N

N

Tuning the texture and polarity of ZnO thin films deposited
by spatial atomic layer deposition through the addition of a
volatile shape-directing agent
Chiara Crivello, Thomas Jalabert, Matthieu Weber, Hervé Roussel, Laetitia
Rapenne, Hugo Mandar, Fabrice Donatini, Vincent Consonni, Gustavo Ardila,

David Mufioz-Rojas

» To cite this version:

Chiara Crivello, Thomas Jalabert, Matthieu Weber, Hervé Roussel, Laetitia Rapenne, et al.. Tuning the texture
and polarity of ZnO thin films deposited by spatial atomic layer deposition through the addition of a volatile
shape-directing agent. Materialia, 2023, 30, pp.101822. <10.1016/j.mtla.2023.101822). <hal-04504451)

HAL Id: hal-04504451
https://hal.science/hal-04504451v1

Submitted on 9 Jul 2025

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Distributed under a Creative Commons CC BY-NC 4.0 - Attribution - Non-commercial use - International
License


https://hal.science/hal-04504451v1
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S2589152923001497
Manuscript_bf10e68aa26a64964c359b4ef8479ba7

Title

Tuning the Texture and Polarity of ZnO Thin Films deposited by Spatial
Atomic Layer Deposition through the Addition of a VVolatile Shape-
Directing Agent

Chiara Crivello ® Thomas Jalaber °, Matthieu Weber ?, Hervé Roussel ?, Laetitia Rapenne 2,

Hugo Madar ¢, Fabrice Donatini ¢, Vincent Consonni 2, Gustavo Ardila ®, David Mufioz-Rojas
ax

& Université Grenoble Alpes, CNRS, Grenoble INP, LMGP, Grenoble, France

P Université Grenoble Alpes, CNRS, Grenoble INP, IMEP-LaHC, F-38000 Grenoble, France
¢ Institute of Physic, University of Tartu,EE-50411 Tartu, Estonia

¢ Université Grenoble Alpes, CNRS, Grenoble INP, Institut NEEL, F-38000 Grenoble, France
*Corresponding author. E-mail: david.munoz-rojas@grenoble-inp.fr

Highlights

® Use of a volatile shape directing agent to enhance the texture, growth rate, and

piezoelectric coefficient of ZnO films deposited by spatial ALD

® The polarity of the ZnO films can be homogenized and switched with increasing

concentration of volatile shape directing agent

® Original approach compatible with different substrates and conditions and high-
throughput deposition
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Abstract

Many functional devices are nowadays based on thin films deposited by physical or chemical
vapour deposition methods. Being able to control the texture of the films is very important to
tune their functional properties. Texture is commonly tuned by either using single crystalline
substrates or seed layers, or by modifying the deposition parameters (gas flows, precursor
concentration, temperature, etc.). In this study a volatile shape-directing agent (VSDA),
namely 4-(5)-Methylimidazole (4-(5)-MelM), is used during the deposition of ZnO thin films
by Atmospheric-Pressure Spatial Atomic Layer Deposition (AP-SALD) to control the texture
and growth rate of the films. In particular, ZnO thin films can be grown preferentially along
(002), resulting in an enhanced piezoelectric coefficient. In addition, the polarity of the ZnO
films also depends on the amount of VSDA used. An innovative industry-compatible
approach to control texture and polarity of ZnO thin films is presented, having a clear

potential for other functional materials and applications.

Keywords Piezoelectric ZnO films, textured thin films, atmospheric-pressure spatial atomic

layer deposition, volatile shape-directing agent
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Introduction

Thin films are a ubiquitous component of functional devices such as sensors, solar cells, light-
emitting diodes, functional coatings (antibacterial, self-cleaning...), etc. For some
applications, the ability to control the texture of such thin films is of paramount importance to
maximize their function properties (e.g. to optimize charge extraction in solar cells or to
maximize catalytic efficiency). In most cases, functional thin films are deposited by physical
or chemical vapour approaches, such as sputtering, chemical vapour deposition (CVD) or
atomic layer deposition (ALD). However, controlling the texture of the deposited films by
these approaches is not straightforward. Common approaches to tune film texture have been
to use single-crystalline substrates, to introduce seed or buffer layers or to modify the
deposition parameters. While these approaches are convenient to perform fundamental
studies, they have limited industrial application since they either involve several fabrication
steps or may require conditions not compatible with the manufactured device. It is therefore
desirable to develop alternative methods allowing to control the texture of functional thin
films and that are more compatible with mass production.

