Physics of the Solid State, 2022, Vol. 64, No. 11

03,13

Interface doping of zinc oxide nanorods
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The effect of an increase in the electrical conductivity of a system of zinc oxide nanorods by a factor of 10°
during atomic layer deposition of a thin dielectric layer of aluminum oxide was found. It is shown that a change
in the electrical conductivity of zinc oxide during atomic layer deposition of aluminum oxide on the surface is
also observed for thin polycrystalline layers of zinc oxide. A study of polycrystalline layers of zinc oxide coated
with aluminum oxide using ultraviolet and X-ray photoelectron spectroscopy is presented. Based on the results of
photoelectron spectroscopy, two main factors for changing the electrical conductivity are proposed, which consist in
the formation of a two-dimensional electron gas at the ZnO|ALO; interface and doping of the near-surface region

of zinc oxide with aluminum atoms.
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1. Introduction

Zinc oxide ZnO is a direct band gap n-type semiconductor
with a band gap of Eg ~ 3.3eV. ZnO is characterized by
ion-covalent bonds, at normal conditions it crystalizes in
the wurtzite structure. This is responsible for piezoelectric
properties of ZnO. The electron type of ZnO conductivity
without doping is associated with its intrinsic point defects,
predominantly vacancies of oxygen and Zn interstitials [1].
Undoped layers of ZnO are used as a transparent electron-
transport layer in photovoltaic structures [2-4]. Doping of
ZnO with Al or Ga atoms provides for the use of ZnO
layers as transparent conductive electrodes [5-8]. ZnO is
attractive for the creation of emitters and detectors in
the near ultraviolet range, such as LEDs, lasers, and
photodiodes [9-11]. However, currently the difficulty of
forming a p—n-junction in ZnO with pre-defined properties
impedes the creation of high-quality diode structures.

The most interesting for researchers is ZnO in the form
of different 0D, 1D, 2D, and 3D nanomaterials. At the same
time 1D-nanoobjects of ZnO are the most widely used in
studies.

Thanks to fast-growing (0001), (0001) polar surfaces,
ZnO can be easily formed as nanorods by methods of gas-
phase and hydrothermal synthesis. Single-crystal nanorods
of ZnO are studied for applications in optoelectronics and
nanophotonics [12,13], photocatalysis [14], piezoelectric
nanogenerators [14], and photocatalysts [15]. Due to high

mobility of electrons, good chemical and thermal stability
ZnO nanorods have come into sharp focus as a gas sensor
material [16-19]

In the field of photovoltaic structures ZnO nanorod
arrays are attractive for the creation of an ordered bulk
heterojunction with a light-absorbing semiconductor. The
bulk heterojunction should ensure an increase in current of
the photovoltaic structure due to the increase in the specific
area of the heterojunction and increase in the effective
thickness of the absorbing material [13]. Mesoscopic nanos-
tructured photoelectrodes allow photovoltaic cells working
in conditions of low and dissipated solar radiation in a
more effective manner than photovoltaic cells with the
planar structure [20]. At the same time, in contrast to
layers of nanoparticles, nanorods provide for the transport of
charge carriers to the electrode without scattering on grain
boundaries.

However, today the use of ZnO in the form of nanorods
in photovoltaic structures, in particular, solar cells based
on colloidal quantum dots, does not result in efficiency
improvement as compared with planar structures. This is
associated with the increase in charge carrier recombination
on the superficial defects of ZnO nanorods due to a large
area of the interphase boundary ZnO|colloidal quantum
dots. This reduces the no-load voltage of the structure [21].

One of approaches to passivate surface defects of ZnO
nanorods is to apply thin layers of other materials onto
ZnO [21,22]. Often, to passivate surface defects of ZnO,
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thin tunnel-transparent dielectric layers of Al,O3; aluminum
oxide are applied [23-25], that are widely used to passivate
the silicon surface [26-28]. A method of conform and
precise coating of objects with aluminum oxide is atomic
layer deposition (ALD) [29]. Concurrently with this, in
the scientific literature an approach is presented to form
Zn0 doped with aluminum, ZnO : Al, using the atomic layer
deposition, where cycles of Al,O3 deposition are included
in cycles of ZnO deposition [8,30,31].

In this study we considered the effect of deposition of
thin dielectric layer of Al,O3 onto ZnO nanorods and films.

