maintained during the measurements. The area of analysis was
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approximately 3 mm?, and the depth of analysis was about 10 nm. The samples were
mounted and positioned in the dedicated holder, pumped out to high vacuum, and then
transferred into the UHV chamber. The survey and high-resolution spectra were acquired.
The spectra were analyzed with the use of CasaXPS (version 2.3.24PR) software. The
electron binding energy (BE) scale was calibrated for the Fermi edge at 0.0 eV. A Shirley-
type spectrum background was used. The highly resolved spectra were deconvoluted with
the Voigt function (Gauss-to-Lorentz profile ratio of 70:30). The spectra were compared,
respectively, to the background level.

2.2.5. Electrical Properties

The electronic properties of samples were measured using the ECOPIA Hall effect
measurement system (HMS-5500, Warsaw, Poland) from room temperature up to 523 K in
N, flow (99.999%). The measurement was performed using van der Pauw geometry with
contact needles attached to the corners of a square sample. The sample has been contacted
by gold-coated needles carefully placed at the corners of the sample while ensuring that
the current-voltage plots between two consecutive needles produce an ohmic resistance
(straight line) of similar values (slope). The estimated contact point area was smaller than
0.25 mm?.

Depending on the characterization method, two different substrates were
used—quartz glass for XRD and Hall effect measurements and Si wafer for SEM/EDS and
Ellipsometry methods.

2.2.6. Atomic force microscopy (AFM) Analysis

AFM measurements were performed using an NTegra Aura NT MDT setup (Moscow,
Russia) in semicontact mode using an NSGO3 tip to obtain the 3D topography images of
the films.

3. Results and Discussion
3.1. Structural Characterization

The XRD patterns of the as-deposited films are shown in Figure 1a. The reflections in
the XRD patterns can be indexed using the reference (01-070-8072 ICSD). The as-deposited
films exhibit the Wurtzite structure, which has been reported previously [34]. In the XRD
pattern, only three strong reflections can be observed in the 20 range between 31° and
39°. These reflections belong to the (100), (002), and (101) planes, respectively. When the
ratio of the Ge pulse in the supercycle from 5% to 20% is increased, there is a gradual
reduction in the intensity of the (100) peaks of the as-deposited films, which indicates a
decrease in the crystallinity. The same trend is also present in the (002) peak, which clearly
suggests a decrease in the long-range ordering of the atoms in the lattice or an increase in
texture. Similar effects have also been reported previously [34]. The peculiar changes in
diffraction maxima intensity, especially (002) and (101), are most likely connected with the
texture of the films. While the exact mechanism of texture formation is, at this point, hard
to determine, it is clearly related to the amount of germanium in the film.

Figure 1b shows XRD patterns to demonstrate the influence of annealing an as-
deposited film that contains 5% Ge from the ALD supercycle. Annealing of the film
at 523 K and 673 K did not cause significant changes in the XRD pattern. A minor increase
in the intensity of peaks suggests an increase in the crystallinity of the films, which is
expected for high-temperature annealing and was later confirmed by XPS spectra analysis.

The EDS measurements have been performed at 10 locations on the diagonal of the
SEM image (Figure 1c). This image does not reveal any details regarding morphology.
This suggests that the sample is very uniform. Therefore, high-resolution analyses using
AFM are necessary. Slight deviations in composition have been observed, which could be
attributed to the accuracy of the EDS method. However, the trend reflects well the desired
nominal Ge concentration in the samples (Figure 1d, Table 1). The deviations from the
desired thickness of the films (100 nm) come from the fact that, during ALD deposition of
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Ge-doped ZnO, the growth per cycle parameter (GPC) decreases from ~0.16 nm/c (ZnO)

to ~0.10 nm/c for pulse ratio GEME/(GEME + DEZ) = 0.5 in the supercycle, due to the

steric hindrance during dopant layer deposition [34], which needed to be compensated by
setting a number of supercycles. In our research, the ellipsometric method was used to
determine the thickness of ALD deposits. As can be seen, the theoretical value is slightly

different from the measured value, most likely due to inaccuracy during compensation for
the changing growth per cycle. In all consecutive analyses, the measured value of thickness

was employed.
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Figure 1. XRD patterns of (a) Ge:ZnO thin films after deposition at 473 K. (b) Influence of annealing

at 523 K and 673 K on XRD patterns of 5% Ge:ZnO. (c) Example of the EDS analysis along the line. (d)
Nominal and measured Ge content based on EDS results. (e) EDS mapping of the surface of the 15%

Ge:ZnO sample.
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Table 1. The elemental composition and thickness of films deposited on the Si wafer determined
using EDS and the ellipsometry method, respectively.