A material for which a control of the texture when growing it as a thin film is key to the
resulting device properties is ZnO. ZnO has been largely studied since it can be easily
deposited by many (low-cost) approaches, it has many applications (such as gas sensors, solar
cells, thin-film transistors, and light-emitting diodes, [1-4]) and Zn is relatively abundant. In
particular, ZnO crystallizes into the highly anisotropic wurtzite structure, making it
piezoelectric. It is a biocompatible and non-critical material raising an increasing interest to
replace already existing piezoelectric components made of toxic materials such as PZT. ZnO
is also easy to integrate in a large variety of nanocomposites and substrates for
electromechanical energy transduction applications such as energy harvesting [5] and sensing
[6] or piezotronics applications where the electric transport in a transistor-like structure is
controlled by the strain induced polarization [7]. Finally, it is also an intrinsic semiconductor.
Thus, the competition between piezoelectricity, free charge carriers and surface traps permits
the optimization of its piezoelectric properties, particularly in nanostructures [8].

The wurtzite structure is the most stable form of ZnO in normal ambient conditions, where
Zn** and O% ions are distributed according to two interpenetrated hexagonal structures
translated with respect to each other by the internal cell parameter u.[9] Generally, the Zn*
cation is coordinated by four O anions and vice versa, with tetrahedral coordination. This

non-centrosymmetric structure, including the partially ionic bond of Zn?* and O ions, brings
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to the formation of spontaneous piezoelectric polarization fields on the c-axis.[10,11] The
formation of ZnO with irregular random crystal orientation causes a decrease of the
piezoelectric output voltage, given that non-polar domains show no piezoelectric potential. In
contrast, the semi-polar domains have a reduced piezoelectric potential [12].

In addition to piezoelectricity, the anisotropic nature of the wurzite makes ZnO polar. By
convention, the [002] direction (i.e. +c-axis) is defined as the Zn polarity, while the opposite
[00-2] direction (i.e. —c-axis) is defined as the O polarity [13]. It has been shown in the past
two decades that polarity affects a large number of processes and properties in ZnO, including
nucleation and growth mechanisms, defect incorporation and doping, electrical contacts or
devices [14]. A striking example is given by the generation of a piezoelectric potential with an
opposite sign in ZnO under mechanical solicitations and mixing O and Zn polarity domains,
which can cancel out the output voltage in these piezoelectric devices [12]. The crystal
polarity further plays a vital role during the nucleation and growth of ZnO, which can also
affect its electrical and structural properties and its piezoelectric properties [4]. Accordingly,
the growth of ZnO thin layers with a tunable and uniform polarity is of great significance for
thin film-based devices, but also for nanowire-based devices where a polarity transfer occurs
from the ZnO seed layer [15]. However, polarity is usually obtaining by depositing the ZnO
thin films on buffer layers or ZnO single crystals. Tipically, the use of ZnO single crystals
with either O or Zn polarity [16] or of buffer layers such as MgO [17], CrN [18], or Cr,O3
[19] has been reported to select the polarity of ZnO thin films. But the insertion of buffer
layers in the stack can be detrimental for some physical properties. Alternatively, it would be
highly desirable to find a way to tune or select the polarity of ZnO thin films during the
growth process in order to preserve the stack.

