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1. Introduction

The effect of small addition of copper on the
growth process, structure, surface charge and
adsorption properties of ZnO films in the pyrolysis

of dithiocarbamatesf
B. A. Snopok, 2 *@ L. V. Zavyalova, 29 N. P. Tatyanenko, &% A. I. Gudymenko,’

G. S. Svechnikov,” V. P. Kladko® and A. E. Belyaev®

The development of composite materials based on copper and zinc oxides is one of the main trends in
low-temperature catalysis, sensor technology, and optoelectronics. Of particular interest are thin-film
coatings where outer faces of the ZnO crystals decorated with clusters of copper oxides of different
valence, the sharing of electronic processes within such structures, leads to the unique properties of
these materials. Herein, we synthesized textured ZnO/ZnS, ZnO/ZnS:Cu and ZnO:Cu films using the
atmosphere pressure spray pyrolysis technique with identical organic precursor for copper and zinc
ions, dithiocarbamate (DTC). The most perfect films were obtained in the presence of 0.2% copper at
220 °C (surface reaction rate limited regime) on Si(111)/SiO, substrates. Textured ZnO:Cu films are
characterized by an increased growth rate, a more pronounced structure, superior photoelectric
properties, and “unusual” chemical functionality. The growth of a composite material is considered on
the basis of the tip-growth model, where catalytically active copper clusters are located on the outer
polar surface of growing ZnO nanorod arrays. Segregation of the copper on the external polar face
explained by the Jahn-Teller effect leads to the “jittering” in the coordination sphere of an ion in a
highly symmetric environment of the ZnO crystal lattice. On the surface, the degeneracy of the electro-
nic levels is removed, and Cu®* acts as an “adaptive” surface passivator with a high structural variability
of the coordination polyhedron. An increase in the growth rate of ZnO columns along the longitudinal
direction of the hexagonal wurtzite structure was explained by the catalytic action of copper
compounds, which stimulate the transformation of the sulfur-containing precursor into zinc oxide. This
model is confirmed by the results of acoustoelectric measurements, which indicate a positive charge of
the outer boundary of ZnO:Cu and the features of its interaction with gaseous analytes typical
for copper-containing surfaces. The established mechanism of catalytic enhanced metallorganic -
atmospheric pressure — direct liquid injection — chemical vapor deposition method utilizing a universal
DTC precursor and one-step low-temperature spray pyrolysis process opens the way for the low-cost
production of high-quality large-scale ZnO:Cu composite materials on various substrates of arbitrary
shape and structure.

solid-state lasers, biosensors and biocompatible composite
preparations with antiseptic properties.*** In addition, ZnO

After almost half a century of use in industrial production,
materials based on zinc sulfide and oxide are not only still
relevant, but also open up new prospects for their practical
application.”” Indeed, these materials are currently widely used
in fluorescent displays, solar cells, sensors, photocatalysts,
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and ZnS are increasingly being used to obtain unique nano-
scale structures for solar energy, water decomposition, etc.">
In recent years, the Cu decorated ZnO films or nanorod arrays
have emerged as one of the most economical multifunctional
semiconducting materials for the chemical conversion of green-
house gas CO, into value-added methanol,’*™*° compositions
with enhanced photocatalytic and antibacterial performances,”***!
magnetic alloys,>® sensitive layers for hazardous gases,”
high performance transparent electrodes,**2° unassisted solar
water splitting,”” enhancement of visible luminescence and
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photocatalytic activity.>***>° In all these applications, it is the
surface properties of functional structures based on ZnO:Cu
that play a decisive role.

The various properties inherent in materials based on ZnO/
ZnS create certain difficulties in their practical implementation.
This is due to the fact that ATIBVI-type structures are characterized
by a significant proportion of ionic bonds, as a result of which, the
non-stoichiometric defects behave like electrically active centers —
the vacancies in the metalloid sublattice play the role of donors,
and vacancies in the metal sublattice behave as acceptors. Then to
add to this, the states of adsorption nature (oxygen, hydrogen, etc.)
or impurity centers (copper, aluminum, etc.), which have low
solubility in AIIBVI semiconductors and, as a rule, also form
localized levels mainly in near-surface areas. As a result of this,
due to the strong dependence of the micro- and macrostructure of
the material on the temperature of its formation, the number of
defects/impurity centers, the spatial distribution of their charge,
the functional properties of the surface coating are largely driven
by the fine details of the growth process.

This statement is confirmed by the fact that in a number of
cases the addition of a very small amount of some substances
leads to significant changes that are qualitatively different from
the behavior of the macrosystem with a further increase in
concentration. Due to their concentration, these additives
fundamentally cannot change the macrostate of the system
under conditions of thermodynamic equilibrium. This means
that these additives affect some key processes that gate nonlinear
transfer of energy, substances, or catalyze chemical transformations
under nonequilibrium conditions. Generalized analysis shows that
such centers also have kinetic instability, since they should be able
to be in a state that can be characterized as metastable and capable
for internal rearrangements. This effect of small doses has been
observed many times in various physical, chemical and biological
systems.*** A similar effect was noted by the authors of the work,**
where with an increase in the copper concentration during the
synthesis of zinc oxide, the intensity of the diffraction peak of the
dominant texture (002) first increased and then decreased.

The mechanism of this process has not been studied, despite the
fact that this approach opens up fundamentally new possibilities in
semiconductor materials science. In accordance with this, the aim
of this work was to elucidate the mechanism of the effect of low
copper concentrations on the structure and properties of textured
ZnO films under different technological conditions.

Taking into account the low concentrations of the additive,
the correct solution to this problem presupposes the presence of a
technology that would exclude possible processes of segregation of
components, allowing the introduction of copper and zinc ions
simultaneously and isotropically into the reaction volume. In this
work we utilize a variant of the CVD process when an organome-
tallic precursor dissolved in a liquid phase injecting into a reactor
at atmospheric pressure (MetallOrganic — Atmospheric Pressure -
Direct Liquid Injection — Chemical Vapor Deposition, MO-AP-DLI-
CVD). The film is formed as a result of a chemical reaction on the
surface of the substrate, the active components of which are
obtained from the organometallic compounds flow in the gas
phase in the immediate vicinity of the substrate surface.
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We use a zinc diethyl-dithio-carbamate complex (Zn-DTC) as
a precursor for the synthesis of ZnO films, which makes it
possible to obtain films on a heated substrate in air at atmo-
sphere pressure. We obtained such films for the first time
in.*>3¢ This approach has also been used by a number of other
teams.’”*° The advantage of this approach is its versatility: the
DTC forms complexes with a large number of different metals*'
which have similar decomposition temperatures. This enables
obtaining single and multicomponent films of different com-
positions with different levels of doping with the specified
components*>** while using one basic organic ligand (DTC).
For example, using this technology, it was possible to obtain
ZnO:Cu films with high emissivity.**™*

2. Features of dithiocarbamates
pyrolysis in air at atmospheric pressure

Despite a long history, methods for the synthesis of materials
based on ZnO and its composites continue to attract consider-
able attention from completely different fields of science, such
as the new synthetic approaches of Green Chemistry*”*® or
modern catalytic enhanced or atmospheric-pressure mist -
Chemical Vapor Deposition (CVD) based methods.**° Considering
the features of using ZnO:Cu-based materials as functional surfaces
(catalysts, sensitive layers, electrodes, etc.), there is still a real need
for a technology that would allow the achievement of high film
growth rates at low synthesis temperatures on large area arbitrary
profile substrates when using simple equipment and comparatively
low production costs.