Nominal Ge Chemical Composition (at. %) Nominal Ratio Thickness
Content (%) fe) 7n Ge Ge/(Zn + Ge) (%) (nm)

0 69.9 + 0.8 30.1 +0.8 - - 103

5 704 £+ 0.8 27.8 £ 0.8 1.84+0.2 6.1 97

10 694+ 1.3 275+15 31405 10.1 116

15 69.5+1.3 263+ 13 42 +0.2 13.8 114

20 70.8 + 0.8 237 +0.6 554+04 18.8 111

Additionally, the lack of detectable foreign phases, such as Zn,GeOy reported for
Ge-doped ZnO [38], on the XRD patterns in connection with the sequential nature of the
ALD method and the relatively small deviations in composition of the samples measured
by the EDX method indicate that the obtained film is uniform.

Both point analysis (see Figure 1d) and elemental composition mapping (see Figure 1e)
demonstrate the homogeneity of the elemental composition.

As mentioned earlier, SEM analyses (see Figure 1c) do not reveal any morphological
details. Therefore, AFM analyses were performed. The obtained opacity is shown in
Figure 2. All recorded images represent an area of 10 x 10 um. The Z axis represents
height in nm. Figure 2a shows the topography of pure silicon used as a substrate. Then,
Figure 2b,c show the topography of 5% Ge:ZnO before and after annealing, respectively.
The next two drawings, i.e., Figure 2d,e, show the topography of 15% Ge:ZnO before and
after annealing, respectively.

Figure 2. AFM analysis of the samples: (a) Si substrate; (b) 5% Ge:ZnO; (c) 5% Ge:ZnO after the
annealing process; (d) 15% Ge:ZnO; (e) 15% Ge:ZnO after the annealing process.

Detailed results of the roughness analysis are presented in the table below (see Table 2).
As can be seen, the roughness does not change statistically significantly after the annealing
process. However, the roughness of the samples is much higher than the roughness of the
substrate. It is commonly assumed that the deposition of homogeneous layers up to several
hundred nanometers using the ALD method is possible. In this case, already at a deposit
thickness of 100 nm, we observe an increase in surface defects visible in the form of an
increase in sample roughness. It is worth emphasizing that an increase in the share of Ge in
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the sediment does not affect the increase in roughness; on the contrary, layers containing
up to 15% Ge:ZnO have Sa 3 nm lower compared to 5% Ge:ZnO, which in our opinion is a
statistically significant difference.

Table 2. Roughness analysis of analyzed samples using the AFM method.

Sample Roughness Average (Sa) [nm]
Si wafer 0.5
5% Ge:ZnO 13.5
5% Ge:ZnO annealed 13.6
15% Ge:ZnO 10.6
15% Ge:ZnO annealed 8.3

The bonding nature of the atoms was studied using XPS. The total concentration of the
elements at the sample surface was measured with the survey spectra shown in Figure 2a,
and the absolute spectra of each constituent element, i.e., Zn 2p, O 1s and Ge 3d in the
compound are shown in Figure 2b—d. Table 3 shows the percentage composition of all the
elements present in the survey spectra. Considering the energy of the probing beam, the
composition of the film is obtained from the first 5-10 nm of the surface. The different
components in each peak obtained after peak fitting correspond to different chemical
states of that particular element, and the peak assignments of these states were undertaken
according to the databases [43,44].

Table 3. Concentration of the elements at the surface of the 5% Ge:ZnO sample determined using the
XPS method.