ZnO thin films can be obtained by a large number of deposition methods, including solution
ones, such as electrodeposition or the sol-gel approach, [20,21] or vapour deposition
techniques, [22] such as sputtering, Molecular Beam Epitaxy (MBE) [19], Chemical Vapour
Deposition (CVD) [23], or Atomic Layer Deposition (ALD) [24]. Of particular interest for
industrial production and mass implementation, ZnO can easily be deposited by AP-SALD, a
high-throughput deposition approach that is compatible with other in-line processes such as
roll-to-roll [25,26]. SALD is a variant of ALD in which the precursors are injected
continuously in separate regions of the reactor separated by an inert gas, thus eliminating the
need for the purging step typical of ALD. As a result, SALD can be up to two orders of
magnitude faster than ALD, even when processing at atmospheric pressure, reducing the cost

of scaling up while keeping the good film properties [25,27,28]. Concerning the control of the
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morphology of ZnO nanoparticles or the texture of ZnO thin films, this has been currently
done in solution by using capping agents, i.e. small molecules that show different binding
affinities different ZnO crystal facets [29-32]. Conversely, and as stated above, the control of
texture of ZnO thin films deposited by vapour deposition approaches relies mostly on varying
the deposition parameters or by modifying the substrate surface.

Inspired by the use of capping agents in solution approaches, we introduce here the use of a
VSDA, namely 4-(5)-MelM, and show that it can be used to tune the texture of ZnO thin
films deposited by AP-SALD. The texture and piezoelectric properties of the films are a
function of the amount of VSDA used. ZnO films oriented along (002) were obtained on glass
and silicon, showing a maximum piezoelectric coefficient of 3.07 pm/V. In addition, we show
that the presence of a VSDA also affects the polarity of the ZnO thin films deposited, which
can be switched from mixture to Zn-polar to O-polar for increasing concentration of the
VSDA. The switching of polarity is associated to an incorporation of N in the growing film as
dopant. The present approach is expected to be valid for other materials and VSDASs and thus
paves the way to new synthetic routes to control the properties of thin films deposited by

vapour deposition methods.

Experimental and Methods

The films were deposited using a home-made SALD system previously reported [33]. The
system is based on a close-proximity injection head where the different flows carrying the
metal precursor, co-reactant and inert gas are separated along parallel channels. The different
precursors are place in bubblers that can be thermalized to increase the vapour pressure of the
precursors. Then, by placing the substrate close enough to the deposition manifold, the
separation between the precursors is achieved, having the gas-solid reactions on the substrate

typical of ALD deposition.
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VSDA

Fig. 1 a Schematic representation of the injection manifold with in blue the inert gas, in green
is represented one precursor and in red the co-reactant. b Schematic representation of the AP-
SALD close-proximity approach used for this work. The metallic precursor and the flow
carrying it are represented in green. Red is used for water and purple is used for 4-(5)-
Methylimidazole (VSDA). Blue is used for N,

For the deposition of the ZnO films, Dyethilzinc (DEZ) from Strem Chemicals and deionized
water were used. 4-(5)-Methylimidazole (4-(5)-MelM) from Sigma Aldrich was used as
VSDA. The bubbling and dilution flows for the three reactants was, respectively, 15/280,
50/225 and 100/100 sccm. Reference ZnO films were deposited using the following bubbling
and dilution flows for DEZ and water: 30/270 and 150/300 sccm [34]. The nitrogen barrier
flow was 500 sccm. The water and VSDA flows were mixed before reaching the head, and
were injected at the same time through the same channels, as shown in Figure 1. The
deposition temperature was in all cases 200 °C, and a distance between the injection manifold
and the substrate of 150 um was used. The number of ALD cycles was 600 for all samples.
The substrate was scanned under the head at 180 mm/s. The bubbler containing the VSDA
was heated at different temperatures (60, 70 and 80, the line being 5 °C hotter in all cases) to
vary the concentration of VSDA in the flow. The samples were grown on silicon and glass
substrates.