One of the most effective industrial methods for producing
large area thin homogeneous ZnO films is the chemical vapor
deposition method."**°>" Regardless of the specific design of
the CVD reactor, a key element in the film growth process is the
choice of a precursor capable of rapidly and completely decom-
posing at a given temperature on the surface of the substrate.

It is well known that for successful use as precursors in gas-
phase synthesis methods, compounds must possess a number
of specific properties, namely, (1) have high volatility (which
ensures the high vapor pressure necessary for the formation of a
uniform gas stream of the starting reagents), (2) stability (to avoid
their decomposition during delivery to the reaction volume, as
well as during storage), (3) fast and complete decomposition into
components that can easily be removed from the synthesis area
(which eliminates film contamination by external impurities).
Among the most commonly used precursors are alcoholates, keto-
nates and carboxylates, which have a metal-oxygen bond."*>%

For this work, we selected diethyl dithiocarbamate as the
organometallic ligands (L) for the formation of the coordination
sphere of the metal complexing agent (M) (Fig. 1). A strong
coordination bond between the metal ion M and the sulfur
atoms of the L anions determines the stability of this compound,
both in solution and in gas phases. The complexing agent M can
be Zn, Cd, In, Cu, Ag, Pb, Bi metals, as well as a number of other
elements from which the films of the corresponding sulfides and
oxides can be obtained,”” and have been obtained.**>*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structure of a symmetric bidentate complex with metal M (a), 3D
conformer (PubChem) (b) and resonance structures (c) of N,N-diethyl-
carbamodithioate.

The features of DTC complexes are associated, in particular,
with the fact that the central metal ion M can form its
coordination sphere consisting of four sulfur atoms in various
ways. Ligands can bind to the central metal ion with either
monodentate asymmetrical or bidentate symmetrical bonding.
This is because DTC can exist in different resonant forms
(Fig. 1).>* In forms (I) and (III), there is a single bond between
the nitrogen atom and the carbon atom carrying two S atoms,
and, accordingly, the delocalization of the charge between
carbon and the two sulfur atoms. In form (II), the contribution
of the lone pair on the nitrogen (N) atom leads to the formation of a
double bond between N and C, connected to two S atoms carrying
negative charges. In this form, nitrogen has sp> hybridization, which
determines the planar geometry of the coordination environment of
the metal; the lone pair on the nitrogen p-orbitals is delocalized
within the n-orbitals of the C=N double bond.

Homoleptic complexes formed by a bidentate symmetric
bond arise when two identical DTC ligands coordinate around
a divalent ion.>® IR spectroscopy is usually used to identify the
monodentate or bidentate nature of the binding.”® It was shown
that in the case of the copper and zinc complexes, bidentate
symmetric binding of ligands takes place: stretching vibrations
of the DTCs of transition metal complexes (including Zn and
Cu) indicate a significant double bond in S,C—NR, and the
chelating nature of CS groups.”” Such symmetric complexes are
more stable than with monodentate ligands due to the chelate
effect.”® The chelating effect has both enthalpy and entropy
components. The entropy contribution is due to the distortion
of the bond angles in the ligand molecule during the formation
of a coordination sphere of certain symmetry, the possibility
of rotation with respect to certain bonds, etc. The enthalpy
component for ligands containing a dithiocarboxyl group with
trivalent nitrogen is partially associated with the formation of
bonds with the metal cation; due to the combined effect of the ¢
and 7 interactions, the effective charge on the cation decreases.
Thus, in form (II) with a bidentate symmetric bond, the properties
of the DTC complexes depend on the electronic configuration of
the central ion.”® These features lead to the difference in behavior
of the complexes of copper and zinc in the gas-phase reactions
near the substrate discussed below.

According to,* the kinetics of the DTC-Cu-DTC decomposition
process is well described by a first-order reaction - it is a

© 2021 The Author(s). Published by the Royal Society of Chemistry
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monomolecular process representing an intramolecular rear-
rangement leading to the formation of a metal sulfide.>”®" The
process begins already at a temperature of more than 140 °C
directly in the gas phase. For copper complexes, the most
negative values of the change in entropy are observed,’” which
agrees well with the change in the orientation of the ligands
around the metal ion during intramolecular rearrangement
during decomposition.®>®* In the case of Zn, the reaction order
is two, which implies a bimolecular process, including a rear-
rangement within the coordination sphere due to the collision
of two complexes in the gas phase or a collision with a substrate.
This, in particular, means that in the case of Zn complexes, the
reorientation of the ligands does not lead to a decomposition of
the complex, and pyrolysis in the gas phase is unlikely. The
higher stability of the zinc complexes with dithiocarbamates
may be due to its outer electron shell d'°, which forms a
coordination polyhedron with a high potential barrier to rotation
around the S,C=NR, bond. Since overcoming this barrier is
necessary for breaking part of the M-S coordination bonds
through the rotation of the ligands (as in the case of copper),
Zn stabilizes a more energetically favorable conformation, the
destruction of which is possible only due to a collision. This
property of zinc dithiocarbamate complexes seems to be of
fundamental importance for the practical implementation of
the CVD method. Indeed, unlike copper complexes that can
efficiently decompose in the bulk of the gas phase, the pre-
dominant pyrolysis of Zn dithiocarbamates will occur on the
surface of the substrate, since bimolecular collisions in the gas
phase can be disregarded under the condition of low concentration
of DTC complexes in the gas phase.

The dependences shown in Fig. 2 are constructed from
the previously experimentally obtained family of isotherms
(dependences of the film growth rate on the precursor flux
intensity at a constant substrate temperature) for various substrate
temperatures in the range 200-340 °C.** The low-temperature
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Fig. 2 Dependence of the film growth rate (on a logarithmic scale) on the
inverse temperature of the substrate at various precursor flux intensities
for ZnO-2ZnS films (1-0, 10; 2-0, 15 mg cm~2 s73).
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region I is a kinetic regime (so called surface reaction limited, rate
limited, kinetic limited) - the film growth rate is limited by the
rate of chemical reactions on the surface. The average region of
temperatures 11 is determined by the diffusion regime, i.e. the
film growth process is limited by the transfer of the mass of the
active precursor to the region of the reaction front (so called
diffusion limited, mass transfer controlled, gas-phase transport
or feed-rate limited). In the temperature regions I and II, the
process of heterogeneous pyrolysis of DTC complexes on the
surface of the substrate with the formation of a film dominates.
In these areas, the highest quality of polycrystalline films is
ensured: mirror surface, high adhesion to substrates; in region
II, in addition, a higher growth rate is usually observed.

