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Atomic/molecular layer deposition (ALD/MLD) is currently strongly emerging as an intriguing route for
novel metal—-organic thin-film materials. This approach already covers a variety of metal and organic
components, and potential applications related to e.g. sustainable energy technologies. Among the 3d
metal components, nickel has remained unexplored so far. Here we report a robust and efficient ALD/
MLD process for the growth of high-quality nickel terephthalate thin films. The films are deposited from
Ni(thd), (thd: 2,2,6,6-tetramethyl-3,5-heptanedionate) and terephthalic acid (1,4-benzenedicarboxylic
acid) precursors in the temperature range of 180-280 °C, with appreciably high growth rates up to 2.3 A
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DOI: 10.1039/d1dt02966e per cycle at 200 °C. The films are amorphous but the local structure and chemical state of the films are
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Introduction

Hybrid metal-organic materials have attracted widespread
attention as they form a promising platform for realizing un-
precedented combinations of chemical and physical properties
that are often difficult if not impossible to achieve with con-
ventional materials. Atomic/molecular layer deposition (ALD/
MLD) technique provides us with a scientifically elegant yet
industrially feasible way to fabricate these materials in high-
quality thin-film form."™* The method derives from the firmly
established ALD (atomic layer deposition) technology for in-
organic thin films, in which the atomic-level control of film
thickness, composition and homogeneity stems from the self-
limited gas-surface reactions of sequentially pulsed gaseous/
evaporated inorganic precursors.”® For example, in one of the
prototype ALD processes, Al,O; thin films are grown from Al
(CH3); and H,O precursors. In a parallel technique for purely
organic thin films, i.e. MLD (molecular layer deposition), two
mutually reactive organic precursors are used.” In the com-
bined ALD/MLD technique for the hybrid metal-organic films,
the metal-entailing ALD precursor is combined with an
organic MLD precursor.>* Moreover, the ALD/MLD approach
allows any arbitrary combinations of the ALD and MLD pulses
such that e.g. ultrathin (monomolecular) organic layers can be
introduced between thicker inorganic layers (grown with mul-
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addressed based on XRR, FTIR and RIXS techniques.

tiple ALD cycles) into various regular (superlattice) or irregular
(gradient) multilayer structures.® >

Facile ALD/MLD processes have already been developed for
a rapidly expanding variety of different metal (s-block, p-block,
d-block, lanthanide), and organic (allyl, aryl, pyridine, etc.)
constituents.®"*™"” Transition metal based hybrids and in par-
ticular those involving the late 3d metals with partially filled d
orbitals are particularly intriguing candidates for magnetically,
electrically, optically or catalytically active materials. So far —
among the late 3d metals — well-behaving ALD/MLD processes
have been developed for Mn, Fe, Co and Cu (see Table 1),"*2?
while for Ni very little efforts have been made. In previous lit-
erature, ultra-thin Ni,MP interfacial layers were grown for solar
cell application from bis(dimethylamino-2-methyl-2-butoxo)
nickel and 4-mercapto phenol precursors,'" but no ALD
process optimization details were reported.

Here our goal is to fill the gap within the late 3d transition
metal based ALD/MLD processes. Besides the solar cell appli-
cation,” Ni-organic thin films could be interesting for
other emerging energy applications, e.g. supercapacitors.>””
Moreover, a facile ALD/MLD process for Ni-organics would be
interesting also in the sense that it could be then combined
with any of the already known ALD processes for NiO films for
the fabrication of various layer-engineered NiO:organic multi-
layer structures. Nickel oxide as such is a wide bandgap p-type
semiconductor, extensively investigated for applications such
as resistive memories (memristors)*® and photovoltaics.”® For
the ALD of NiO thin films, the most common nickel precursors
are Ni(thd), (thd: 2,2,6,6-tetramethyl-3,5-heptanedionate),’***
Ni(acac), (acac: acetylacetonate),®® and Ni(Cp), (Cp: cyclopen-
tadienyl).** Here we use Ni(thd), as the nickel precursor, as it
is stable enough to allow easy handling but has shown to be
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Table 1 Summary of reported ALD/MLD processes for hybrid metal—organic thin films based on 3d transition metals