The surface morphology of the films was characterized by Scanning Electron Microscopy
(SEM-FEG) with a Quanta 200 and a GeminiSEM 300 . Transmission Electron Microscopy
(TEM) was performed with a JEOL JEM 2010 microscope operating at 200 kV, model INCA
Energy TEM 100 X-Max 65 T, and LaBg as electron source. X-ray diffraction patterns were
measured in a Bruker D8 Advance diffractometer in Bragg-Brentano (6—26) configuration,
with Cu Kal radiation (A=0.15406 nm). X-ray reflectometry analysis (XRR) was performed
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on a SmartLab™

(Rigaku) diffractometer using Cu Ka radiation (A=0.154178 nm) from
rotating anode X-ray tube working at 8.1 kW power. The program AXES was used for XRR
pattern fitting and refinement. X-ray photoelectron spectroscopy (XPS) spectra were obtained
with a ThermoScientific K-Alpha spectrometer using a monochromatized Al Ko radiation
source (1486.6 eV), in ultra-high vacuum (10 mbar) at room temperature. The X-Ray beam
area (spot size) was adjusted to 400 pum in diameter. The peak analysis has been performed
using the Avantage software. The samples were analysed without any etching step. The
piezoelectric properties were examined using a Bruker Dimension Icon atomic force
microscope (AFM) using the Contact Piezoresponse Force Miscroscopy (PFM) mode. An AC
voltage modulation of 5 V was applied between the tip and the sample at a frequency in the
range of 10-15 kHz chosen in order to avoid parasitic piezoelectric amplitude magnification.
To reduce the electrostatic effect, which can affect the piezoelectric responses, a conductive
tip (PtSi-NCH, Nanosensors) with a high spring constant (close to 43 N m™) was used for the
PFM measurements. The 5 K cathodoluminescence spectroscopy was achieved with a FEI
Inspect F50 FESEM instrument equipped with a liquid helium-cooled stage. The
cathodoluminescence signal was collected on a 550 nm focal length monochromator equipped
with a 600 grooves per mm diffraction grating with the help of a parabolic mirror.
Cathodoluminscence spectra were acquired with a thermoelectric cooled silicon CCD

detector.

Results and Discussion

Figure 2 shows the SEM top-views and cross-sections of ZnO films deposited without VSDA
and with the 4-(5)-MelM heated at 60 °C, at 70 °C and 80 °C. The reference films present the
typical morphology expected for ZnO (elongated grains). The approximate thickness of the
films obtained after 600 ALD cycles was 96.2 nm, which corresponds to a GPC of 0.16
nm/cycle, in agreement with previous reports [35]. Conversely, the ZnO thin films obtained
when using the VSDA present a different morphology, with grains that are rounder. Cross-
section images show that, although the growth tends to be columnar in all cases, the thickness
of the films increases with increasing amount of VSDA, thus implying that the addition of the
4-(5)-MelM have an important impact on the process. XRR data also confirmed the impact of
the addition of VSDA on the growth rate (see Figure S1).
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Zn0O - Thubbler 60 °C ubblr 7 °C - Tbubbler 80°C

177.5 nm 205.4 nm

Fig. 2 SEM images, from left to right of the ZnO by AP-SALD, and ZnO deposited by AP-
SMLD with a Tyunpier 0f 60 °C, 70 °C, and 80 °C, respectively. The first row is the top-view of
the deposited samples, the second row is the cross-section of the same samples deposited on

the silicon wafer. Measured approximate thickness values are indicated

XRD was used to evaluate the impact of the VSDA on the crystallinity of the films. The
results, presented in Figure 3, show that the crystallinity is not very much affected by the
presence or amount of VSDA. Conversely, a clear change in the texture of the films was
observed when adding the VSDA. Reference ZnO films present four reflections: (100), 002,
101, and 110, the most intense one being the 002. By adding the organic compound, the film
shows a preferential growth along the [002] direction, and the families of planes (100), (102),
and (110) are slightly observed for the films deposited with the lowest amount of VSDA
(precursor heated at 60 °C), while for the films deposited with higher amounts of VSDA these
are not observed anymore. XRD results thus show that the addition of a VSDA affects both

the growth rate and texture of the films.
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Fig. 3 XRD patterns of ZnO thin films deposited without VSDA (black), with the VSDA
heated at 60 °C (orange), at 70 °C (red), and 80 °C (bordeaux). The reflections marked with
asterisk were identified belonging to ZnO phase (ICDD database card PDF-2 00-036-1451)

