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ABSTRACT: NiO-based thin films and nanomaterials are
promising candidates for a variety of end-uses, encompassing
photo- and electrocatalysts, solar cells, displays, and sensors. This
widespread attention has strongly fueled the interest in the
fabrication of tailored systems featuring modular chemico-physical
properties as a function of the required application. In this study, a
single-step chemical vapor deposition (CVD) route for the
preparation of pure and fluorine-doped NiO films is presented.
Growth experiments were performed under water vapor-containing
oxygen atmospheres from a series of Ni(Il) f-diketonate—diamine
molecular precursors featuring a different fluorination degree of the
ligand side chain. A comprehensive experimental and theoretical
investigation yielded valuable insights into the growth mechanism, with particular regard to the dependence of the system electronic
properties on fluorine doping and content, and to the role exerted by water vapor in the reaction atmosphere. In fact, the interactions
of water with the diketonate ligands contribute to weaken Ni—O bonds, favoring precursor activation. The obtainment of F-doped
NiO systems from fluorinated derivatives and the simplicity of our process make the adopted strategy a valuable tool to control the
system characteristics for a variety of eventual functional applications.

m Metrics & More ’ Q Supporting Information

1. INTRODUCTION

The significant interest devoted to thin films and nanosystems
based on NiO, a prototype p-type transparent semiconductor
featuring a good chemical stability and a wide band gap (Eg =

equilibrium conditions by a suitable choice of experimental
parameters and of the starting precursors.32_36

Recently, we have reported on the preparation and chemico-
physical characterization of three $-diketonate—diamine Ni(IIl)

32-4.0 eV),'™ can be traced back to their numerous
important technological applications. The latter include
resistive random access memories,””® sensors,”” hole extrac-
tion layers for solar cells,””'”"" displays, light-emitting
diodes,'” heterogeneous (photo)catalysts,'">'* and electro-
catalysts for the oxygen evolution reaction,'>™'® the bottleneck
of H,O splitting to yield clean hydrogen fuel. Overall, these
applications directly benefit from high-quality film interfaces
with the underlying substrate and from the obtainment of
tailored NiO nanostructure, morphology, and chemical
composition.15 Because the latter and, hence, functional
performances are strongly dependent on the adopted
preparation strategy, supported NiO thin films/nanostructures
have been fabricated by various physical and chemical routes,
including sputtering,””"*~** molecular beam epitaxy,”* elec-
tron beam evaporation,4 spray pylrolysis,25 spin coating,z’s’11
hydrothermal synthesis,'* atomic layer epitaxy,”®*’ atomic
layer deposition,””***° and chemical vapor deposition
(CVD).' 1103031 1 particular, the latter presents various
concurrent advantages to control material features under non-
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adducts, ie, Ni(tfa),TMEDA, Ni(fod),TMEDA, and Ni-
(thd),TMEDA (Htfa = 1,1,1-trifluoro-2,4-pentanedione,
Hfod = 2,2-dimethyl-6,6,7,7,8,8,8-heptafluoro-3,5-octanedione,
Hthd = 2,2,6,6-tetramethyl-3,5-heptanedione, TMEDA =
N,N,N’,N’-tetramethylethylenediamine, Figure 1), featuring
promising properties as molecular precursors for the vapor
phase deposition of NiO thin films.”” Preliminary CVD
validation experiments under conventional dry O, atmospheres
yielded very thin deposits, indicating a limited decomposition
efficiency of the used precursors. This behavior was particularly
evident for fluorinated compounds, i.e., Ni(tfa), TMEDA and
Ni(fod),TMEDA, in spite of their better transport properties if
compared to fluorine-free Ni(thd),TMEDA. These results
prompted us to further investigate proper variations in the
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(a) Ni(tfa), TMEDA

(b) Ni(fod), TMEDA

(¢) Ni(thd), TMEDA

Figure 1. Sketch of the structures for Ni(tfa), TMEDA (a), Ni(fod),TMEDA (b), and Ni(thd),TMEDA (c). Color codes: Ni, green; F, yellow; O,

red; N, blue; C, gray; H, white.

growth conditions in order to optimize precursor conversion
into the desired films, with particular regard to precursor—film
property interrelations.

Previous works from our research group on the CVD of
Fe,0,°*** and C0;0,*"** nanosystems have highlighted the
effect exerted by the introduction of water vapor in the
reaction atmosphere on both the thickness and the
morphology of the obtained materials. On this basis, the
present study focuses on the water vapor assisted-CVD of NiO
films from the target precursors and on their subsequent
chemico-physical characterization by a comprehensive set of
advanced analytical techniques. The results provide evidence
for the possibility of utilizing Ni(tfa), TMEDA and Ni-
(fod),TMEDA as single-source precursors for both Ni and
F. To our knowledge, only a few examples of F-doped Ni oxide
and hydroxide are available in the literature,'”*”*" among
which only one study on thin films,”” and similar systems have
never been obtained by CVD. The obtainment of F-doped
NiO can indeed be a useful tool for a possible tailoring of
material reactivity and optical/electrical characteristics in view
of eventual optoelectronic, photocatalytic, and gas sensing end-
uses 3214

A further important advancement of the present study is
provided by theoretical calculations, specifically aimed at
elucidating the influence of water vapor on the precursor
decomposition mechanism. These insights, which, to the best
of our knowledge, have never been reported in the literature
for similar systems, set the basis for a molecular understanding
of oxide nanomaterial growth processes, which is of key
relevance from both a fundamental and an applied point of
view.