Chemical Composition (at. %)

5% Ge:ZnO
Zn Ge (6] C
As-deposited 41.7 0.84 40.7 16.7
Annealed at 523 K 43.45 0.87 43.75 11.93

It is worth noting here that the Ge:ZnO deposition process each time ended with
a ZnO deposition cycle. Therefore, the results of the elemental composition analyses
presented in Tables 1 and 3 differ from each other. It should be taken into account that
the depth of analysis using the XPS method is less than 5 nm, while EDS is up to 3 um,
depending on the material and measurement parameters. Therefore, XPS results will
always be underestimated in such cases. Furthermore, the amount of carbon is different for
the measured samples, as it mostly comes from surface contamination rather than traces of
unreacted precursor. Noteworthy, the Ge/Zn ratio is the same for both measurements.

From the compositions obtained from survey spectra, it can be observed that the
amounts of both Zn and O are higher on the surface of the film that was subjected to
air annealing. The reason for a higher O content can be due to the availability of atmo-
spheric oxygen during the annealing process. Furthermore, the surface concentrations
obtained using XPS are different than those from EDX due to the layered way of introduc-
ing dopant using the ALD technique and the surface vs. in-depth sensitivity of XPS and
EDS, respectively.

The absolute spectra of Ols (shown in Figure 3b) can be deconvoluted into components
A, B, Cand D that refer to oxygen vacancies, oxygen in the oxide lattice, hydroxyl or short
oxidized aliphatic groups on the surface and adsorbed water, respectively. Annealing
leads to a decrease in oxygen vacancies from 14.3% to 3% and an increase in oxygen
in the ZnO lattice from 55% to 65%, which can be explained by filling the vacancies by
absorbing the oxygen from the oxygen-rich (~20%) annealing atmosphere. Additionally,
the annealing process led to the transformation from OH to an oxide-terminated surface
or filling of the oxygen vacancies. Thus, a peak shift to the right is observed compared to
as-deposited sample.
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Figure 3. XPS (a) survey spectra, (b) Ols spectra, (¢) Zn 2p spectra, and (d) Ge 3d spectra for
as-deposited (bottom part) and annealed-at-523 K (top part) 5% Ge:ZnO samples.

The absolute spectra of Zn 2p shown in Figure 3c appear as a doublet, and they can be
deconvoluted into three components that represent E-zinc from the unreacted precursor
(Zn-C) or zinc in the vicinity of oxygen vacancy (Zn-Vg), F-zinc in the ZnO lattice, and
G-zinc connected to hydroxyl groups at the surface. The large share of Zn-OH in the as-
deposited sample can be explained by the water termination of the ALD process. Annealing
led to a transformation from OH to an oxide-terminated surface or filling of the oxygen
vacancies, thus decreasing the share of the A component and increasing the share of the
B component.

The Ge 3d spectra (Figure 3d) can be deconvoluted into components H and I, corre-
sponding to unstoichiometric oxide or unreacted Ge precursor (Ge?*), and germanium
oxide in the zinc oxide lattice (Ge**), respectively. Annealing leads to shifting of the spectra
towards lower binding energies, which can be connected with a recrystallization of the
structure, also visible on the Zn 2p and O 1s spectra, and the formation of a GeO,-like
phase, which was, however, not recognizable on the XRD patterns.

On Figure 3a, the XPS survey spectrum also reveals a significant carbon contribution in
both the as-deposited and annealed samples. As is known, XPS is a highly sensitive method
with an analysis depth not exceeding 1-10 nm [45]. Therefore, this technique is susceptible
to surface contamination. The sample annealed at 523 K exhibits a slightly lower carbon
content compared to the as-deposited sample, confirming that carbon is predominantly of
surface contamination origin rather than being an unreacted precursor.

3.2. Annealing Kinetics

To establish the annealing time needed to achieve equilibrium state, eight samples of
5% Ge:ZnO thin films from one deposition batch were annealed in dry air flow at 523 K
for different times ranging from 5 min to 4 h. The results of electrical measurements, i.e.,
conductivity, carrier concentration and mobility, indicate rapid changes in the first 40 min
of annealing. The equilibrium state under the annealing conditions was reached after
approximately 2 h (Figure 4). After this time, the properties remained constant in time
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within reasonable measurement uncertainty. Based on the observed behavior, the final time
of annealing was set to 4 h to ensure proper stabilization of the sample.
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Figure 4. Time-dependent (a) conductivity, (b) carrier concentration, and (c) carrier mobility of the
5% Ge:ZnO sample during annealing in dry air flow at 523 K. The samples reach the equilibrium
state after approximately 120 min. The dashed lines serve as guides for the eye.