The film growth rate V; in the kinetic regime depends on the
precursor concentration in the reaction space C, however, the
growth is limited by the process with activation energy E, and
follows an exponential dependence on the inverse temperature
1/T (Fig. 2). With increasing temperature, when V; reaches its
maximum value, the limiting stage of growth is associated with
the process of delivery of the active precursor to the reaction
front, and the delivery rate of which Vy; is proportional to the
square root of the temperature (Fig. 2). The coefficient of
proportionality, as in the kinetic mode, depends on C and the
diffusion coefficient in the gas phase, the temperature dependence
of which is rather weak in the temperature range commonly used
in MO-CVD. The lower the temperature, the greater the effect of
the decomposition process on the surface of the substrate; the
higher the temperature, the more the film growth rate is limited by
the mass transfer and decomposition of the precursor in the gas
phase. A more detailed statistical and probabilistic consideration
of this process can be found in.**’

In the kinetic regime I, the key is to maintain temperature
uniformity both, in the reaction volume and on the surface.
Under this condition, it is possible to obtain large area thin
uniform films, including on flexible substrates, such as electrically
conductive polymer plates transparent in the visible region. That is
why the application modes at the lowest possible temperature are
of particular interest, especially if it is possible to find ways to
increase the growth rate while maintaining the structural perfec-
tion of the coating.

It should be noted that, as follows from Fig. 2, an increase in
the precursor flux leads only to an increase in the film growth rate,
while the general form of the dependence remains unchanged.
According to the structural analysis data,*”*°® both amorphous and
textured films are deposited in regions I and II; in some cases, even
epitaxial growth is observed on single-crystal substrates. In the
transition from the kinetic region I to the diffusion region II, the
growth rate reaches the highest values. However, with increasing
temperature, the probability of defects generation also increases,
since the process depends on the shape of the flow. The decrease
in growth rate in region III (the so-called evaporation limited,
equilibrium limited) is usually associated with the precursor
depletion mode. This process may be, in particular, due to the
fact that the temperature of the gas becomes high enough, far
enough above the surface that gas-phase pyrolysis of the hydrides
becomes important and solid particulate can form without
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depositing on the substrate. This parasitic spontaneous nucleation,
along with increased desorption of the reactant species, takes
place at the expense of the desired deposition and leads to a
reduced growth rate, as shown in Fig. 2. Thus, in region III—the
region of high temperatures—two processes of the formation of
the final product are observed simultaneously: heterogeneous
on the substrate and homogeneous in volume. As a result of
this, the quality of the films is noticeably deteriorated due to the
hit of the particles formed in volume on the substrate: the
growth rate of the film slows down, the adhesion of the film to
the substrate decreases; the roughness of the film increases and
the ordering of crystallites decrease.

3. Experimental section
3.1 Chemicals and reagents

Zinc and copper N,N-diethyldithiocarbamates were synthesized
in accordance with procedure®® from an aqueous solution of
sodium N,N-diethyldithiocarbamate 3-aqueous (analytical grade)
and aqueous solutions of zinc chloride (analytical grade) or copper
chloride (Chemically pure, cp), respectively. Pyridine (cp) (CAS No.
110-86-1) was used as a solvent for the obtained DTC complexes.

3.2 Thin films fabrication

Zinc oxide films were prepared using a modified CVD process,
when a solution of an organometallic precursor is supplied in the
liquid phase to a reactor at atmospheric pressure (MetallOrganic -
Atmospheric Pressure - Direct Liquid Injection-Chemical Vapor
Deposition, MO-AP-DLI-CVD). The main factor limiting the growth
rate of films at atmospheric pressure is the mass transfer of the
precursor and the volatility of the decomposition products. Due to
the numerous collisions of the gas molecules at atmospheric
pressure, the average mean free path is only about 40 nm. Therefore,
the precursor in the liquid phase carrier is force sprayed into the
chamber through the injector (Fig. S1, ESIt). The injector is made of
glass; the diameter of its nozzle is 100-150 nm; the pressure of the
carrier gas (usually air) is regulated in the range of 0.6-1.2 atm.

In the case of an excessive increase in temperature in AP-CVD,
and, accordingly, pressure, film growth is greatly slowed due to the
fact that molecules in the gas phase interfere with the desorption
of the gaseous decomposition products and the difficulty of
adsorption of new molecules. In this case, due to the sufficiently
high thermal conductivity of the gas phase in AP-CVD, it is
necessary to take into account not only the surface temperature
of the substrate, but also the temperature of the gas mixture, since
pyrolysis can occur at high concentrations of precursor vapor (see
Fig. 2, region III). Thus, an increase in the temperature and/or
vapor concentration of the starting compound can lead to an
increase in the deposition rate, but also a slowdown in the film
growth rate owing to the intensive growth of particles in the
gaseous phase.

Considering these factors, we selected synthesis temperatures
corresponding to the conditions under which the film growth is
controlled by the surface process (220 °C, low temperature, LT,
region I in Fig. 2) and the mass transfer of the precursor in the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Technological parameters of films and the contribution of crystalline phases ZnO and ZnS in films

. R Film phase composition
Sample label/substrate Feed rate Film Growth rate (nm min™")/
temperature/Cu-content (% w/w) (ml min™") thickness (nm) efficiency (nm ml™*) Substrate Si/SiO, Substrate/glass
LT
220 £5°C 1.0 £ 0.1 500 + 27 29/29 14% ZnS 68% ZnS
Cu-DTC:0.0 86% ZnO 32% ZnO
LT:Cu
220 £5°C 1.2 £ 0.1 650 + 27 46/38 Zn0O-100% 2% ZnS
Cu-DTC:0.2 98% ZnO
HT
255+ 5 °C 2.0 £ 0.1 350 £ 27 50/25 77% ZnS 64% ZnS
Cu-DTC:0.0 23% ZnO 36% ZnO
HT:Cu
255+ 5 °C 2.0 £ 0.1 350 £ 27 35/18 Zn0-100% 19% ZnS
Cu-DTC:0.2 81% ZnO

near-surface region (255 °C, high temperature, HT, region II in
Fig. 2). HT films were obtained at a doubled flow rate of reagents
as an increase in the substrate temperature is usually used to
increase film growth rate (see Fig. 2), and also in order to find
out whether this leads to an increase in the coating rate while
maintaining its structural perfection.

Thin (0.35-0.65 pm) ZnO-ZnS films, including those with
the addition of Cu, were obtained by spraying a 0.1 M solution
of Zn(DTC), in pyridine onto heated (up to 220-260 °C) glass
substrates C-48 and Si(111) with native oxide in a quasi-closed
volume’®”! in an air atmosphere. A quasi-closed volume is
created by a quartz cylinder with a diameter of 102 mm and a
height of 80 mm, which limits the reaction zone, providing a
certain vapor pressure of the incoming precursor and free
removal of reaction products (Fig. S1, ESIT). The technological
parameters of the obtained films are shown in Table 1.

The film thicknesses were determined using a MII-4 inter-
ference microscope and spectral ellipsometry. The film growth
rate in nm/min was calculated as the ratio of the film thickness
to the time of its growth. In order to characterize how efficiently
the reagents are used to form the film coating, the concept of
film growth efficiency (nm ml™') was introduced, which was
defined as the ratio of the growth rate (nm min™") to the feed
rate of the starting material to the substrate (ml min™").

3.3 Characterization methods

3.3.1 Structure analysis. The phase composition and crystal
structure of the deposited layers were studied by X-ray phase
analysis (XRD) using a Philips X’Pert PRO - MRD diffractometer
with a Cu (K, radiation source (4 = 0.15406 nm); the voltage on the
tube was 45 kv, the current 40 mA. X-Ray diffraction patterns were
obtained by 20 scanning at a fixed angle of incidence of the primary
beam on the sample (w = 1°). The scanning step was 0.025° with a
counting time of 2 seconds at each point. The content of the
polycrystalline phases was determined by the corundum number
method. The phases were identified by comparing experimentally
determined Interplanar spacing d with JCPDS data (Joint Council
for Power Diffraction Standards, 2013).