2. EXPERIMENTAL METHODS

2.1. Material Synthesis. NiO films were prepared by using
a CVD custom-built horizontal cold wall reactor endowed with
a quartz chamber and a resistively heated metal susceptor.
Depositions were performed on pre-cleaned®® 1 x 1 cm?
Si(100) substrates (MEMC Electronic Materials S.p.A,
Merano (BZ), Italy). In each run the used Ni precursor,
synthesized as previously reported,”” was heated in an external
glass vessel at a suitable vaporization temperature [75, 80, and
120 °C for Ni(tfa),TMEDA, Ni(fod),TMEDA, and Ni-
(thd),TMEDA, respectively], and its vapors were transported

into the reaction chamber by electronic grade O,. An auxiliary
O, flow was separately introduced into the reactor after passing
through a water reservoir maintained at 35 °C. Flow rates [100
standard cubic centimeters per minute (sccm) for both the
transport and auxiliary flow] were metered by MKS mass-flow
controllers. All growth processes were performed at a total
pressure of 10.0 mbar and at a substrate temperature of 400
°C.

2.2. Material Characterization. X-ray diffraction (XRD)
measurements were performed by using a Bruker AXS D8
Advance Plus diffractometer equipped with a Go6bel mirror,
employing a Cu Ka X-ray source (40 kV, 40 mA). Crystallite
sizes (D), dislocation density (), and microstrain (&) values
were calculated as reported in the Supporting Information
(Section S2.1).

X-ray photoelectron spectroscopy (XPS), ultraviolet photo-
electron spectroscopy (UPS), and reflection electron energy
loss spectroscopy (REELS) analyses were performed by a
ThermoFisher Scientific ESCALB QXi spectrometer. XPS
measurements were performed by using a monochromatic Al
Ka X-ray source (hv = 1486.6 eV). Binding energies (BEs)
were corrected for charging phenomena by attributing a value
of 284.8 eV to the adventitious C 1s peak component (I in
Figure S1). UPS analysis was performed by employing a He(I)
(hv = 21.22 eV) ultraviolet (UV) photon source generated by
a helium plasma lamp. Work function measurements were
taken with the sample biased at —3.0 V to further enhance the
collection of the lowest kinetic energy electrons.”>*® REELS
analysis for band gap (E;) measurements was performed with
a primary electron beam energy of 1.0 keV. The measured
energy band gap values were reproducible in repeated
experiments (uncertainty = +0.05 eV).

Secondary ion mass spectrometry (SIMS) measurements
were performed by an IMS 4f instrument (Cameca), using a
Cs* primary ion beam (14.5 keV, 30 nA; stability: 0.2%) and
by negative secondary ion detection. Charge compensation was
carried out by means of an electron gun. Analyses were
conducted by rastering over a 150 X 150 um’ area, and
collecting secondary ions from a sub-region close to 7 X 7 ym?
to avoid crater effects. The erosion time was converted to
depth using thickness values measured by field emission-
scanning electron microscopy (FE-SEM).

https://doi.org/10.1021/acs.jpcc.3c05067
J. Phys. Chem. C XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c05067/suppl_file/jp3c05067_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c05067/suppl_file/jp3c05067_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05067?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05067?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05067?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05067?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c05067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Atomic force microscopy (AFM) characterization was
performed in air with an NT-MDT SPM Solver P47H-PRO
instrument operated in tapping mode.

FE-SEM analyses were performed by means of a Zeiss
SUPRA 40 VP apparatus, operating at primary electron beam
voltages comprised between 10 and 20 kV. The mean
nanoaggregate dimensions and deposit thickness values were
estimated using the Image] software,”” through a statistical
image analysis.

2.3. Theoretical Calculations. The hydrated target
compounds Ni(tfa),TMEDA, Ni(fod),TMEDA, and Ni-
(thd),TMEDA were theoretically studied within the density
functional theory (DFT) framework, adopting the wb97XD
functional,”® used without modifications as coded in the
Gaussian09 suite of programs.”” The Stuttgart—Dresden ECP
pseudopotential and basis set were employed for Ni,*” which
accounts for 18 valence electrons. For all the other atoms the
D95V(d) basis set was adopted.”’ This level of theory was
already used to predict properties of other p-diketonate—
TMEDA compounds,®”**** including the molecular structure
of Ni(tfa),TMEDA, Ni(fod),TMEDA, and Ni(thd),TMEDA
in the absence of water molecules.”” Binding energies per water
molecule (W) for the formation of hydrated precursors were
calculated adopting the formula

Wag
__ E(Ni(L),TMEDA-n(H,0)) — E(Ni(L),TMEDA) — n-E(H,0)

(1)

with L = tfa, fod, and thd and n = number of water molecules.
The zero-point-energy (ZPE) correction was taken into
account in calculating water binding energies.