2. Materials and research techniques

The formation of coating of ZnO nanorods consisted in
the deposition of a thin seed layer and growth of nanorods
from seed centers. The nanorods were synthesized by a low-
temperature hydrothermal method with the suppression of
nucleation in the bulk solution at a temperature of 85°C.
Zn(NOs), zinc nitrate and (CH,)¢N4 hexamethylenete-
tramine with equimolar concentration of 25 mM were used
as precursors, and nucleation was suppressed by adding
NH4OH ammonium hydroxide and [—CH,CH,NR-],
polyethyleneimine to the solution. The seed layer for the
subsequent growth of nanorods was produced by the ultra-
sonic spray pyrolysis of aqueous solution of Zn(CH3CO3),
zinc acetate with a concentration of 0.05 M. Features of this
two-step method to synthesize coatings of ZnO nanorods
are described in [32]. After the synthesis, the samples were
annealed at a temperature of 500°C for Smin to remove
organic compounds from the surface of the nanorods.

The method of thermal atomic layer deposition was used
to deposit thin dielectric layers of Al,O3; with a thickness
of about 5—7nm (50 cycles) on the nanorod surface. The
atomic layer deposition was performed at a temperature of
220°C in the TFS-200 (Beneq) system using Al,(CHj3)g
trimethylaluminum and deionized water as precursors.

To measure the current flowing through the samples,
ZnO nanorod coatings were formed on a ceramic substrate
with golden interdigital electrodes (width and distance
between electrodes was 25 um). Current was recorded by a
Keithley 6485 picoammeter with an applied voltage of 5V.
Measurements were carried out in the air atmosphere;
prior to the measurements the samples were warmed-up
at a temperature of ~ 300°C to desorb water molecules
from the nanorod surface. Also, the samples were studied
using scanning electron microscopy (SEM) and X-ray
photoelectron spectroscopy (XPS).

To study the redistribution of electron density at the
atomic layer deposition of Al,O3 on ZnO, a method of spray
pyrolysis was used to produce a series of samples with
a thin polycrystalline layer of ZnO, on which Al,O3; was
applied with cycles varied from 0 to 50. A polycrystalline
layer of ZnO without Al,O3 coating and a thin layer
of Al,O; applied at 50 cycles on the surface of the
ZnO layer were studied using ultraviolet photoelectron

spectroscopy (UVPS) with a photon excitation energy
of hv(Hel) ~ 21.2eV. A Si-substrate with Pt-coating was
used. Both XPS and UVPS of samples were carried
out in conditions of ultrahigh-vacuum (~ 10~7 Pa) using
an Escalab 250Xi combined photoelectron spectrometer
(Thermo Fisher Scientific Inc.), XPS study was per-
formed at photons excitation energy of AlK, = 1486¢V.
XPS-spectra were processed using CasaXPS Version 2.3.24
software. It is known that oxygen- and carbon-containing
impurities are actively adsorbed from the air on the surface
of metal oxides [33], therefore, prior to measurements the
samples with cleaned with Art at 500V to remove surface
adsorbates.

Also, a reference sample was produced with a thick-
ness of ~ 70nm with 50 cycles of Al,O3; deposition
to measure electrical properties (resistivity, mobility and
concentration of charge carriers) using a Hall measurement
system (HMS-3000, Ecopia) at a room temperature. The
morphology of the reference sample was studied by a
method of atomic force microscopy (AFM) using an Integra
Terma (NT-MDT) probe nanolaboratory.

3. Results and discussion

3.1. Morphology of samples and electrical
parameters

The morphology of the coating made of ZnO nanorods
with a deposited layer of Al,O3; formed on a ceramic
substrate with interdigital electrodes is shown in Fig. 1.
In Fig. 1, a the graininess of the sample surface can be seen,
which is attributable to crystallites of the ceramic substrate.
Thus, the growth of nanorods on crystallites of she substrate
occurs in different directions (Fig. 1,a, insert), that results
in an additional concentration of intersection areas of ZnO
nanorods (Fig. 1,b).

As can be seen from Fig. 1,b, the nanorods may
considerably differ from each other by width. An increased
dispersion of nanorods by width is connected with the
roughness of the substrate and the diffusion-limited mode of
nanorods growth [32]. A decrease in the distance between
the nanorods results in a decrease of their diameters,
while the nanorods located on protrusions of the substrate’s
crystallites have greater diameters. The needle-like shape
of the nanorods is typical for synthesis in conditions
of lateral growth suppression due to the adsorption of
blocking molecules on lateral surfaces [34]. In this case
molecules adsorbed on lateral surfaces were those of
polyethyleneimine.