Metal Metal precursor Organic precursor Deposition Temp (°C) GPC (A per cycle), *mass gain (ng cm™2) Ref.
Titanium TTIP HQ 300 2.5 35
TiCl, GL 210 2.1 36
GL 130 2.8 36
EG 95-115 4.5 36
EG 135 1.5 36
4-AP 120-160 10-11 37
ODA 160 0.3 38
ODA 490 1.1 38
Vanadium VOCl, EG 90-135 *15.2 39
V(CO)g TCNE RT 9.8 40
Manganese Mn(thd); TPA 160-280 ~1.0 18
Mn(CpEt), EG 160 0.9 20
Iron FeCl, TPA 240-260 11 23
ADA 280 25 22
Cp,Fe,(CO), HQ 180 ~3.7 41
Cobalt Co(acac); TPA 160-280 1.0-1.2 18
Co(thd), TPA 160-280 1.5 18
Nickel Ni(dmamb), 4AMP 180 2.26 11
Copper Cu(thd), TPA 180-280 0.7 19
Cu(dmap), HQ, TPA, ODA, PPD, BDT 120-240 1.0-2.6 21

Abbreviations: Metal precursor/ligand; TTIP (titanium isopropoxide), thd (2,2,6,6-tetramethyl-3,5-heptanedionate), Cp (cyclopentadienyl), CpEt
(ethylcyclopentadienyl), acac (acetylacetonate), dmamb (dimethylamino-2-methyl-2-butoxo), dmap (dimethyl aminopropoxide). Organic
precursor: HQ (hydroquinone), GL (glycerol), EG (ethylene glycol), 4-AP (4-aminophenol), ODA (4,4-oxydianiline), TCNE (tetracyanoethylene),
TPA (terephthalic acid), ADA (azobenzenedicarboxylic acid), MP (mercapto phenol), PPD (p-phenylenediamine), BDT (1,4-benzenedithiol).

reactive enough to yield NiO films even at relatively low
temperatures.***' Of the possible organic precursors, we chose
terephthalic acid (TPA; 1,4-benzenedicarboxylic acid) as it is
known to be reactive enough towards the thd-based metal-
bearing precursors."®** Another motivation for the use of TPA
is the fact that it has shown to form metal-organic framework
(MOF) structured materials with Ni in bulk form.>® Moreover,
the combination, Ni(thd), + TPA, allows the straightforward
comparison with the similar processes for Mn, Co and Cu."***
For molecular structures of the precursors, see Fig. 1.

Experimental

The Ni-TPA films were grown from the following precursors:
in-house synthesized Ni(thd), (thd = 2,2,6,6-tetramethyl-3,5-
heptanedione) and commercial TPA (benzene-1,4-dicarboxylic
acid; Tokyo Chemical Industry Co. Ltd). These precursor
powders were placed in open boats inside the reactor (flow-
type hot-wall ALD reactor; F-120 by ASM Microchemistry Ltd)

& HO O
O, . O
NI
o o
"'o,,,// HO (0]
Ni(thd), TPA

Fig. 1 Molecular structures of the precursors employed in this study.
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and heated for evaporation at 115 and 180 °C, respectively,
based on our previous experience on these precursors in other
processes.'>** Nitrogen (>99.999%, Schmidlin UHPN 3000 N,
generator) was used as a carrier and purging gas, and the
pressure inside the reactor was 3-4 mbar. The precursor pulse
lengths and the deposition (substrate heating) temperature
were optimized in the study. The depositions were performed
on Si(100) substrates.

The success of the film growth was routinely evaluated
using X-ray reflectivity measurements (XRR; X’Pert MPD PRO
Alfa 1, PANalytical, Cu K,). The XRR patterns were fitted by
X'Pert Reflectivity software by PANalytical for the film thick-
ness, density and roughness, and the so-called growth-per-
cycle (GPC) value was calculated by dividing the film thickness
by the number of deposition cycles applied. The density (pe)
values were calculated from the critical angle (6.) as follows: p,
= (0.°m)/(2°r), where 1 is the X-ray wavelength and r. is the clas-
sical electron radius. Crystallinity of the films was investigated
by grazing-incidence X-ray diffraction (GIXRD; incident angle
0.5°) using the same equipment.