All calculations were performed with the Gaussian 09
code.”’

Additional details on material synthesis and characterization
and theoretical calculations are reported in the Supporting
Information.

n

3. RESULTS AND DISCUSSION

The use of wet oxygen atmospheres produced films featuring
mirror-like surfaces, with a homogeneous appearance over the
whole area (Figure 2, left panel) and well adherent to the
substrates, as indicated by the scotch tape test.
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Figure 2. Left panel: digital photographs of films grown on Si(100)
from Ni(tfa),TMEDA (i), Ni(fod),TMEDA (ii), and Ni-
(thd),TMEDA (iii). Right panel: corresponding XRD patterns.

XRD analyses were performed in order to investigate the
system structure. All the recorded patterns (Figure 2, right
panel) displayed two diffraction peaks located at 20 = 37.2°
and 43.3°, related to the (111) and (200) reflections of cubic
nickel(Il) oxide (Fm-3m (225) space group; lattice parameter
ay = 4177 A).>® As can be noted, the observed reflections
obeyed selection rules with (hkl) Miller indexes being either all
odd or all even, consistent with the face-centered cubic (fcc)
NiO lattice.>> The I(200)/I(111) intensity ratio for the deposit
obtained from Ni(thd),TMEDA (Table 1) was appreciably
higher than the one of the polycrystalline powder reference.
This result suggested the occurrence of a net (100) preferential
orientation, as previously re;)orted for NiO films obtained via
CVD,'**"** layer epitaxy,”’ and sputtering.’***>*° Such a
phenomenon was traced back to the fact that in the NiO
crystal structure (100) planes are the most densely packed
planes among the ones composed of both Ni** and 07, so
that the development of a (100) orientation reduces the
surface free energy during the growth of NiO films.>"**" In a
different way, for Ni(tfa),TMEDA- and Ni(fod), TMEDA-
derived samples, I(00)/I(111) ratio values were closer and almost
equal, respectively, to the one expected for the powder
reference (see Table 1 and caption).

The estimated crystallite dimensions (D) were between 10
and 18 nm, indicating the formation of nanostructured
systems. In particular, D values were found to progressively
decrease upon going from the Ni(thd),TMEDA-derived
sample to the ones obtained from Ni(fod),TMEDA and
Ni(tfa),TMEDA (Table 1). As can be observed in Figure 2,
right panel, this variation was accompanied by an appreciable
decrease of the overall diffracted intensity and of the I(;q0)/
I(11y) intensity ratio (Table 1).

Basing on compositional results (see SIMS data below), the
samples obtained from Ni(tfa),TMEDA and Ni(fod),TMEDA
are characterized by fluorine presence. This evidence, in
conjunction with the above structural features, suggests that
under the adopted preparative conditions F introduction in the
NiO network yielded a crystallinity deterioration. Such a result,
in line with the ones for F-doped NiO films produced by spray
deposition, was accompanied by a progressive loss of the
(100) preferred orientation upon increasing the fluorination
degree (see also SIMS results), ie, upon passing from the
Ni(tfa),TMEDA- to the Ni(fod),TMEDA-derived specimens.

The decrease of crystallite sizes D for the two latter F-
containing samples in comparison to the Ni(thd),TMEDA-
derived sample, along with the above variations, can be
explained considering that F, rather than substituting for O, is
incorporated at grain boundaries, and hence the number of
nucleation centers is reduced. These conclusions are also in
line with the absence of any appreciable diffraction peak shift,
in accordance with the findings reported by Kerli and Alver.”
The incorporation of F at the grain boundaries is also likely to
result in a variation of the relative (200)/(111) surface
energies, thus accounting for the observed switch from (100)
to (111) growth.

The dislocation density (§) and microstrain (&) values for
the present materials (calculated as specified in Section S2.1 of
the Supporting Information) are reported in Table 1. For
comparison purposes, 6 and & values previously obtained in
selected studies on NiO films prepared by different techniques
are reported in Table S1. As can be observed, 6 and ¢ values
are directly dependent not only on the preparation route, but
even on the adopted processing conditions. In line with
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Table 1. Relevant Properties for NiO Nanodeposits Obtained on $i(100) under O, + H,O Atmospheres (D = Average
Crystallite Dimensions, § = Dislocation Density, and £ = Microstrain)

thickness (nm)

precursor
Ni(tfa), TMEDA (i) 180 + 6 1.46
Ni(fod),TMEDA (ii) 90 + 4 0.80
Ni(thd),TMEDA (iii) 170 £ 6 1.42

growth rate (nm min™")

Ta00)/Ta1ny” D (nm) 8 (lines m™2) €
2.3 10 + 1 1.0 x 10'¢ 0.560
1.8 14 +2 5.1 % 10% 0.393
122 18 + 2 3.1 x 10% 0.333

“The I(500)/I(111) value estimated from the reference powder spectrum is 1.6.3

literature data,'”**>® in this study lower § and e values

corresponded to higher crystallite dimensions, i.e., were found
for the fluorine-free Ni(thd),TMEDA-derived nanodeposit
(see Table 1). Overall, coherently with SIMS data (see below),
these results indicate that fluorine introduction into the
deposits obtained from Ni(tfa),TMEDA and Ni-
(fod),TMEDA results in the formation of a higher number
of defects. In a different way, the fluorine-free Ni-
(thd),TMEDA precursor yields materials featuring a higher
crystallinity and enhanced (100) texturing, accompanied by
lower dislocation density and microstrain values.