The diffraction peak parameters were determined by approx-
imating a Gaussian type curve using Origin Pro 7.5 (Origin Lab
Corporation).

© 2021 The Author(s). Published by the Royal Society of Chemistry

The crystalline quality of the films has been evaluated by
calculating the average crystallite size D and average micro
strain ¢ developed in nanostructured thin films by using Debye
Scherrer’s approach.”””7® It should be noted that the classical
version of this approach assumes that the sample is polycrystalline
with a stochastic orientation of individual crystallites. Since, in the
case under consideration, the films are textured in the direction
perpendicular to the plane of the substrate, all the calculation
results presented in this article refer only to the average micro
strain g(og2) and average size Dogz) along the ¢ axis of the crystal. To
estimate the degree of texturing of the films, we used the ratio of
the intensities of the (002) and (101) reflections. For a nanoparticle
samples with a random orientation on the surface, the intensity
ratio (002)/(101) is approximately 0.3.7

3.3.2 Acoustoelectric method. To control the features of
the surface states, acoustoelectric methods were used, which
make it possible to characterize the charge in the near-surface
region of a semiconductor substrate in a non-contact manner.
The method is based on the transverse acoustoelectric effect
(TAE) in the layered structure of a piezoelectric semiconductor
with an air gap (Acoustoelectric Structures With an Air Gap,
ASWAG). The TAE value (the acoustoelectric electromotive force
value) is determined by the combination of the surface charges of
a biographical origin (forming the initial surface bending of the
semiconductor energy bands) and adsorption complexes.”” ®*

To measure the TAE, a surface acoustic wave was excited in
the z-direction of the yz-LiNbO; piezoelectric substrate using an
interdigital transducer at a frequency of 37 MHz, a duration of
1.5 ms, and an aperture of 1.8 mm (ESL Fig. S2). The gap
between the semiconductor and the piezoelectric was ensured
by a system of supports 200 nm high, etched by the ion beam
directly on the surface of the LiNbO; substrate.

Low-resistance Si p-type samples of 5 x 2 x 0.3 mm?® size
were cut from standard Si(111) wafers with a layer of natural
silicon oxide. An analysis of the features of the TAE showed that
the interface is in a mode of weak depletion due to the charge
of the biographical states of the surface.

3.3.3 Adsorption protocols. For the adsorption experiments
using ASWAG structures, saturated vapors of ethyl alcohols (96%)
or liquid ammonia (10% ammonia in water) were obtained by
passing air through a container with a liquid sample at a constant

Mater. Adv., 2021, 2, 3637-3654 | 3641
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rate of 0.3 1 min~*

at a constant temperature (20 = 2 °C). To
exclude the influence of previous experiments, all adsorption
measurements were performed on new samples, unless other-

wise indicated.

4. Results and discussion

As noted above, the driving force of the decomposition process
and the subsequent surface reaction is the temperature in the
immediate vicinity of the surface reaction front. As can be seen
from Table 1 and Fig. 3, depending on the temperature and the
presence of copper ions in the reaction volume, it is possible to
obtain both single-phase ZnO films and binary films with
different ratios of crystalline phases of ZnS and ZnO. The most
intriguing result is that the film growth efficiency remains
almost unchanged with increasing temperature and feed rate,
while the addition of only 0.2% w/w DTC-Cu leads to the
opposite effect for temperature ranges I and II (Fig. 2) - at
220 °C, the growth rate increases (1.5 times), and at 255 °C it
decreases by more than 40%. Clarifying the cause of this effect
requires a detailed analysis of the morphology and surface
properties of these films.

4.1 Structural properties of films

According to the XRD data (Fig. 3), the obtained films are
polycrystalline with one (ZnO) or two (ZnO and ZnS) phases
depending on the conditions of their formation and the type of
substrate; ZnO phase have a hexagonal wurtzite structure. The
films have a pronounced texture: the intense reflex from the
(002) ZnO plane (at 34.39°-34.41°) or (002) ZnS plane predominates
on the diffractograms. The large value of the halfwidth of the
reflections (FWHM = 0.35-0.50°, Tables S1-S4, ESIf) indicates
relatively small areas of coherent scattering in the polycrystalline
films. The computed results of the average crystallite size (D(o2)) and
average micro strain (gqo2) developed in nanostructured thin films
are given in Table 2 for ZnO and in Table S5 (ESIt) for ZnS phases.

A characteristic feature of the diffraction patterns is the
presence of an average intensity reflection from the (103) ZnO
plane and multiple reflections of insignificant intensity from
the (100), (101), (102) planes, etc. The angular position of the
peaks is consistent with JCPDS data for nominally pure zinc
oxide (JCPDS, No. 36-1451).

The well textured structure of the films on both amorphous
glass and silicon (with natural silicon oxide) indicates that the
substrate only partially exerts an orienting effect on the structure.
In this case, the growth of the hexagonal ZnO nanorod that is
perpendicular to the substrate occurs under conditions when
the growth process is controlled by the process of crystal lattice
formation.

Indeed, the formation of the oriented regions of the crystal
along the ¢ direction is in good agreement with the minimum
energy of the outer sides of the hexagonal columns, which is the
energetically most favorable surface of ZnO with its non-polar
rectangular surface unit cell.*>”** Consequently, this termination
forms the dominating portion of the surfaces in nanoscale
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Fig. 3 X-Ray diffraction patterns of ZnO/ZnS(:Cu) films obtained by
pyrolysis of dithiocarbamates at atmospheric pressure (growth parameters
are shown in the figures). Insert: The relationship between the wurtzite
geometric structure and crystal growth orientation. The ZnO(002)
orientation is straight off the substrate with O- or Zn-polar surfaces, while
the different orientations correspond with in-plane (e.g. honpolar (100)
with a rectangular unit cell) and out-of-plane components (e.g. (101) or
(103)) of the hexagonal zinc oxide nanorods.
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Table 2 The crystalline quality of the ZnO phase in the films characterized
by the average crystallite size Do and average micro strain ggoz)
developed in nanostructured crystallines are calculated following Debye
Scherrer's approach using data presented in Fig. 3

Sample
label/substrate
temperature/Cu-
content (% w/w)

Average crystallite Average micro
size Dyoz) (NM)/  strain s((,(,2]~10’5/
silicon/glass silicon/glass

Surface texturing
(002)/(101)/
silicon/glass

LT

220 £5°C
Cu-DTC:0.0
LT:Cu

220 £5°C
Cu-DTC:0.2
HT

255 £ 5 °C
Cu-DTC:0.0
HT:Cu

255 £ 5 °C
Cu-DTC:0.2

23.2/17.6 552/726 39/full textured

24.5/22.6 523/566 51/105

20.5/19.7 625/654 15/full textured

25.2/23.8 508/537 7/686

structures; it exhibits no electrostatic instabilities and their
relative position is limited only by spatial blocking.

In contrast to the side faces, the upper polar terminations
exhibit a hexagonal surface structure (O- or Zn-polar). Assuming
that the ions are in their bulk oxidation state, each ZnO double
layer carries a dipole moment. As a consequence, the bulk
truncated polar structure is not stable. To reduce the instability,
there has to be a redistribution of charges, which usually
happens by either a structural rearrangement or the loss/capture
of passivating ions at the surface.