Electrical resistance of the coating made of ZnO nanorods
on a ceramic substrate with interdigital electrodes before the
atomic layer deposition was ~ 5MQ (after drying of the
sample to remove adsorbed molecules of water). Electrical
resistance after the atomic layer deposition of Al,O3 (with
a thickness of about 5—7nm, 50 cycles of ALD-process)
on a coating made of ZnO nanorods was ~ 50€2. The
process of thermal drying of the sample did not affect the
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Figure 1. SEM-image of ZnO nanorods coated with a thin dielectric layer of Al,O3, on a ceramic substrate with interdigital electrodes.

resistance significantly. Thus, the atomic layer deposition
of the thin dielectric layer of Al,O3; on the surface of
ZnO nanorods resulted in an approximately 10° times
increase in the electrical conductivity of the coating made
of ZnO nanorods on a ceramic substrate with interdigital
electrodes.

Results of XPS for ZnO nanorods before and after
the depostion of a thin layer of AlLOs (50 cycles of
ALD-process) are shown in Fig. 2.

For the ease of comparison the typical intensive peaks
of Zn2p, Ols, Cls, Al2p on XPS-spectra are moved out
of the spectra, while their position is highlighted with
a dashed line. Identification of other peaks correspond
to [35]. It can be seen from the XPS data, that after the
deposition of Al,O3 (at 50 cycles of ALD-process) no core
levels of zinc are observed: aluminum core levels occur
instead. An increase in the peak of Ols is attributable
to the greater content of oxygen in the Al,O3; compound
than in the ZnO. Thus, the atomic layer deposition provides
a conformal coating of ZnO nanorods with a thin layer
of Al,03;, which results in a significant increase in their
electrical conductivity.

Morphology of the reference sample of ZnO|Al,O3 with
a thickness of ~ 70nm used for measurement of electrical
characteristics is shown in Fig. 3.

As can be seen from the AFM-image, the layer of
ZnO with Al,O3 coating is composed of nanocrystallites,
while the relief of the layer surface is mainly equal to
10—15nm. Resistance of ZnO layer measured using
golden sure contacts before the application of the Al,O3
coating was ~ 1G; resistance after the application of
Al,O3 was ~ 150kS2. Thus, with the use of the ZnO
layer, a sharp change in electrical conductivity was also
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Figure 2. Survey XPS-spectra of the coating made of ZnO
nanorods before the deposition of Al;Os3 layer and after atomic
layer deposition of a thin layer of ALO; (50 cycles of ALD-
process). For the substrate of the coating made of ZnO nanorods
a silicon substrate was used. Stoichiometric designation of Al,O3
is conventional. (KLL and LLM are notations of the Auger
electrons.)

observed and was ~ 6.7-103. It is evident, that the
surface area of the polycrystalline layer is considerably lower
than the surface area of the coating made of nanorods
of the same weight, that explains the lesser change in
the electrical conductivity of the sample. Resistivity of
this layer was 4.2-107! Q- cm (concentration of charge
carriers is 2.32-10' cm~3, mobility of charge carriers is
2.26cm?/V-s). We failed to measure the electrical
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Figure 3. AFM-image of the surface of ZnO thin layer coated
by ALO; (50 cycles of ALD).

parameters of the layer before the deposition of Al,O3 layer
on ZnO because of too high resistance. These results for
resistivity and mobility are comparable with the results for
the case of deposition of ZnO films doped with Al by the
spray pyrolysis method [36]. But in our study the main
contribution to the electrical conductivity is from the near-
surface area of the film.

Of course, the resistivity of this layer is significantly
higher than the resistivity of transparent conductive oxides,
such as indium—tin oxide, tin oxide doped with fluorine, or
transparent electrodes based on the doped ZnO, that are
produced mainly by the method of magnetron sputtering.
However, it is evident, that in the case of ZnO|Al,O3
nanorods resistivity of ZnO decreases considerably.

3.2. Ultraviolet and X-ray photoelectron
spectroscopy of ZnO|Al,O; coatings

To explain the effect of increase in the electrical conduc-
tivity of ZnO upon atomic layer deposition of Al,O3 on
its surface, layers of ZnO before and after the deposition
of Al,O3 were studied using ultraviolet photoelectron
spectroscopy (UVPS) and XPS.