The surface chemical composition of the fabricated deposits
was analyzed using XPS. Survey spectra (Figure 3a) displayed
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Figure 3. XPS analysis of nickel oxide samples obtained from
Ni(tfa),TMEDA (i), Ni(fod),TMEDA (ii), and Ni(thd),TMEDA
(iii): (a) wide-scan spectra; (b) Ni 2p and (c) O 1s signals. As an
example, in case (i) O Is fitting components are plotted together with
the raw spectrum (I: lattice O in Ni(II) oxide; II: —OH groups
chemisorbed on oxygen defects).

the presence of C (see also Figure S1 and related comments)
and Ni and O as major elements. The overall Ni 2p
photoelectron peak, possessing an analogous shape and
position for all the investigated specimens (Figure 3b), can
be roughly divided into two edges split by spin—orbit coupling,
referred to as the 2p;, [features located at 853.8 eV (B,),
855.3 eV (S;), and 860.7 eV (S,)] and 2p,,, [main features at

872.0 eV (B, and S’;), partially overlapped, and 879.4 eV
(S’,)] components. The exact attribution of these features,
whose positions and shapes are in line with previous data for
NiO,*"#*#%97¢! has so far led to disagreeing interpretations. In
fact, various investigators have related the satellite structures at
BEs ~1.5 eV higher with respect to the main peaks (S; and
S’;) to the presence of Ni(IIl) centers” ! ¥ #192002 op 4o
Ni,O5.'#*°*%* Nevertheless, the presence of these spectral
features even for freshly cleaved NiO single crystals indicates
that the observed peak shape, typical for NiO,”** likely arises
from a contribution of oxygen electronic states, rather than
from variations of Ni valence.””

Following one of the proposed explanations for the Ni 2p
peak shape in the NiO [Ni(II) electronic configuration: 3d®],
the generation of a Ni 2p core level hole results in a significant
Coulomb repulsion with 3d holes. Whereas the ground state is
endowed with a predominant 3d® character, the lowest energy
state will then be ¢3d°0 (c and O: hole in the 2p level and the
O band, respectively, B, and B, peaks in Figure 3b°"), and the
S, and §’, features can be assigned to unscreened c3d® final
states.’’ Yet, this model fails in explaining the presence S; and
S’; structures at BEs ~1.5 eV higher than the main lines in
both 2p;/, and 2p, /, edges. According to another study, the Ni
2p line shape is significantly affected not only by nearest
neighbors but also by next-nearest neighbors,”* so that a core
hole can also be screened by an electron from an adjacent
NiOg unit. This nonlocal screening mechanism also explains the
occurrence of literature debates, because the satellite intensity
is very sensitive to the adopted preparation route, which, in
turn, directly influences material defectivity and crystallinity.
On this basis, S; and S'; features originate from screening by
an electron coming from an adjacent NiOg unit with respect to
the Ni center bearing the core hole. In brief, after the creation
of a core hole (3d® — ¢3d®), screening electrons from
neighboring sites contribute to lowering the system energy
(c3d® - ¢3d°0). Following the above mechanism, an electron
is transferred from a neighboring NiO4 unit (c3d%3d® —
3d°,3d%0). As a result, the emitting Ni site configuration is
predominantly 2p°3d®,°* and an additional hole 3d°0 in an
adjacent unit is present.

The O 1s signal (Figure 3c) was deconvoluted by means of a
principal component at BE = 529.9 eV (1), related to lattice
oxygen in NiQ,'*'??%?%3% and a second band at BE = 531.5
eV (II), mainly attributable to hydroxyl species chemisorbed
on O defects.'”'®*'™** Consequently, the O/Ni atomic
percentage ratio (average value = 1.2) turned out to be
slightly higher than the stoichiometric ones expected for NiO.
The weight of component II corresponded to 52, 54, and 43%
of the overall O 1s signal for samples obtained from
Ni(tfa),TMEDA (i), Ni(fod),TMEDA (i), and Ni-
(thd),TMEDA, respectively. These data suggest that the
fluorine presence resulted in a higher defect content in the
obtained specimens.
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Figure 4. SIMS depth profiles for deposits grown from Ni(tfa),TMEDA (i), Ni(fod),TMEDA (ii), and Ni(thd),TMEDA (iii).
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Figure 5. UPS and REELS characterization of samples obtained from Ni(tfa), TMEDA (i), Ni(fod),TMEDA (ii), and Ni(thd),TMEDA (iii). (a)
He(I) UPS valence bands. (b) XPS valence band for a NiO specimen grown from Ni(fod),TMEDA. (c) REELS spectra and (d) energy level
positions for the different specimens with respect to the vacuum level (Ez = Fermi level energy; E; = band gap; W; = work function; CB =
conduction band; VB = valence band; IP = ionization potential; EA = electron affinity).