A number of additional reflexes are also observed (Fig. 3): a
polygon (100) structure of ZnO gives a component entirely in
the plane of the substrate; a pyramid-like (101) as well as (102) and
(103) are combinations of the in-plane and out-of-plane components
(Fig. 3). It should be noted that (102), and (103) are reflections from
the planes, which can also be the result of the intersection of the
hexagonal columns (twinning), the growth direction of which is at
some angle with the plane of the substrate.?> Moreover, the rather
high intensity of the reflection (103) is probably due to the geometry
of the precursor flux in the surface region of the sample, part of
which propagates along the growing surface from the center to the
periphery. Indeed, some authors note that the origin of the (103)
diffraction might be related to the surface structure of the film: the
surface structure could be affected by the movement or diffusion of
atoms at the final stage of the sputtering process and vacancies
created by the out diffusion of oxygen from the network, which
induces the growth along the (103) crystallographic orientation.®®

Similar X-ray diffraction patterns for films with dominant
(002) and (103) reflections were also noted by other authors who
used similar technological methods for the preparation of zinc
oxide films based on the pyrolysis of organometallic compounds
in the gas phase®”~°® or ZnO thin films grown by pulsed laser
deposition.””%®

4.2 Effect of the substrate on the film structure

Samples obtained in one sputtering cycle, but on different
substrates, demonstrate a number of characteristic features.
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As can be seen from Fig. 3, the diffraction patterns of the films
on glass substrates are characterized by a more pronounced
halo (amorphous phase), a lower intensity of the diffraction
peaks and their larger half-width. Moreover, in most cases the
ZnS phase is observed, and the number of diffraction peaks is
less than in the case of silicon substrates with a thin layer of
natural oxide. In general, we can conclude that the films on
glass substrates have a slightly larger contribution from the
amorphous phase and the polycrystalline part is characterized
by smaller the average crystallite size. Moreover, in all cases, the
position of the peak is slightly less (0.01-0.05°) for films on
glass substrates relative to films on silicon especially for the HT
films (255 °C) or the reflection (103). This effect may be due to
a more inhomogeneous structure of the glass surface in com-
parison with single-crystal silicon wafers.

The well textured structure of the films on both amorphous
glass and silicon (with natural silicon oxide) indicates that
the substrate only partially exerts an orienting effect on the
structure. In this case, the growth of the hexagonal ZnO nanorod
that is perpendicular to the substrate occurs under conditions
when the growth process is controlled by the process of crystal
lattice formation.

4.3 Effect of substrate temperature and reagent flow rate

A simultaneous increase in the substrate temperature (from 220
to 255 °C) and the feed rate of reagents (from 1 to 2 ml min*)
does not lead to qualitative changes in the structure of the films
(Tables 1 and 2). Thus, although an increase in temperature
stimulates the growth of the crystalline phase (Table 2) for films
obtained without the addition of copper, this effect cannot
compensate for the increase in the flow rate, as a result of
which ZnS is formed on the surface (Table 1). In the presence of
copper in the reaction volume, the diffraction patterns of the
films correlate well with each other, with only a slight difference
in the reflection from the ZnS phase at a higher temperature,
the presence of which is due to the reasons described above.
The features of the film growth at a higher temperature allow us
to conclude that the process of ZnO film formation in the course
of synthesis is not determined by the transformation in the
volume of the already formed ZnS film, but occurs either by
replacing sulfur with oxygen in the surface layer of the reaction
front, or the ZnO film grows independently from ZnS through a
surface reaction of reagents coming from the gas phase.

4.4 The effect of low-quantity Cu addition in the reaction volume

A comparison of the influence of temperature, the feed rate of
the reagents, and the type of substrate with the influence of a
small (only 0.2% w/w) amount of copper in the reaction volume
unambiguously indicates that it is the latter effect that has the
strongest impact on the quality of the obtained films. According
to XRD data, ZnO/ZnS:Cu films on Si substrates are polycrystal-
line, single-phase, highly textured and have a hexagonal wurtzite
structure. An analysis of the results indicates that the addition of
copper ions does not shift the (002) reflection, which corresponds
to the preferred growth direction along the c axis of the crystal
lattice, for both silicon and glass substrates. This conclusion is

Mater. Adv.,, 2021, 2, 3637-3654 | 3643


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00199j

Open Access Article. Published on 21 April 2021. Downloaded on 6/14/2026 9:07:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

also valid for the second largest reflection (103). Thus, it can be
argued that the addition of copper to the reaction volume does
not lead to significant variations in the ZnO lattice parameters.

It was also observed an increase in the coherent scattering
region of X-ray radiation (the average crystallite size (D(yo,))) on
all substrates has been observed when copper ions are present
in reaction volume (Table 2). This allows us to conclude that
the presence of copper ions stimulates the growth of larger
crystallites in polycrystalline ZnO films simultaneously with
decreasing the average micro strain (¢(002)) developed in nano-
sized crystallites.

This data is not consistent with the assumption that copper
ions, due to their smaller cationic radius (Cu** 80 pM), effectively
replace Zn>" ions (83 pM) in the ZnO crystal lattice. Such aboard
“substituted” structures are either less thermodynamically favor-
able than the natural lattice of the material, or the structure of
such regions should be distorted. This allows us to suggest that
copper ions do not replace zinc ions in the regions of ordered
ZnO lattice, but accumulate in the polar surfaces, decreasing the
excess of surface energy by passivation the dangling bonds of
the (002) ZnO face.

4.5 Charge state features of ZnO/ZnS(:Cu) coatings

Table 1 and Fig. 4 show the results of the investigation of the TAE
in Si-ZnO/ZnS structures in an air atmosphere under illumination
(TAE value at zero illumination power corresponding to measure-
ments in the dark). The results show that all the samples are
characterized by a negative sign of the TAE value. This means that
the high-resistivity surface region in silicon formed at the Si-ZnS/
ZnO interface has a p-type conductivity.

It follows from Table 1 and Fig. 4, that the value of TAE most
strongly depends on the presence of Cu®" ions during synthesis

o
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Fig. 4 Dependences of the acoustoelectric electromotive force value
specific for transverse acoustoelectric effect (TAE) on the illumination
power (wavelength 2 = 525 nm) for LT and HT ZnO/ZnS samples with
and without copper. Inset: Schematic models of the ZnO/ZnS film and
measurement configuration (SAW-surface acoustic waves, LED-light emitting
diode; the gap between the semiconductor (Si) covered by ZnO/ZnS film and
the piezoelectric (lithium niobate) was ensured by a system of supports
200 nm high, etched by the ion beam directly on the surface).
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and, to a lesser degree, on the substrate temperature. The
highest values of TAE were obtained at LT/HT (220/255 °C) with
the addition of copper; an increase in the value of TAE in the
dark was up to 5 times higher in this case compared to copper
free synthetic conditions. The variation of the TAE response of
the samples obtained at different temperatures did not exceed
25-30%, which may be due to a number of factors. For example,
the difference in the thickness of ZnO/ZnS films leads to a
difference in the amplitude of induction induced by SAW’s
evanescent wave on the surface of the semiconductor and affect
the total surface area of the film, morphological features, etc.
We have discussed some of these issues earlier in.””