To address the bonding structure/local symmetry/chemical
state of the films, both Fourier transform infrared (FTIR;
Bruker alpha II) and resonant inelastic X-ray scattering (RIXS)
experiments were carried out. The FTIR measurements were
in the range of
's each given spec-
trum is an average of 24 measured spectra, from which a spec-

carried out in a transmission mode

400-4000 cm ™' with a resolution of 4 cm™

trum of blank Si is subtracted.

The Ni 1s2p RIXS planes were measured at beamline ID26
of the European Synchrotron Radiation Facility in Grenoble,
France. Third harmonic of the undulator source was used and

This journal is © The Royal Society of Chemistry 2021
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the incident energy was selected and monochromatized by a
pair of Si(311) crystals. The emission energy was scanned
using a point-to-point Johann spectrometer; five spherically
bent analyzer crystals with Si(620) reflections were used to
select the emission energy, together with an avalanche photo-
diode detector.*> The RIXS planes were recorded by stepping
through the emission energy range and scanning the incident
energy at each step. Slight beam damage was found with
exposure times longer than 60 s. To avoid the damage, the
scan time was set to 60 s, the sample was moved between each
scan and a concentration correction scan was done after
recording the RIXS plane.*® In addition to the Ni-TPA sample,
bulk polycrystalline NiO was measured as a reference. The Ni
1s2p RIXS planes were simulated using the crystal field multi-
plet code Quanty,*® together with the Cripsy user interface.*®
Calculations were done for different Ni oxidation states with
various local point-group symmetries (Oy, Ty, Dan, D3p). Atomic
Hamiltonian scaling factors, crystal field energies and peak
broadening parameters were adjusted to best fit the experi-
mental data.

Results and discussion

The Ni(thd), + TPA process was found to yield visually homo-
geneous Ni-TPA films within the entire deposition temperature
range investigated. The films were also seemingly stable
during storage in laboratory air, as no changes in XRR or FTIR
data were observed even after elongated storage periods. Thus,
the ex situ characterization of the films was straight forward
and reliable.

We investigated the ALD/MLD growth characteristics in
detail as summarized in Fig. 2, to verify the layer-by-layer
growth of the films. In the first experiments the deposition
temperature was fixed to 200 °C and the changes in GPC were
followed with increasing precursor pulse lengths to find the
surface reaction saturation conditions. From Fig. 2a, it can be
seen that the saturation is reached with the pulse/N, purge
times of 5 s/10 s for Ni(thd), and 10 s/20 s for TPA.

View Article Online
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For the next experiment series, we fixed the pulse/purge
times to the aforementioned values and followed the growth
rate dependence on the deposition temperature in the range
from 180 to 320 °C, where the lowest temperature limit was
defined by the evaporation temperature of the TPA precursor.*”
From Fig. 2b, the GPC value decreases with increasing depo-
sition temperature, in a fashion seen for most of the ALD/MLD
processes.*®*® This diminishing growth rate with increasing
temperature is commonly attributed to (i) the tendency of the
metal precursor to remain in excess in the porous organic
layer more readily at low temperatures,’ and/or (ii) the ten-
dency of the sticky low-vapor-pressure organic molecule to get
incorporated as a kind of reservoir within the growing film at
low temperatures;*®*° in both cases the excess precursors
would act as extra reaction sites for the film growth. Despite
the strong temperature dependence, the Ni(thd), + TPA
process was found to deliver the Ni-TPA films in a highly repro-
ducible manner at each deposition temperature. A clear indi-
cation of this is the linear control of the film thickness on the
number of ALD/MLD cycles applied, see Fig. 2c for the results
obtained at 200 °C. The GPC value could be accurately (R2 =
0.999) calculated at 2.3 A per cycle from the slope of this film
thickness versus number of deposition cycles curve. In Fig. 2b,
we display together with the present Ni(thd), + TPA data our
previous data for the Mn(thd); + TPA, Co(thd), + TPA and Cu
(thd), + TPA processes, all investigated under very similar
experimental conditions (including the reactor type).'®'® From
this comparison it can be seen that the temperature depen-
dency of GPC behaviours are very similar for all the four pro-
cesses. However, in overall the GPC values are clearly lowest
for the Mn(thd); + TPA process; for example, at 200 °C the GPC
for the Mn-based process is 1.1 A per cycle while it is 1.4, 1.5
and 2.3 A per cycle, respectively, for the Cu, Co and Ni-based
processes. The lower growth rate of the Mn-TPA films can be
explained by the more pronounced steric hindrance caused by
the bulky thd ligands left after the reaction of the metal pre-
cursor on the substrate surface:'®>">> in the case of Mn(thd);
two thd ligands are left while in the case of the other three pre-
cursors only one thd ligand remains.