SIMS measurements (Figure 4) yielded complementary
insight into the in-depth film composition as a function of the
adopted Ni precursor. As a general rule, carbon signal was
higher at the surface and subsequently depleting in the inner
specimen regions, thus indicating its adventitious nature. The
average C content in the analyzed samples was evaluated to be
as low as tenths of ppm, indicating a clean conversion of all the
used molecular sources into NiO under the adopted
conditions. All the investigated specimens exhibited a well-
defined interface with the Si substrate and an even nickel and
oxygen distribution throughout their thickness. For deposits
obtained from fluorinated compounds [Ni(tfa),TMEDA and
Ni(fod),TMEDA; Figures 4i and 4ii, respectively], a rather
uniform fluorine distribution throughout film thickness was
observed, and the almost parallel trends of O, Ni, and F yields
suggested a homogeneous system composition. These data,
analogous to those obtained for Mn;O,* MnO,* and
Fe,0," deposits fabricated starting from ML,TMEDA
derivatives (M = Mn, Fe; L tfa, hfa, with Hhfa
1,1,1,5,5,5-hexafluoro-2,4-pentanedione), confirm that Ni-
(tfa),TMEDA and Ni(fod),TMEDA can successfully act as
single-source precursors for the obtainment of F-doped NiO.
Upon passing from Ni(tfa),TMEDA to Ni(fod),TMEDA-
derived deposits, the average fluorine content was estimated to
increase from 160 to 650 ppm, according to a reference

standard. This variation, perfectly in line with the higher
fluorination degree of the fod derivative with respect to the tfa
one, indicates the possibility of modulating the fluorine
content in the target materials by a simple variation of the
adopted Ni precursor, an important issue to tailor the system
properties influenced by the dopant concentration. Conversely,
no F was detected in the deposit obtained from fluorine-free
Ni(thd),TMEDA, as expected (Figure 4iii).

Additional important information on the properties of the
deposited NiO films, as well as on the effect exerted by the
different precursors on the work function, band edge position,
and band gap value, was obtained by XPS/UPS valence band
analyses and REELS measurements. Figure Sa reports UPS
valence bands of NiO specimens obtained from the three
different precursors, whereas the corresponding XPS valence
band spectra are displayed in Figures 5b and S2. The obtained
data are reported in Table 2, along with ionization potential
and electron affinity values (calculated as indicated in the
caption) and energy gap values extrapolated from REELS
spectra’ plotted in Figure Sc. Accordingly, a tentative energy
level diagram for the materials presented here is presented in
Figure 5d. The obtained band gap values are in line with those
reported for NiO films obtained by reactive sputtering' and
solution processing,”” and lower than those of NiO films
obtained by electron beam evaporation® and magnetron
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Table 2. Work Function (W, Measured by UPS), Ionization
Potential (IP), Electron Affinity (EA), Energy Gap Values
(Eg, Determined by REELS), and Valence Band Edges
Separation from the Fermi Level (E; — VB) for Different
NiO Specimens Obtained from the Target Precursors”

Wi 1P EA Eq Ez — VB
precursor (ev) (eV) (ev) (eV) (ev)
Ni(tfa),TMEDA (i) 4.45 5.22 1.82 3.32 0.77
Ni(fod),TMEDA (ii)  4.4S 5.27 1.97 3.30 0.81
Ni(thd),TMEDA 4.20 5.04 1.64 3.40 0.84

(i)
“W corresponds to Ep — E,,cqum Whereas IP (EA) are evaluated as the

difference between the valence (conduction) band edges (VB and CB,
respectively) and vacuum level E s

‘'vacuum*

sputtering.” The tunable band gap energy suggests that the
synthesized nanosystems are promising potential candidates
for optoelectronic devices, as well as photoelectrodes for water
splitting and gas sensors.

As can be observed in Figures 5b and S2, for specimens
obtained from Ni(tfa), TMEDA and Ni(fod),TMEDA, fluo-
rine introduction in NiO (see SIMS depth profiles) resulted in
an increased W; (Table 2) and a lower valence band edge.'
The obtained offset values of valence band edges from the
Fermi level (Ez — VB) pointed out, as expected, to a p-type
conductivity of all the obtained systems,' with a deeper Eg
value in the case of F-doped materials. The values reported in

Table 2 are in good agreement with a previous study from
Ratcliff et al.* on solution-processed NiO films, although
slightly higher electron affinities/work functions, and lower (Ep
— VB) values were measured. For samples obtained from
Ni(fod),TMEDA and Ni(tfa),TMEDA, the electron affinity
was slightly higher than the usual value for NiO (x1.7 eV)'
(see Table 2). The present work function values were lower
than those of solution-processed NiO films, either pure or
doped with Cs/Cu,” and of NiO films prepared by oxidation
of sputtered Ni ones.*®

It is known that NiO work function, and, more generally,
electrical and optical properties, depend significantly on the
adopted deposition and processing conditions.””'"** The
increased work function of the target materials resulting from
fluorine introduction can indeed facilitate an improved hole
extraction, of significant interest for an eventual film utilization
in solar cells.”>""