It is well known that the magnitude of the acoustoelectric-
emf mainly depends on the concentration and mobility of the
free carriers, charge on the surface states, and the initial
bending of the carrier and valence bands.”” The relationship
between the magnitude of the bending of the semiconductor
bands and the TAE value was determined experimentally®®'*°
and substantiated theoretically.'®* In the present case, the analysis
of the sign, value, relaxation time and TAE signal waveform leads
to the following conclusions: (i) the TAE is generated by positive
sign carriers in silicon, (holes, p-type); (ii) the analysis of the ratio
of the trap and concentration components of the TAE showed that
the interface is in a mode of poor depletion due to the charge of
the biographical states of the surface and (iii) the value of the TAE
is directly related to the charge in the ZnS/ZnO film (the
trapped component of the TAE plays an essential role in the
observed processes - large TAE values are characterized by
longer relaxation times).

Thus, it can be assumed that the observed values of the TAE
are related to the presence of a positive charge distributed in
the ZnO/ZnS film. The change in this charge leads, through the
field effect, to a change in the initial bending of the bonds and,
accordingly, the resistivity of the near-surface region of the space
charge of the semiconductor and, finally, to the magnitude of the
acoustoelectric-emf. As a result, small changes in the value of the
charge localized in the outer surface are transformed into near-
surface conductivity of the semiconductor, which is easily
measured by the non-contact method.

In order to determine the position of this charge in ZnO/ZnS
films, we have utilized layer-by-layer etching of the ZnO/ZnS
films in a weak water solution of hydrochloric acid (0.2% v/v).
Similarly to other samples investigated in,”” the greatest influence
on the value of the TAE is caused by etching in the initial section
(Fig. 5), - a sharp drop in the value of the TAE is observed when the
thickness of the film decreases by approximately 15-20% (ca.
150 nm, it fits well with the height of the surface profile according
to the AFM data®"). This supports the point that the primary cause
of the high value of the TAE in ZnO/ZnS(:Cu) films is the surface
charge localized on the outer surface of the ZnO films.

The TAE measurements results show, that the effective
charge in the near-surface region of ZnO/ZnS films is positive.
The origin of this charge has been attributed to either adsorbates
and defects of the biographical origin, or it was considered an
“intrinsic” property of the respective surface (which can be either
Zn-rich, O-rich or anything in between). The etching experiments

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Dependence of the TAE value on the etching time of the LT:Cu
sample in a weak hydrochloric acid solution (0.2%) until the film is
completely etched (ca. 11 min). Inset: Superposition of the surface profile
(maximum profile height ca. 150 nm according to the AFM imaging) and
schematic model of the film.

show that after etching, the charge slowly increases over time
when the sample is exposed to an air atmosphere. This fact
indicates that the surface charge, at least partially, has an
adsorption nature. The main candidates capable of forming
charged centers on the ZnO/ZnS surface include oxygen, water,
and hydrogen at least. Since the purpose of this work was not to
establish the nature of this charge, we therefore only briefly
introduce the possible mechanisms of the charge formation.
The reason for this seems to be the richness of defect physics
in these materials with a plurality of possible intrinsic and
extrinsic defects.

The surface states are typically associated with the oxygen
centers of the adsorption origin, the negative charge of which is
due to the capture of electrons from the near-surface region of the
material.'®>'% However, oxygen centers mainly determine the
charge and conductivity of the surface region of oxide semi-
conductors at sufficiently high temperatures (300 °C or more). At
the same time, for example, ZnO nanoparticles have positive
charge in aqueous media because protons from the environment
are likely transferred to the particle surface, leading to a positive
charge from the surface ZnOH>" groups (ZnO typically has neutral
hydroxyl groups attached to its surface, which plays a key role in its
surface charge behavior).'**'%” Moreover, it was shown that ZnO
samples synthesized by the hydrothermal method were all
positively-charged on the surface.'®® Data using Kelvin probe force
microscopy also confirm the presence of positively charged regions
on the surface of zinc oxide films.'*>™® All this indicates that,
under normal conditions, centers of various nature can be
formed on the ZnO surface, the effective total charge of which
is determined by the preparation conditions, storage, additional
processing, etc.

An equally important mechanism of surface charge formation
in ZnO is the features of the electronic structure as an “intrinsic”
property of the respective surface. For example, in*'" it is argued
that the bulk truncated polar structure of ZnO is not stable and
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can only exist with hydrogen adsorbed on the surface. Therefore,
it is probable that the measured surface has been stabilized by
hydrogenation. Indeed, in recent years, hydrogen has been recog-
nized as the most probable interstitially, trapped, or adsorbed at the
surface dominant donor in zinc oxide, which suggests that atomic
hydrogen predominantly binds to surface oxygen atoms to form
O-H species."> ™ Consequently, a charge accumulation layer at
the ZnO surface is created. Similar layer formation at ZnO surfaces
was also found after irradiation with ultraviolet (UV) light," as well
as the adsorption of water and methanol."*® Thus, it appears likely
that there are several ways to introduce surface donors on ZnO as
they play a role in surface stabilization and their formation is
energetically favorable.

Taking into account the fact that the magnitude of the
acoustic emf significantly increases in the presence of copper
ions during synthesis, the assumption that the presence of
copper cations or copper-containing compounds on the outer
surface of ZnO/ZnS films is also an important factor in the
formation of a region of positive charge on the surface is logical.

4.6 Features of the TAE under illumination

The features of the TAE value based on irradiation intensity are
presented in Fig. 4 and Fig. S3 (for 470 and 635 nm, ESI{). In
the context of this work, it is necessary only to note that the
formation of a large surface charge on the outer surface of the
film leads to the stabilization of the barrier height at the
interface between the ZnO/ZnS film and silicon (by means of
the field effect).”” As a result of this, the generation of none-
quilibrium charge carriers under external irradiation is not able
to compensate for the depletion caused by the separation of
carriers by the surface barrier. This property is extremely
interesting and can find wide practical application for the
development of solar cells based on light concentrators, since
they will increase the generation of charge carriers without
substantially changing the height of the barrier. It is worth
highlighting that an “insignificant” addition of copper ions in
the synthesis process dramatically changes the photophysical
processes at the interface.

4.7 Adsorption properties of ZnO/ZnS(:Cu) films

As noted above, water vapor affects surface states in ZnO films.'
However, in our study, we did not find any “Cu-specific” effects of
water. At the same time, we found that under the saturated vapor
of water, the largest change in the TAE was observed for samples
with small values of acoustoelectric-emf in the dark, while the
samples with large dark responses practically did not respond to
water vapor (data not shown). This aligns well with the discussion
above, that the centers with surface-bound hydroxyl groups and/or
hydrogen may be at least partly responsible for the formation of a
positive surface charge on the ZnO/ZnS surface. Moreover, the
fewer the number of such groups on the surface, the greater the
observed effect of exposure in water vapor.