3.3. Annealing in Air

The results of electrical properties measurements, i.e., conductivity (Figure 5), carrier
concentration (Figure 6), and mobility (Figure 7), performed up to 523 K are shown for
as-deposited samples and samples annealed at 523 K or 673 K.
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Figure 5. (a) Room-temperature conductivity of as-deposited and annealed samples as a function of
nominal Ge content. The temperature dependency of the conductivity of (b) the as-deposited sample
and (c) the sample annealed in dry air flow at 523 K or (d) 673 K. Dashed lines serve as guides for the
eye. * The measurement of the undoped sample annealed at 673 K was invalid due to the sample
resistance of the instrument being too high.
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Figure 6. (a) Room-temperature carrier concentration of as-deposited and annealed samples as a
function of nominal Ge content. The temperature dependency of the carrier concentration of (b) the
as-deposited sample and (c) the sample annealed in dry air flow at 523 K or (d) 673 K. Dashed lines
serve as guides for the eye. * The measurement of the undoped sample annealed at 673 K was invalid
due to the sample resistance of the instrument being too high.

In the as-deposited samples, one can see that the conductivity maximum is at 5%,
which results from increased carrier concentration from ~6 x 10! cm=3 up to ~3 x 10 cm—3
for 0 and 5% Ge-doped samples, respectively. For higher Ge dopant concentrations, the
carrier concentration remains at the same level, while the carrier mobility tends to decrease,
thus implying increasing charge carrier scattering and leading to decreased conductivity.
The results presented herein, e.g., the peak conductivity of the as-deposited samples being
5% Ge:ZnO or the decrease of mobility with increasing Ge content, are in agreement with
observations and conclusions drawn by Chalker et al. [34] and elaborated by Zhu et al. [35].

In the case of annealed samples, the maximum conductivity decreases roughly 3
and 40 times after annealing at 523 K and 673 K, respectively, relative to the as-deposited
samples. This change is greatly influenced by the change in carrier concentration and only
slightly by the changes in carrier mobility, especially in the case of strongly doped samples
(>10% Ge). Furthermore, the carrier concentrations are not influenced by temperature, and
the slight positive correlation between conductivity and temperature was identified to be
connected with an increase in carrier mobility, especially in the case of the undoped and
annealed sample, which has a relatively low carrier concentration.

Due to the fact that the samples are sensitive to annealing in air (as shown in Figure 4),
and the deposition procedure requires the operator to remove them from a hot reactor
chamber in ambient atmosphere, some deviations from ideal trends are possible, for
example, the slight drop in carrier concentration of the 15% Ge:ZnO sample in Figure 6a.
However, these changes are smaller than those inflicted by proper annealing, do not
contradict general conclusions and are impossible to eliminate with the large-scale ALD
equipment used in this study.
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Figure 7. (a) Room-temperature carrier mobility of as-deposited and annealed samples as a function
of nominal Ge content. The temperature dependency of the carrier mobility of (b) the as-deposited
sample and (c) the sample annealed in dry air flow at 523 K or (d) 673 K. Dashed lines serve as guides
for the eye. * The measurement of the undoped sample annealed at 673 K was invalid due to the
sample resistance of the instrument being too high.

3.4. Discussion of Electronic Properties

Theoretical estimations based on the volume of the ZnO unit cell (a = 3.2495 A,
¢ =5.2062 A, two Zn atoms per unit cell [22]) and the amount of Ge doping, under the
assumption that every dopant atom that substitutes Zn (i.e., Gez,) provides two additional
electrons (~7.2 x 102! cm™3), lead to the conclusion that the measured carrier concentration
is too low for such a simple doping mechanism to be valid. Furthermore, the carrier
concentration decreases significantly from ~5 x 10*! em™3 to ~2 x 10" cm™3 for as-
deposited samples and samples annealed in air at 673 K, respectively, which should not be
the case if Ge was the major charge carrier donor. This also supports the hypothesis that the
main contribution to changes in the electrical conductivity does not come only from the Ge
doping but rather from other defects, which are more susceptible to annealing conditions.
Moreover, the unchanging ratio of Ge** and Ge?* atoms in the structure estimated using
the Ge 3d XPS spectra also supports the conclusion that Ge is not the major contributor
to annealing-induced changes in carrier concentration. As a result of this reasoning and
due to the lack of other phases as evidenced from X Ray diffractograms, it is reasonable to
claim that Ge**, located either in the ZnO lattice, possibly in the vicinity of zinc vacancy
and forms charge-neutral Gez,-Vz, defect complexes at the grain boundaries [35] or in the
form of GeO, nanograins (especially after annealing), thus making them hard to detect
with diffraction methods.