As also reported for other metal oxides, fluorine introduction
can induce shifts in the material band gap, affect the
recombination between photogenerated charge carriers, and
impact the system resistivity, modifying carrier concentration
and mobility.** In the present case, as can be observed in Table
2, an increasing fluorine content yielded a progressively lower
band gap. This phenomenon can be attributed to the presence
of defects in the synthesized material, as confirmed by XRD
analngs (see above), in line with previous results on F-doped
NiO.
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Figure 6. Left to right: representative AFM micrographs, plane-view, and cross-sectional FE-SEM images and for NiO deposits obtained from
Ni(tfa),TMEDA (a—c), Ni(fod),TMEDA (d—f), and Ni(thd),TMEDA (g—i).
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Figure 7. Graphical representation of DFT-calculated optimized structures for hydrated complexes: (a) Ni(tfa), TMEDA-H,0; (b)
Ni(fod),TMEDA-H,0; and (c) Ni(thd),TMEDA-H,0. Hydrogen bond distances between a water proton and the complexes are reported in
A. Color codes: Ni, green; F, yellow; O, red; N, blue; C, gray; H, white. The dashed red lines indicate hydrogen bonds in (a) and (b) and the
interaction between one H,O proton and the 7z-system of the diketonate ligands in (c).

Table 3. Average Ni—O and Ni—N Bond Lengths (in A) and Binding Energy per Water Molecule (Wyg, kcal mol ™) Computed
for the Optimized Geometries of the Dry and Hydrated Complexes

no water + 1 H,0 + 2 H,0 + dimer + 3 H,0 + trimer
Ni(tfa),TMEDA (i)
Ni—O ligand 1 (A) 2.037 2.040 2.040 2.046 2.045 2.051
Ni—O ligand 2 (A) 2.037 2.036 2.040 2.035 2.039 2.040
Ni—N TMEDA (A) 2.169 2.167 2.164 2.171 2167 2.164
Wi (keal/mol) 9.77 9.14 9.95 9.64 10.14
Ni(fod), TMEDA (ii)
Ni—O ligand 1 (A) 2.034 2.076 2.087 2.043 2.085 2.040
Ni—O ligand 2 (A) 2.034 2.044 2.087 2.086 2.095 2.077
Ni—N TMEDA (A) 2171 2156 2.140 2.148 2135 2152
Wiz (keal/mol) 697 6.85 7.40 7.13 8.08
Ni(thd), TMEDA (iii)
Ni—O ligand 1 (A) 2.021 2.021 2.024 2.019 2.024 2019
Ni—O ligand 2 (A) 2.021 2.025 2.024 2.025 2.024 2.036
Ni—N TMEDA (A) 2.182 2.176 2.170 2.180 2.174 2.173
Wi (keal/mol) 7.67 7.37 751 7.38 7.44

The system morphology was investigated through the
combined use of AFM and FE-SEM analyses (Figure 6).
AFM micrographs displayed a uniform topography with
relatively flat surfaces, the root-mean-square roughness being
1.3—2.0 nm irrespective of the processing conditions. Plane-
view FE-SEM images confirmed a homogeneous coverage of
the substrate surface, and the average aggregate dimensions
were estimated to be 9 + 2, 10 + 4, and 14 +5 nm for deposits
grown from Ni(tfa),TMEDA, Ni(fod),TMEDA, and Ni-
(thd),TMEDA, respectively. Cross-sectional FE-SEM micro-
graphs unraveled the formation of relatively dense films with
well-defined interfaces to the substrate, characterized by the
close interconnection of compact columnar structures,
observed also for textured (100) NiO films obtained by
sputtering.’® The obtained results evidenced that, under the
same operating conditions, experiments from Ni(tfa),TMEDA
and Ni(thd),TMEDA vyielded deposits with almost the same
thickness (see Table 1), whereas the use of Ni(fod),TMEDA
precursor yielded thinner films.

The present system morphology can be qualitatively
interpreted in the framework of the zone model proposed by
Movchan and Demchishin.®* In the present case, evaluation of
the homologous temperature [T}, = Tyeposition/ Tmeliing(NiO),
with Tpene(NiO) = 2228 K] vyields T}, = 0.302, which

melting

corresponds to the formation of columnar aggregates, as
indeed observed. Correlation with XRD results indicate that,
especially for the sample fabricated from Ni(thd),TMEDA,
this morphology can be associated with the occurrence of a
(100) texturing (see the Ijyg)/I(;;y) values in Table 1). A
comparison of the presently reported results with previous
ones’” clearly highlights that the introduction of water vapor in
the reaction atmosphere plays an important role in the
obtainment of thicker films, as observed in the CVD of Co;0,
from analogous precursors.”**>

From thickness data, the maximum growth rate (Table 1)
was estimated to be ~1.4 nm min~' for deposits obtained
under O, + H,0O reaction atmospheres starting from
Ni(tfa),TMEDA and Ni(thd),TMEDA. This value, having
the same order of magnitude of those reported in the CVD of
NiO from bis(cyclopentaldienyl)Ni(II)62 and nickel bis(1-
(dimethylamino)-2-methyl-2-butanolate)® and in the PE-CVD
of NiO from Ni(Il)acetylacetonate,'® was higher than that
reported in the CVD of NiO films from Ni 2-(dimethyl-
amino)-2-methyl-1-propanolate.'’