The exposure of the films under consideration in a stream of
headspace containing about 10% ammonia in water shows that
the donor abilities of the amine are dominant in the response.
As can be seen from Fig. 6, during the inlet of ammonia vapors,
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the TAE signal rapidly drops, which confirms the surface nature
of the charge. The character of the dependence is qualitatively
similar for all samples. This behavior is due to the fact that the
donor abilities of the lone-electron pair of ammonia can neutralize
the positively charged surface centers, and thus reduce the value of
the TAE. As can be seen from Fig. 6, copper-containing samples are
characterized by several times greater reactions to ammonia, but
the relative values of their changes are much less (within 30%).
This indicates that the actions of ammonia and water are
proportional to the total number of charged surface centers,
the interaction with which is reversible (physical adsorption).
Thus, the availability of Cu centers on the surface cannot be
identified by those chemical compounds.

In,'*”7*2° it was shown that the process of interaction of
ethyl alcohol with the surface of ZnO consists of two stages:
(1) adsorption of gas molecules on hydroxyl groups of the acid
type and, (2) their subsequent oxidation with the participation
of negatively charged oxygen, as a result of which free electrons
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Fig. 6 Dependence of the absolute value of the change in the TAE signal
for LT and HT ZnO samples with and without copper with saturated vapors
of ethyl alcohol (top) and liquid (10% ammonia in water) ammonia
(bottom). Inset: Schematic models of the measurement configuration.
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are formed, and the conductivity increases. The behavior of the
samples obtained in the absence of copper ions aligns with this
mechanism: exposure to alcohol vapor leads to a decrease in the
TAE signal of the samples obtained both at low and high tem-
peratures owing to a decreasing positive surface charge by the
trapping of the generated free electrons. The change in the value of
the TAE indicates that the efficiency of the process is low at 20 °C.

For the samples obtained in the presence of copper ions, the
behavior of the TAE response is fundamentally different from
that described above. The exposure to alcohol vapor leads to an
irreversible increase in the signal. The reason for this behavior
may be due to the presence of copper compounds on the film
surface. Indeed, the interaction of copper oxide with alcohol
vapors can lead to dehydrogenation of ethanol with the release
of copper as positively charged ions.

5. The mechanism of acceleration

of crystal growth, refinement from
precursor’s residual and improvement
of the ZnO crystalline quality by the
small addition of copper

Comparison of the results of the study of morphological and
functional features of ZnO/ZnS films obtained by pyrolysis of
diethyldithiocarbamates in the gas phase allows us to draw the
following conclusions:

(I) When 0.2% w/w copper is added to the reaction mixture
during the synthesis of ZnO LT films, (i) the growth rate and
reagent efficiency, (ii) the structural perfection and “purity”’ of
the ZnO films are increased. In this case, the TAE value
(correlating with the positive charge on the external surface)
increases several times.

(I1) When the temperature rises to the value corresponding
to the diffusion regime, the addition of 0.2% copper leads instead
to a decrease in the growth rate and efficiency of the use of
reagents. Moreover, with an equivalent initial amount of starting
reagents in LT and HT modes, HT films are almost twice as thin as
LT (Table 1). Moreover, the absolute values of the growth rates in
HT and LT modes are comparable in magnitude, despite a twofold
increase in the reagent flux for HT samples. This leads to an
increase in the contribution of the ZnS phase in the sample
without copper, but does not change the composition for samples
with copper, where only the ZnO phase is observed in the HT
mode. The charge on the outer surface is somewhat smaller
compared to the samples obtained in the kinetic region, however,
this may be due to different “branching” of the film surface at
different thicknesses. The charge ratio in the presence and
absence of copper is similar to the LT mode.

(IIT) The analysis of the functional properties of the surface
indicates that when copper is added to the reaction volume, the
samples exhibit characteristics of the presence of copper com-
pounds on their surface.

Summarizing the observation data, we can conclude that
Cu-containing surface clusters as a catalyst stimulate the growth

© 2021 The Author(s). Published by the Royal Society of Chemistry
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of the ZnO crystalline phase. In this case, it is likely that copper
do not penetrate into the crystal lattice of the material, but
induces the pyrolysis of DTC-Zn complexes (limiting process) in
the kinetic mode, which leads to faster decomposition of the
complex and an increase in the concentration of the reactive
components (ZnS). If diffusion mass transfer at a higher tempera-
ture is limiting, then copper compounds “clean” the surface by
displacing the surface captured sulfur again into the gas phase
and, thus, slowing down the overall ZnO growth process.

The general trends noted by the authors of many publica-
tions correlate well with the results of this research. Briefly,
these features are:

(1) Findings regarding copper distribution and diffusion
beyond the surface layers are often conflicting. On the one
hand metals like Cu, Ag or Au, are fast-diffusing impurities in
all semiconductors including II-VI compounds, like ZnS or
ZnO. The diffusion of Cu into the ZnS lattice is supposed to be
governed by interstitial and substitutional mechanisms.'***®
It was confirmed that the ion exchange mechanism of Zn** by
Cu*" occurs on the surface, followed by a redox reaction of the
adsorbed Cu®' into Cu' and S*>~ into S, which leads to the
formation of a Cu(i)-sulfide layer on the sphalerite surface."*
Moreover, it was found that the copper uptake was lower in the
presence of oxygen.">”"*° Finally, it is possible to conclude that
CuS/Cu,S might exist on the surface but their migration deeper
is a low probability effect in air.

In the case when copper content is high, in particular, exceeds
ca. 6-7 at%, it is energetically favorable for excess atoms to
combine into copper clusters (interstitial segregation) or Cu/Zn
clusters and increase the number of defects."*'™*** In the case of
the formation of a solid solution of copper and zinc oxides,
significant lattice deformations of zinc oxide are observed when
copper is placed in the zinc matrix.'*

(2) The active phase of most copper-zinc materials is the
centers of copper, in one form or another, located on the surface
of zinc oxide/sulfide(s)."**"*” Moreover, on the surface of the
ZnS or ZnO films decorated with copper, a great variety of
individual centers (Zn/Cu-H and Zn/Cu-OH) and their complex
structures (Cu'-O-Zn) were observed.'?**°

(3) Most of these materials exhibit high or even maximum
(Cu-containing catalysts) activity in the range of 220-280 °C.
This is typically associated with the participation and inter-
conversion of Cu*, Cu”" ions and metallic copper; this changes
not only the electronic structure, but also the morphology of the
material. It is in this temperature range that CuO (150-230 °C),
Cu,O (220-250 °C) and metallic copper (more than 250 °C)
coexist in copper-zinc-alumina catalysts."*" It is important that
without ZnO there is no change in the valence of copper under
similar conditions.