TEM analyses are presented in Figure 4 and confirm the results obtained by XRD. High-
resolution TEM images show different families of planes and the columnar growth of the
films. Selected-area electron diffraction (SAED) patters shows the diffraction spots from the
Si substrate and dim diffraction rings along with more intense arcs that come from the ZnO
films. The preferential orientation of the films along the [002] direction is reflected by the
alignment of the more intense diffraction arcs with the Si substrate diffraction spot. An
increasing degree of texture is observed with increasing amount of VSDA, as reflected by the
decrease of the diffraction arc around the Si diffraction spot.
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Fig. 4 TEM images of the samples deposited on the silicon wafer with the organic compound
at different temperatures. From left to right (Tpubier 60, 70, and 80 °C) with their relative
electron diffraction patterns, which are taken on a large section of the samples, and are

reported considering the Si diffraction pattern

From the above results, it can be concluded that the 4-(5)-MelM molecules are interacting
with the DEZ precursor in some manner during the deposition, which results in a preferential
orientation of the films and an increased growth rate. Indeed, recent results have shown that
organic molecules containing amine groups can form adducts with Zn metalorganic
precursors [29], due to the affinity of N for Zn atoms [36]. This is confirmed by a study from
Gandhi R. R. et al. [20], which proved that it is possible to control size and morphology of
ZnO nanostructures using three different imidazole-based compounds in ionic assisted
synthesis. Similarly, other studies have shown that imidazole-based molecules can be used as
capping agents [37,38]. While these studies are performed in solution, we believe that similar
interaction is to be expected in the gas phase. Indeed, this is confirmed by recent studies by R.
Ameloot and co-workers involving the conversion of ZnO to MOF (metal-organic
frameworks) by exposure if the former to vapours of imidazole based ligands. Indeed, the rate
at which transformation occurs is highly dependent on the initial ZnO crystallinity and
texture, which implies different binding affinities of the imidazole ligand to the different ZnO

facets [39]. It is thus expected that during the deposition the imidazole molecules interact with
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the Zn atoms in DEZ and with the ZnO particles being formed, which results in the enhanced
deposition rate and texture evolution.

The texture obtained in crystalline thin films depends on different factors (temperature, metal
source, solvent, etc.) [40-42]. In particular, conditions that provide different growth rates
result in different textures [43], although the exact mechanism governing the obtained texture
are not yet completely understood [30,41]. Zhang C. in 2010 proved that the nucleation
process highly conditions the growth behaviour of the functional film material, in this
particular case, by using a seed layer to grow the ZnO films [44]. On the other hand, the use
of capping agents to control the morphology of nanostructures results in a thin layer of the
capping agent attached to the surface of the nanostructures (in a core-shell fashion). Thus, if
the texture evolution in the ZnO films presented here is the result of a capping effect by the
imidazole molecules, one would expect to have imidazole molecules within the film. XPS was
performed on the reference film and the textured films obtained with different amounts of
VSDA to probe the presence of imidazole in the films. The results are presented in Figure S2
and show that no N is present in the reference film, as expected. Conversely, a weak, yet
clear, N peak can be observed for the three samples deposited using the VSDA, depicting the
presence of this element as traces (<1% atomic content; The stoechiometry of ZnO was not
affected by the introduction of VSDA, as the Zn/O atomic ratio has been found to be 1 before
and after the introduction of VSDA). The presence of N seems to indicate that the imidazole
molecules bind to the growing ZnO and direct the texture, although more in-depth studies are
necessary to elucidate the mechanisms taking place here.