UVPS-spectra of the ZnO layer and thin layer of Al,O3
(50 cycles of ALD) on the ZnO surface are shown
in Fig. 4, where boundaries of UVPS-spectra are zoomed
to determine values of the cutoff by high binding energy
(Ecutorr) and by onset binding energy (Eonset)-

The width and position of UVPS-spectra for both ZnO
and Al,O3; match well the literature data [37,38]. Also,
a typical structure of a valence band is observed on
the UVPS-spectrum of ZnO [37]. Work function (Fermi
level relative to vacuum) of materials determined by
deducting the value of cutoff by high energy (left end of
the spectrum, Egyofr) from the irradiation energy (21.21 eV)
was Azno = 3.8¢eV and Aano, = 3.2eV. To determine the
valence band maximum (VBM) relative to vacuum, the
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Figure 4. UVPS-spectra of ZnO polycrystalline film (top, red line) and Al,O3 film (50 cycles of ALD) on the surface of ZnO layer.
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Figure 5. Energy band diagram of ZnO|AL, O3 structure. The
bend of AL,O3 bands attributable to the oxygen ions adsorbed
from the atmosphere at the low thickness of the layer was not
taken into account in building up the diagram.
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work function was added with the value of the onset bond
energy (Eonset, On the right end of the spectrum), ie. we
used the following formula

—VBM =hv — (Ecutoff - Eonset)-

Positions of valence band maxima relative to vacuum
were VBMzno = —7.1eV and VBMjyy,0, = —8.9¢eV.

To build up the energy band diagram of ZnO|Al,Os, the
position of the conduction band bottom is selected arbitrary.
Thus, the width of the ZnO bandgap Eg = 3.35eV was
selected to make the bottom of the conduction band slightly
higher than the Fermi level. The bandgap width for Al,O3
was selected equal to 7eV, which is within the range of
the typical bandgap width values (from 6 to 8eV). The
shift of the conduction band bottom of Al,O3 or ZnO
within the range of typical values does not change the
characteristic features of the energy band diagram, which
is shown in Fig. 5.

As can be seen from the energy band diagram, at the
ZnO|Al,O5 interface a potential well can be formed for
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Figure 6. Results of XPS for the ZnO layer and the ZnO layer with atomic layer deposition of Al,O3 with 2, 10, and 50 deposition
cycles: a) core level Al2p, b) core level Ols, ¢) core level Zn2p and d) percentage of atoms in the near-surface layer.
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Figure 7. Change in resistance of the ZnO layer at the variation
of the number of cycles of ALD-process.

electrons, that may be responsible for the observed increase
in electrical conductivity.

Results of XPS for ZnO layer with atomic layer deposi-
tion of Al,O3 at 2, 10, and 50 deposition cycles, i.e., core
levels Zn2p, Al2p, Ols, as well as percentages of atoms in
the near-surface layer are shown in Fig. 6.

As can be seen from Fig. 6,d, in the composition of
the ZnO near-surface layer before the deposition of Al,O3
the percentage of Zn atoms relates to the percentage
of oxygen atoms in the crystal lattice as 1.2:1. High
concentration of oxygen vacancies in the ZnO lattice is
also typical and is responsible for the n-type of electrical
conductivity. Deposition of Al atoms on the ZnO surface
results in an increase in the ratio of oxygen atoms to
metal atoms. At 50 cycles of ALD peaks of core levels
Zn2p are almost unobserved, and the ratio of aluminum
atoms to oxygen atoms is close to stoichiometric (2:3) and
equals to 2:2.85. The position of peak maximum of Ols
(Fig. 6,b) in the process of application of the Al,O3 layer
shifts from 530.11eV for ZnO to 532.45eV for Al,Os.
What is interesting is the shift of position of core levels
Zn2p and Al2p. Thus, the peak of Zn2p;,, before the
application of Al,O3 on the surface is at the binding energy
of 1021.21 eV, and then it shifts to 1021.60 at two cycles
of ALD-process and to 1021.81eV at ten cycles of ALD-
process (Fig. 6,¢). The position of core level Al2p shifts
from 74.55¢eV at 2 cycles of ALD-process to values of Al2p
for aluminum in a more oxidized form, 74.81 eV at 10 cycles
and, finally, 75.74 eV at 50 cycles of ALD-process (Fig. 6,a).