To investigate the role of the presence of water vapor in the
CVD reaction chamber, the interaction of water molecules
with Ni(tfa),TMEDA, Ni(fod),TMEDA, and Ni-
(thd),TMEDA was modeled using a DFT approach. In
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particular, variations in the compound molecular geometries
and vibrational properties as a function of the number n of
water molecules (n = 1—3) in the Ni second coordination shell
were examined. We optimized five different structures for each
Ni complex: (i) a single H,O molecule in contact with the
complex; (ii) two H,0O molecules located in two different
regions of the complex (symmetrically positioned); (iii) a
water dimer interacting with the complex; (iv) a water dimer
plus a single H,O molecule located in two different regions of
the complex; and finally, (v) the interaction of a water trimer
with the complex. Graphical representations of the optimized
structures calculated for these systems are proposed in Figures
§3—S5, whereas relevant geometrical parameters are reported
in Tables S2—S4. In all of the cases mentioned above, H,0O
molecules were undissociated; however, for the Ni-
(tfa),TMEDA complex, an adduct with one dissociated H,0
molecule was considered as well (Figure S6).

As a general observation, H,O molecules are located in the
less sterically hindered regions of the complexes’” coordination
sphere (see Figures 7 and S3—SS). Water molecules form
relatively strong hydrogen bonds with diketonate O atoms in
the F-containing ligands.

In a different way, no hydrogen bonds are formed between
water molecules and ligand atoms in Ni(thd),TMEDA,
bearing four bulky tert-butyl substituents on the diketonate
moieties bonded to the Ni center, which prevent H,O access in
the proximity of diketonate O atoms. Nonetheless, water
molecules are present in the Ni second coordination shell and
interact via a proton with the thd diketonate z-structure (see
Figures 7c and SS). In Table 3, the average Ni—O and Ni—N
distances per ligand are reported as a function of the number
and the organization of water molecules for each of the three
precursors, along with the corresponding binding energies per
water molecule. A more detailed account of relevant bond
distances and angles can be found in Tables S2—S4, while the
ZPE contributions are reported in Table SS. Importantly, in all
cases, the binding energies per water molecule are significantly
higher than thermal energy under the adopted CVD conditions
(~1.3 kcal/mol at 400 °C), indicating that the hydrated
precursors should be present in the reaction atmosphere
during NiO film growth.

Indeed, such findings may shed light on the remarkable rise
in the growth rate when water vapor is included in the CVD
atmosphere, in comparison to the case of depositions
performed under dry O,. Overall, the water binding energy
trend suggests that the effect exerted by water vapor presence
should be more pronounced for Ni(tfa),TMEDA than for
Ni(fod),TMEDA and Ni(thd),TMEDA. In fact, upon utilizing
Ni(tfa),TMEDA, the film growth rate rises by ~18 times
under O, + H,O reaction atmospheres in comparison to the
case of dry O,, whereas the growth rate increase is
comparatively smaller for Ni(fod),TMEDA (%10 times) and
Ni(thd),TMEDA (x5 times).>” These data highlight that the
highest growth rate increase occurs for the precursor capable of
being involved in stronger hydrogen bonds with gas-phase
water, ie., Ni(tfa),TMEDA. Because of the absence of bulky
tert-butyl groups, Ni(tfa),TMEDA presents the most sterically
favorable environment for a prominent hydrogen bonding of
water molecules with diketonate O atoms. In Ni-
(fod),TMEDA, containing two tert-butyl groups, the formation
of (weaker) hydrogen bonds can occur only at the expense of a
significant distortion of the Ni coordination sphere. Indeed,
the fod containing complex presents the largest water-induced

distortion in both Ni—O and Ni—N distances (Tables 3 and
S3). As concerns Ni(thd),TMEDA, even though water
molecules cooperate to perturb the Ni coordination environ-
ment, thus indirectly influencing Ni—ligand bonding (Tables 3
and S4), the presence of water affects primarily the z-structure
of the diketonate. In general, the introduction of H,O in the Ni
second coordination shell induced an elongation of Ni—O
bonds for at least one diketonate ligand, whereas Ni—N bonds
are always shortened. In spite of water-induced distortions, Ni
octahedral coordination environment is maintained in all
hydrated complexes. Such an environment undergoes signifi-
cant changes in the case of dissociated water (Figure S6).
Indeed, a highly reactive pentacoordinated structure is
predicted in such a case for the Ni(tfa),TMEDA-H,0 yisociated
complex, which presents a protonated TMEDA (at one of the
nitrogen atoms) and the transformation of one tfa diketonate
into a keto carboxylic acid. However, the water binding energy
obtained for this pentacoordinated structure (close to —S50
kcal/mol) indicates a very low formation probability in the
vapor phase.