As discussed above, a preferential orientation of ZnO films along the [002] direction is
expected to enhance their piezoelectric response. To assess the impact on the piezoelectric
properties of the films resulting from the texturing produced by the VSDA, PFM
measurements were performed on our samples. Information on the direction of polarization is
provided by the PFM phase [45]. As in the work by Bui Q. C. et al. [46], the origin of phases
(+90°) is set so that Zn-polarity domains correspond to a positive phase (around 70°) whereas
O-polarity domains correspond to a negative phase (around -80°). Figure 5 shows the PFM
phase maps for the reference ZnO sample and the three samples obtained with VSDA heated
at different temperature. The reference sample deposited without using the VSDA presents a
large distribution of phases whereas the ones deposited with the VSDA have sharper
distributions. In particular, the sample deposited with the highest amount of VSDA (bubbler
heated at 80 °c) exhibit a narrow peak around -80°, corresponding to O polarity. In contrast,
for lower concentrations of VSDA (bubbler heated at 60 °c and 70 °C), the phase distribution
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is broader and peaked around 30°, corresponding to a Zn polarity which is not perfectly
vertically aligned. These results thus show that, quite remarkably, the addition of the VSDA
agent during the deposition of ZnO results in both film texturing along [002] and the growth
with a fixed polarity, which furthermore varies depending on the amount of VSDA used.
Being able to control the texture and polarity of the ZnO films without the need of a buffer
layer is very appealing for different applications, such as for energy harvesting applications
[47,48].

The amplitude of the PFM signal is directly related to the piezoelectric coefficient of the
material. We defined the effective piezoelectric coefficient d<{/ as the average PFM amplitude
(See Figure S3 in the Supplementary Information) divided by the 5 V applied voltage
modulation. A 42/ coefficient of 1.97 pm/v was extracted for the SALD sample, whereas a2/
coefficients of 2.14 pm/V, 2.10 pm/V and 3.07 pm/V were extracted for the samples
deposited with the VSDA heated at 60°C, 70°C and 80°C, respectively. Thus, the a2/
coefficient measured on samples with Zn polarity (positive phases; VSDA heated at 60 and
70 °C) is smaller than the one measured on the sample with oxygen polarity (negative phases;
VSDA heated at 80 °C). By contrast, in the work of Bui Q. C. et al. [46], a larger piezoelectric
response amplitude was measured on ZnO thin films with Zn polarity as compared to ZnO
thin films with O polarity. This can be explained by the better vertical alignment of the polar
domains on the latter sample as demonstrated by the PFM phase values. Overall, the addition
of the VSDA to the reaction and the resulting enhanced texture along [002] results in samples

presenting higher piezoelectric responses compared to the reference ZnO sample.
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Fig. 5 PFM acquisition of the samples to study the phase of the ZnO. a PFM acquisition of
the sample ZnO AP-SALD with its relative phase distribution (i). b Acquisition of the sample
of ZnO deposited with VSDA heated at 60 °C and it phase distribution. ¢ Acquisition of the
sample deposited with the VSDA heated at 70 °C and its phase distribution. d Acquisition of
the sample deposited with the VSDA heated at 80 °C and its phase distribution