The shift of core levels Zn2p of zinc and Al2p of
aluminum near the interface (at 2 and 10 cycles of ALD-
process) relative to the initial layer of ZnO and the layer
at 50 cycles of ALD-process is indicative of their electron
interaction and incorporation of Al atoms into the ZnO
lattice. Since Al is a typical dopant for ZnO, near-surface

doping of ZnO with Al atoms may explain the increase in
electrical conductivity as well.

The change in resistance (Fig. 7) measured using golden
sure contacts is indicative of the fact that the electrical
conductivity of the ZnO layer increases non-linearly with
the increase in the number of cycles of ALD-process.

As can be seen from Fig. 7, two cycles of ALD-process
result in ~ 44 times increase in the conductivity of the ZnO
layer, and at ten cycles the resistance decreases ~ 172 times.
Such a change of electrical conductivity is almost propor-
tional to the change in the number of cycles of ALD-
process. However, the increase in the number of cycles
up to 50 resulted in a ~ 3 - 10*-times change in ZnO layer
resistance. Further decrease in electrical conductivity with
an increase in cycles of ALD-processes may be connected
with an increase in the potential barrier between the
electrode and the ZnO layer due to the thickness of Al;O3
dielectric layer.

3.3. Discussion of results

The results of studying the ZnO and Al,O3 on the ZnO
surface by UVPS method have shown, that the position
of the Fermi level in materials can provide for a potential
well to be formed for electrons and, respectively, two-
dimensional electron gas to be formed on the interface, that
explains the ~ 10° increase in the electrical conductivity of
ZnO nanorods with the deposition of ~ 5—6nm Al,O3 on
their surfaces.

However, the results of measurements of polycrystalline
ZnO film resistance with a different number of cycles of
Al,O3 ALD have demonstrated that an increase in electrical
conductivity is observed even in the case of low number
of cycles of ALD-process (2 and 10 cycles, ~ 0.2—0.26
and ~ 1—1.3 nm, respectively). At the same time the peak
of AI2p in the XPS-spectrum at 2 cycles is shifted from
the peak of Al2p at 50 cycles of ALD-process, when the
ratio of Al and O becomes close to the stoichiometric
composition of the Al,O3; compound. Also, due to high
concentration of oxygen vacancies in the near-surface layer
of ZnO (Fig. 6,d), oxygen can be trapped when depositing
Al,O3. Therefore, it is incorrect to interpret the layer of
Al,O3 at 2 cycles as a layer of Al,O3 that results in the
formation of a potential well and two-dimensional electron
gas on the ZnO|AL,O; interface. In addition, since the
measurements were carried out in the air atmosphere, the
near-surface region of ZnO is depleted due to adsorption of
oxygen ions, and after application of aluminum oxide with
a thickness of 0.2nm the ZnO|Al,O3 interface most likely
would be depleted due to adsorbed oxygen ions O~.

Since Al is a dopant for ZnO, that is the substitution
of Zn?>* with A" in the crystalline lattice results in the
situation when an Al atom acts as a donor of one electron,
it is the doping of near-surface region of ZnO in the process
of ALD-deposition of Al,O3 that can be considered as the
main mechanism of the increase in electrical conductivity.
This also matches the experimental data of producing
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ZnO by ALD process with alternating the cycle of Al,O3
deposition and several cycles of ZnO deposition to achieve
the pre-defined concentration of the dopants [8,31,39]. Also,
the results of XPS demonstrate a shift of Zn2p peak when
depositing Al,O3 from the position of peak of the uncoated
ZnO, a shift of Al2p near the interface (at two cycles) from
the position of Al2p peak in the Al,O;3 film (at 50 cycles),
and a shift of the core level of oxygen with changing number
of cycles of Al,O3 deposition. These shifts are indicative of
electron interaction of atoms on the interface and confirm
possible Incorporation of Al atoms into the crystal lattice
of ZnO, that provides for the doping of zinc oxide. If the
density of Al donors exceeds the critical Mott concentration
(about 10Y for ZnO), then all Al donors are ionized
even at a zero temperature, i.e., the semiconductor—metal
transition takes place [39]. In our case with 2 cycles of
Al,O3 deposition the percentage of Al atoms measured by
XPS in the near-surface layer of the sample (at a depth
of XPS-analysis < 10nm) is ~ 8.7%. If we assume, that
all Al atoms substitute Zn atoms in the crystal lattice, the
percentage of Zn atoms substituted for Al according to