(4) It was shown that by Cu-doping, the ZnO growth mechanism
was changed and the morphology tends to nano-rods array.****

A proposed schematic diagram of core mechanisms specific
for Cu-induced interfacial processes of ZnO growth is shown in
Fig. 7. Copper compounds preferably in the form of cuprous
(Cu’, b.p. 1800 °C) or cupric (Cu®", b.p. 2000 °C) oxides are
located on the surface and (Cu,S,); with 0.5 < Cu/S < 2 in close

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Schematic diagram of core processes illustrating the function of
copper compounds during ZnO film growth: (1) bimolecular or collision
induced reaction of Zn-DTC pyrolysis on the surface yielding (ZnS)®
compounds on the surface (“s"”); (2) monomolecular reaction of Cu-DTC
pyrolysis on the surface yielding (CuS)*/(CuO)* compounds assembling in
clusters on the surface (CuO),; (3) generation of the volatile products in
the reaction of ZnS or CuS with interfacial clusters of (CuO),; (4) mono-
molecular pyrolysis of Cu-DTC followed by (CuS)? oxidation to (CuQO)? in

gaseous phase (“g"); (5) recovery of surface captured (Cu,0O)* compounds
by oxidation; (6) generation of ZnO crystal lattice from (ZnS)* compounds
captured by (CuO), clusters through substitution reactions in interfacial
complexes (Cu,S,)* with 0.5 < Cu/S < 2; (7) schematic of the atomic
arrangement of the ZnO films growth resulting in Cu decorated terminated
polar face: zinc ions displace coordination labile copper ions to the outer
surface, forming the ZnO crystal lattice.

proximity to it. This, in particular, is due to the fact that the
pyrolysis reactions of copper dithiocarbamates can take place
as well in the gas phase depending on the temperature of
the surrounding reaction space. These compounds act as an
activator of the pyrolysis of zinc complexes and stimulate the
conversion of ZnS to ZnO, according to substitution reactions
typical of these compounds. It should be noted that a similar
“catalytic”’ effect of transition metals on the thermal decom-
position of the precursor, which leads to an increase in the film
growth rate, was observed earlier for other systems."*

Surface cleaning from poisonous sulfur may proceed as
follows for the so-called Z-scheme assisted ZnO/Cu,O-CuO catalytic
reactions.” In line with this mechanism S*~ ions from Zn>'S*~
complexes can react with interfacial clusters of CuO to transform it
into S,>~ (disulfides), and thus form volatile hydrogen chalcogenide
(H,S,, b.p. 70.7 °C), which decomposes readily to gaseous hydrogen
sulfide (H,S, b.p. —60 °C) and elemental sulfur.

At the end of this section, we briefly focus on the mechanism
that makes it possible to explain the observed results. It should
be emphasized that the process considered below dominates
only at low concentrations of copper in the reaction mixture. It
is known that, as the concentration of copper increases, it
begins to integrate into the ZnO lattice and the structural
perfection of the crystals decreases.

In chemistry of coordination compounds, the issue of the
so-called principle of maximum correspondence of the ligand
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cavity to the ion of the complexing metal has been considered
in sufficient detail.*® The commonly considered size fit is only
one of several conditions that need to be taken into account in
the analysis (i.e. electrostatic effects, the nature of bonds with
ligands, the shape and composition of the coordination poly-
hedron, conformational flexibility, etc.). The second most
important condition is the features of the electronic structure
of the metal ion and ligands.

It is well known that transition metals tend to form covalent
bonds with the significant electron density transfer to the
metal. The features of this interaction are fully determined by
the properties of d-electrons. Zinc ions do not have vacant
d-orbitals due to the completely filled 3d"° configuration. This
is a stable electronic configuration which determines both the
shape of the coordination polyhedron and the almost exclusive
oxidation state of zinc ions 2+. The situation with copper ions is
completely different. Since the electronic configuration 3d° is
partially unfilled, copper(u) ions are a classical system in which
Jahn-Teller effect is observed.>® This in particular, leads to the
fact that copper(u) ions, unlike ions of other transition metals,
are less ‘“demanding” in respect of the regularity of their
environment (e.g. shape and structure of the coordination
sphere) and are characterized by a wide variety of structures
of the ligands surrounding them.

According to the theory of the crystal field, the splitting of
the d-orbitals depends on the crystalline field symmetry. In the
fields of the high symmetry, the degeneracy of electronic levels
takes place, which is disappears when the symmetry is lowered
through the addition/elimination/change of the position of the
corresponding ligands. In this case, not only the splitting itself,
but also the resulting mutual energy position of the d-electron
levels also depends on the symmetry of the ligand field surrounding
the ion. In other words, in the presence of the vacant d-orbitals, the
spatial distribution of the electron density inside the coordination
sphere can change with the change in the environment, redis-
tributing charge between different bonds.

In a crystal field of the high symmetry, due to the degeneracy
and the presence of a vacant d-orbital, some spontaneous
structural reconfigurations of the copper(u) complex with its
immediate environment may occur. This means that in a highly
ordered periodic lattice (for example, ZnO), the copper(u) ion
acts as the source of dynamic instability (“‘jittering”’), leading to
local lattice deformations due to the random ‘“hops” between
the states with similar energy. At the same time, on the surface,
where the lattice atoms have been broken off with a decrease in
the overall symmetry of the system, the degeneracy of the electro-
nic levels is removed and Cu®*" acts as an “adaptive” surface
passivator. At the “moderate” temperatures of 200-300 °C, when
on the surface of the growing crystal there is no prohibition of
deformation of the forming structure that preserves its integrity,
the electronic degeneracy can be as well removed by oscillations of
the shape of the copper complex with its environment.

If we also consider the tendency of copper ions in an oxygen
environment to have cooperative effects (including the cooperative
Jahn-Teller effect, in which local distortions propagate throughout
the entire structure) and the ability of copper to change the
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oxidation state from +1 to +4, the uniqueness of this ion as a
catalyst of surface transformations is not in doubt. This suggests
that the quasi-two-dimensional network of copper complexes is
formed on the surface of growing zinc oxide in an oxygen environ-
ment, the nuclear configuration of which is labile and can be
transformed through oscillatory movements. This kind of structure
not only makes it possible to “clean” the surface from sulfur
impurities, as described above (see Fig. 7), but also stimulates the
formation of the thermodynamically and kinetically stable ordered
structure of ZnO by replacing “jittering” copper ions in it with zinc
ions complementary to the lattice and simultaneous extrusion of
Cu”" to the outer polar (002) surface (Fig. 7).

6. Conclusions

Numerous studies on “Cu-decorated” ZnO structures have been
conducted over several decades, which range from the investigation
of basic mineralogy (industrial flotation processes) to elucidating
complex surface structures (nanostructured catalysts of methanol).
However, the identity of the resulting copper-containing surface
phase is still the subject of debate. The features of the growth of
ZnO:Cu films found in this work are in good agreement with the
“unusual” properties of such systems, caused by the formation of
multivalent copper oxide clusters on the surface of crystalline ZnO.
In this case, the catalytic system is maintained in an active state by
controlling the ratio of copper atoms with different oxidation states,
in which there are interfacial transformations “improving” the
structure of the growing material, and a corresponding increase
in the concentration of active, in particular charged surface centers.

The above-mentioned features allow us to conclude that the
addition of copper during the synthesis of ZnO films trans-
forms the MOC-AP-DLI-CVD (Metallorganic - Atmospheric
Pressure - Direct Liquid Injection-Chemical Vapor Deposition)
into a catalytic enhanced MOC-AP-DLI-CVD method,*®***'4°
which has been rapidly developing in recent years for producing
functional materials. This procedure is similar in its configuration
to catalytic methods, where the crystalline phase (in particular,
nanorods or wires) is formed underneath the catalyst (“tip-growth
model”),"*¢™*8 in particular copper.'*® Here we reveal that the Cu
clusters on polar ZnO faces affect as well the quality of semi-
conductor structure in the technologically interesting temperature
range up to 550 K. This leads to enhanced crystallinity and
monophasity of the final product, decreasing the number of
subsurface defects during the growth.'® Finally, the combination
of temperature optimization and chemical activation of the growth
process using a Cu-based catalyst allows one to achieve high
growth rates and obtain ZnO films with a high degree of texture
at low temperatures even at an atmospheric pressure.
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