Beside geometrical and energetic changes induced by water
molecules, we have also performed a vibrational study of the
hydrated precursors via harmonic frequencies analyses.
Particular attention has been devoted to the cases of
dihydrated complexes where water is symmetrically positioned
close to the diketonate ligands, namely Ni(L),TMEDA-2H,0.
For these cases, we have performed a thorough analysis of
water effects on the modes localized on Ni—O bonds. This
choice allows for a more straightforward comparison of the
frequencies associated with metal—ligand bonds in the
dihydrated complexes with the corresponding values computed
for the dry complexes, both characterized by a slightly
distorted C, symmetry (see the Supporting Information).
Stretching frequencies of normal modes principally localized
on Ni—O bonds are reported in Tables S6—S8 for both the dry
and the symmetrically dihydrated precursors. A careful data
inspection reveals that, in line with the previous discussion, the
most significant variations are found for Ni(tfa),TMEDA:
2H,0 (Table S6). In particular, despite a frequency increase of
collective Ni—O stretching modes, a significant decrease (15
cm™') in the stretching frequency of modes involving apical
Ni—O bonds (i.e., those not in trans to the TMEDA ligand),
accompanied by an appreciable lengthening of such bonds
(Table S2), was computed (Table S6). This result indicates
that water plays a key role in weakening two Ni—O bonds, thus
significantly perturbing the coordination of tfa ligands to the
metal center and likely contributing to activate the precursor
decomposition. In the case of Ni(fod),TMEDA, the stretching
frequencies of all modes localized on Ni—O bonds are lowered
by the interaction with water (Table S7), but the maximum
frequency decrease (10 cm™") is less pronounced with respect
to Ni(tfa),TMEDA. In a different way, Ni—O stretching
frequencies appear to be almost unaffected by the presence of
water for Ni(thd),TMEDA (Table S8). This result can be
explained by considering that in this complex water protons
interact with the diketonate ligands z-system and, hence, are
less effective in weakening Ni interaction with diketonate O
atoms. Therefore, while the computed H,O binding energies
suggest that the presence of water vapor should favor the
decomposition of all three complexes, the water binding energy
trend, along with the decrease of Ni—O bonds’ stretching
frequencies, indicates that the effect should be more
pronounced in the case of Ni(tfa),TMEDA. These results
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rationalize why the experimentally determined growth rate is
the highest for the films deposited using the Ni(tfa), TMEDA
precursor and why the impact of water vapor on the growth
rate is less significant in the case of the non-fluorinated
Ni(thd),TMEDA compound. However, also for the Ni-
(thd),TMEDA case, a 5% increase of the growth rate is
induced by the introduction of H,O vapor in the CVD
chamber. The analyses of low-energy vibrational modes of the
hydrated precursors are useful in order to account for this
phenomenon. The calculated IR (harmonic) spectra of the
hydrated precursors are reported in Figures S7—S9 and
compared with those of nonhydrated ones. For all precursors,
the presence of H,O in the Ni second coordination shell is
associated with relatively intense signals below ~400 cm™,
which are missing in the absence of water. Such signals are
primarily due to water libration modes coupled with strong
deformation modes of the Ni coordination shell, which might
activate precursor fragmentation.”® Importantly, such modes
are thermally accessible at the substrate temperatures adopted
in the CVD deposition process (kT at 400 °C corresponds to
~435 cm™). Hence, these water-induced deformations of the
Ni local environment, present for all three Ni(L),TMEDA
precursors, might be at the origin of the general water-induced
increase in rate growth. This effect is modulated by the nature
of the ligands, which determines the extent of water-induced
weakening of Ni—O bonds in the three precursors.

4. CONCLUSIONS

In conclusion, this work has proposed a simple single-step
CVD route for the obtainment of pure and F-doped NiO films
from various Ni(II) S-diketonate—diamine molecular sources
featuring a different fluorination degree. A multi-technique
characterization by complementary advanced analytical tools,
such as UPS and REELS, never applied so far for CVD NiO
films, has evidenced the possibility of controlling fluorine
doping level as a function of the adopted precursor, a feature
enabling a direct modulation of material defect content and
electronic properties.

The positive effect exerted by water vapor on the film
growth rate was interpreted on the basis of modeling results.
These studies revealed that water molecules might form stable
adducts with the precursors under the CVD conditions,
perturbing the precursor’s coordination shell and weakening Ni
interaction with the bonded diketonates. The entity of such an
effect was found to be directly dependent on the ligand
chemical nature.

The fundamental information on the interplay between
processing conditions and material characteristics provided by
the present work is of key importance for the subsequent
investigation and tailoring of the functional behavior. In
perspective, the increase in the system work function after
fluorine doping is a valuable starting point for possible
applications of the present materials as hole extraction layers
in solar cells. On the other hand, the modulation of optical and
electrical properties resulting from fluorine doping, never
reported to date for nickel oxide films obtained by CVD, opens
the door to an eventual end-use of the obtained materials as
gas sensors and (photo)electrocatalysts. Further efforts will be
devoted to NiO film optimization for their technological
exploitation, with particular attention to the fabrication of
heterostructured systems.
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