Alat%

AlF -
XS Alys + Znae,

- 100%, (1)

should be 16.7%. The concentration of Zn (nz,) in the
hexagonal lattice of ZnO wurtzite is 4-10*2cm~3 [39].
Thus, the concentration of Al donors obtained from XPS,
as defined by

AlFxps%
A @

is N3P & 6.7 - 10?! cm 3. The concentration of donors from
XPS is considerably higher than that required for the Mott
transition. The 6.7% percentage of Al atoms with two cycles
of ALD process in the near-surface layer under analysis is
also greater than the solubility limit of 2—3% for Al in ZnO
films when Al can substitute Zn in the crystal lattice and
act as a donor of electrons [40]. Even though in the case
of the surface deposition of Al,O3 on ZnO solubility limit
is a conditional concept, further shift of Al2p peak with an
increase in the number of cycles to a more oxidized form
(to the peak in Al,Oj3) is indicative of the fact that, the
most likely, the doping limit of the near-surface region and
the Mott transition take place as early as at the first cycles
of the Al,O3 deposition.

If the doping limit of the near-surface region is reached
at the first cycles of the deposition, it is difficult to explain
the ~ 4-times increase in electrical conductivity with 5-times
increase in the number of cycles and further ~ 170-times
increase in electrical conductivity in case of further 5-times
increase in the number of cycles (from 10 to 50).

It is well known from literature, that oxide semiconduc-
tors contain on their surface a number of adsorption centers
with different acidity [41-43]. Therefore, we assume, that
due to adsorption centers with different energy parameters
on the surface of the polycrystalline ZnO layer the growth of
Al,O3 at a small number of cycles is not ideally conformal.
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That is the growth of Al,O3 film starts with the formation
of clusters in the most energetically favorable centers. An
increase in the number of cycles from 2 to 10 results in
an increase in the regions of ZnO surface where Al,O3
is deposited and, respectively, the semiconductor—metal
transition takes place. However, the regions of degenerate
ZnO are still limited by undoped regions or regions doped
to concentration values less than the Mott transition. At a
certain number of cycles the conductive regions are joined
together, that is a percolation cluster is formed and a sharp
increase in electrical conductivity takes place. Verification
of this assumption requires further studies.

It is worth noting, that the passivation of surface defects,
such as oxygen vacancies and their complexes, on the
ZnO surface with the atomic layer deposition of Al,O3
is likely as well. Nevertheless, we consider that in the
studies where Al,O3; was deposited on ZnO to improve
characteristics of multilayer structures, changes in character-
istics of structures may be also connected to the doping of
ZnO surface and redistribution of the space charge region
between layers.

It is also worthy of note that the change in the electrical
conductivity of nanorods or thin layers of ZnO in the air
atmosphere with surface doping may be contributed by the
screening of charges of adsorbed oxygen ions. The doped
near-surface layer substitutes the charge carrier depleted
near-surface layer.

4. Conclusion

In this study we have found an effect of sharp increase in
the electrical conductivity of the system of ZnO nanorods
upon the atomic layer deposition of Al,O3 on their surface.
The XPS method was used to show that at 50 cycles of
atomic layer deposition the Al,O3; conformally coats the
surface of nanorods.

The study of thin films of ZnO after the atomic layer
deposition of Al,O3 on the surface of ZnO with the variation
of the number of cycles by methods of photoelectron
spectroscopy has shown that the increase in the electrical
conductivity of ZnO is connected to the electron interaction
of atoms after Al,O3 deposition and, respectively, doping
of the near-surface layer of ZnO. Also, we assume that
the semiconductor—metal transition takes place during the
first cycles of the atomic layer deposition of Al,O3, but
the significant change in the electrical conductivity of the
ZnO layer occurs when a percolation cluster is formed from
conductive near-surface regions.

It is worth noting, that in many research reports the
change in characteristics of structures under the deposition
of Al,O3; on the surface of ZnO is associated with the
passivation of surface defects, however, these changes may
be contributed by the surface doping of ZnO with Al atoms.

The synthesis of nanostructured ZnO with different
morphology and the possibility of surface doping of ZnO by
means of the conformal atomic layer deposition of Al,O3
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offers additional opportunities to produce nanostructured
transparent electrodes of ZnO: Al.
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