Considering that the VSDA is able to tune the texture and polarity of ZnO thin films,
cathodoluminescence measurements were performed to investigate the crystalline quality, the
nature and amount of defects incorporated as well as their dependence on the polarity. The 5
K cathodoluminescence spectra of ZnO thin films grown in AP-SALD standard conditions
and using the 4-(5)-MelM organic compound are presented in Figure 6. The near-band edge
(NBE) emission of the standard ZnO thin film is dominated by the Y lines, namely the Y, and
Y1 lines pointing at 3.333 and 3.336 eV, respectively, which correspond to radiative
transitions of excitons bound to structural defects [49]. These defects have been found to be
located near the surfaces or at the vicinity of grain boundaries in ZnO thin films [50,51]. A
shoulder at a higher energy shows the presence of radiative transitions involving free A-
excitons (FXa) and neutral donor bound A-excitons (DXa). The radiative FXa transitions are
located in the same range of energy for all the ZnO thin films, showing that their optical band
gap energy does significantly vary. Following the | nomenclature used to label the excitonic
lines [52], the Hgc, ls,(Al) and 14 (Ho) lines are expected to occur at 3.360, 3.3608, and 3.3628
eV, respectively [53]. This originates from residual contamination from the system as well as
of hydrogen from the chemical precursors used by AP-SALD [54]. Correlatively, a weak
shoulder at a lower energy involves the corresponding two electron satellites (TES) lines
associated with the Hgc, lg,(Al) and 14 (Ho) lines in the range of 3.32-3.33 eV. Notably, the
visible band emission centred at around 2.1 eV exhibits a much lower intensity and is very
broad. Interestingly, the use of the 4-(5)-MelM organic compound heated at 60 and 70 °C
during the AP-SALD process causes a significant variation of the 5 K cathodoluminescence
spectra of Zn-polar ZnO thin films. The intensity of the NBE emission is strongly reduced,
while the visible band emission remains unaffected in terms of both shape and intensity. More
importantly, although the Y lines as well as the FXa, DXa and TES lines still occur, the NBE
emission is dominated by a broad band centred at around 3.29 eV, which can be assigned to
donor-acceptor pair (DAP) and free-electron-to-acceptor (FA) transitions involving nitrogen
acting as an acceptor in ZnO [55,56]. The bulk incorporation of nitrogen prevails in Zn-polar
ZnO thin films, which is in agreement with [57]. Eventually, the use of the 4-(5)-MelM
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organic compound heated at 80 °C during the AP-SALD process causes an even stronger
variation of the 5 K cathodoluminescence spectrum of the O-polar ZnO thin film. The
intensity of the NBE emission is drastically increased, while the visible band emission
remains again unaffected in terms of both shape and intensity. This indicates a much better
crystallinity of O-polar ZnO thin film. The NBE emission is again dominated by the Y lines,
while the FXa, DXa, and TES lines occur. The shoulder at a lower energy still indicates the
occurrence of DAP and FA transitions involving nitrogen but with a much lower intensity. It
is thus expected here that a less pronounced incorporation of nitrogen occurs in O-polar ZnO
thin film than in Zn-polar ZnO thin films, which is in agreement with [57].
Cathodoluminescence spectra thus confirm the incorporation of N in the films and agree with
the evolution of the polarity of the films with respect to the amount of VSDA used.
Interestingly, the higher crystalline quality of O-polar ZnO thin films along with a better
alignment along the c-axis certainly prevails to increae the piezoelectric response amplitude
measured by PFM, despite the small incorporation of nitrogen. However, the implication of N
related defect complexes might play a significant role as well. Nitrogen is known to substitute
for O atoms (No) in ZnO, but also to favour the formation of defect complexes including No-
H [58] and Vz,-No-H with a low formation energy and acting as a deep acceptor [59]. In the
present case, the effect of the improvement of the structural properties dominates the effect of
the differential incorporation of nitrogen to generally increase the piezoelectric response

amplitude in O-polar ZnO thin films.
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Fig. 6 5K cathodoluminescence spectra of ZnO deposited in AP-SALD standard conditions
(black) and with the organic compound 4-(5)-MelM heated at 60 °C (orange), at 70 °C (red),
and 80 °C (burgundy). To plot the patterns a logarithmic scale was used
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Conclusions

While the use of capping agents have been extensively achieved in solution/based synthetic
approached to control the size and morphology of nanostructures and the texture of deposited
films, the control of texture in gas-based deposition approaches has mostly relied on a
variation of the deposition parameters and/or the use of single crystalline substrates or
buffer/seed layers. In this work, we demonstrate that VSDA can be used to control the texture
of films deposited by gas-based deposition methods. In particular, the texture of ZnO films
deposited by AP-SALD has been modified by adding a volatile imidazole based molecule,
namely 4-(5)-MelM. ZnO thin films deposited in the presence of the VSDA show an
enhanced texture along [002] direction. We also show that the addition of the VSDA to the
reaction has a strong impact on the deposition rate and, most remarkably, the polarity of the
ZnO films obtained. Thus, increasing the amounts of VSDA results in faster deposition rates
and a polarity evolution from random to Zn-polar (VSDA heated at 60 and 70° C) to O-polar
(VSDA at 80 °C). The interaction between the VSDA and the forming ZnO particles leads to
an incorporation of N in the films, as evidenced by XPS and 5 K cathodoluminescence
easurements. The enhanced texture results in an increase of the piezoelectric coefficient a2/
from 1.97 to 3.07 pm/V. Our findings report a new way to tune the texture and polarity of
films deposited by CVD and other gas-based deposition approaches, which will provide an

extra degree of freedom for the design of functional materials and devices.
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