When it comes to the electronic properties of the material, formerly, there was a
common belief that oxygen vacancies, while common in ZnO, are deep donors and do not
contribute to electronic properties [41]. In 2016, however, a study based on the oxygen
isotope self-diffusion in ZnO showed that the oxygen vacancies are responsible for its
intrinsic n-type conductivity [46].

The results obtained in this work are in favor of the electronic conductivity mechanism,
which is based on oxygen vacancies that act as electron donors. The reasoning behind such
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claims is as follows: (1) Zinc oxide thin films were fabricated using the ALD method at
200 °C and ~1 mbar of N, pressure, and because of that, the structure after synthesis is
oxygen deficient, i.e., contains oxygen vacancies that contribute electrons to the conduction
band and facilitate n-type conductivity. (2) Annealing in air leads to better crystallization
of the structure and filling of the oxygen vacancies, which can be related to a decrease in
the carrier concentration. These claims are supported by the fact that there are no major
changes in the XPS spectra of Zn 2p and Ge 3d while the amount of oxygen vacancies
estimated from the XPS spectra of O 1s decreases significantly during annealing.

The argumentation stated above is also in line with the theoretical evaluation of defect
formation energy as a function of Fermi level position [41], which leads to Fermi level
pinning due to Ge n-type doping. During deposition (in an oxygen-poor atmosphere),
the formation energy of oxygen vacancies is negative but increases with the Fermi level
position, as opposed to the formation energy of zinc vacancies, which is high and positive
but decreases with increasing Fermi level. Since Ge is expected to move the Fermi level up
(i.e., add electrons to the system), an equilibrium is reached, and the carrier concentration
is stabilized by the amount of oxygen vacancies even at different doping concentrations.
During annealing (in an oxygen-rich atmosphere), the formation energy of zinc vacancies is
shifted lower, while the formation energy of oxygen vacancies is shifted higher (compared
to oxygen-poor conditions), thus leading to fewer electrons being contributed by the oxygen
vacancies and the additional effect of electron compensation by charge-neutral Zng.-Vz,
defect complexes, thus leading to lower carrier concentrations than in samples that are not
annealed. As a result, in either condition, the system opposes drastic shifts of the Fermi
level towards higher energies and leads to pinning of the Fermi level.

An alternative explanation based primarily on zinc interstitials that would act as
shallow electron donors and, due to the high mobility of Zn above 523 K [47], be annihilated
during the annealing process was also considered; however, contrary to the oxygen vacancy
filling-based mechanism, it was not supported enough by the XPS analysis.

4. Conclusions

In this work, a series of Ge-doped ZnO thin films were grown by the ALD method
in an industrial-scale reactor, and their electrical properties in the as-deposited state and
after annealing were investigated. The films’ structure and composition were characterized
using XRD, ellipsometry, and SEM EDS, which confirmed that thin films with a thickness
of ~100 nm consisting of Ge-doped ZnO were obtained. The samples were subjected
to annealing in air at 523 K and 673 K, and their high-temperature electronic properties
(electrical conductivity, carrier concentration, and mobility) were measured from room
temperature up to 523 K using the Hall effect measurement system, and the observed
changes were explained based on XPS and XRD investigations of the materials. The XRD
patterns were in all cases very similar and indicated the presence of only one dominant
phase—Wuzrzite ZnO. The XPS spectra analysis revealed, however, that annealing in air
leads to a significant decrease in the concentration of oxygen vacancies, implying its strong
relation to the electronic properties of this material.

The results presented here are strongly in line with the concept that the oxygen
vacancies are electron donors rather than acting like deep-level defects, which could not
contribute to the electronic state of the materials. This work also points out that the diffusion
of oxygen can occur efficiently for thin films at relatively low temperatures, i.e., 523 K.
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