4 . . v
C
(@ o Nithd), ®) = NiTPA ol
- * TPA + Mn-TPA[ | ~
9 3} _gs Co-TPA|1 g 601
> o ) - Cu-TPA| | <=
02 ° o ® * - e-? [ 3
<ol =2} D 4o GPC=2.3 Alcycle |
O (&) £
o o u Q
O O =
1 1 = 20} 1
o
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Fig. 2 ALD/MLD growth characteristics of the Ni(thd), + TPA process: (a) GPC versus precursor pulse lengths, (b) GPC at different deposition temp-

eratures; for comparison, similar data for other 3d transition metal-TPA processes are depicted from our previous works,

1819 and (c) film thickness

versus number of ALD/MLD cycles; in (a) & (b) 150 ALD/MLD cycles were applied; in (a) & (c) deposition temperature was 200 °C; in (b) & (c) pulse/

purge sequence was: Ni(thd), 5s, N, 10s, TPA10 s, N, 20 s.
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The Ni-TPA films were found amorphous from GIXRD
investigation independent of the deposition temperature used.
Also, the SEM imaging revealed no macroscopic grains for
these films (data not shown here). However, an interesting
observation was made from the XRR data from which we esti-
mated the film density to be ca. 1.4 g cm™> with a very weak
increasing trend upon increasing the deposition temperature
from 180 to 280 °C. This density value is somewhat low com-
pared to those (1.6-1.9 g cm™) observed for the amorphous
Mn-TPA and Co-TPA films earlier.'® Then, differently from the
Mn-, Co- and Ni-based processes, the Cu(thd), + TPA process
yielded amorphous films with densities of 2 g cm™ or higher
only at deposition temperatures higher than 200 °C, but crys-

5 180 °C
s
o) 200 °C ;
o e
c 7\
S 220°C o
= N N
7 240 °C Py
c "% e
© T M
= 280 °C Y
V\(—-N-—A
/Vas Ve
3000 2000 1000
Wave number (cm™)

Fig. 3 FTIR spectra for Ni-TPA films deposited at different
temperatures.
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talline (MOF-2 structured) Cu-TPA films with a density of ca.
1.4 g cm™ in the lowest deposition temperature range of
180-190 °C.'° Reflecting against these previous results, we
hypothesize that the present Ni-TPA films with the low den-
sities similar to those of the crystalline Cu-TPA films could be
crystalline in nanoscale. To challenge the possibility to obtain
GIXRD-crystalline Ni-TPA films, we carried out additional test
depositions at the “non-ideally” low deposition temperature of
170 °C (lower than the evaporation temperature of the TPA pre-
cursor); however, no sign of crystallinity was seen in the
GIXRD patterns for these thin films either.

To address the bonding/local structures in the Ni-TPA
films, we carried out both FTIR and RIXS experiments. In
Fig. 3, FTIR spectra for a series of Ni-TPA films deposited at
different temperatures are shown. In these spectra, the
decreasing peak intensity with increasing deposition tempera-
ture is simply due to the lower film thicknesses of the samples
deposited at the higher temperatures (as all samples were de-
posited using the same number of ALD/MLD cycles, and the
growth rate decreased with increasing deposition tempera-
ture). Otherwise, the spectra do not show any clear differences,
confirming that the local bonding structures in the films are
essentially independent of the deposition temperature. Also,
they are quite similar to other previously reported metal-TPA
spectra.”**** The fact that the spectra are essentially free
of the characteristic features of hydroxy groups in the
1700-3500 cm™" range confirms that the films do not contain
any coordinated water, and also that the carboxylic acid
groups of the terephthalic acid precursor have completely
bonded to the Ni atoms, as expected. The characteristic C-H
vibration of the benzene ring is observed at 750 cm™", but the
most indicative part of the spectra is the range from 1300 to
1600 cm™' where the strong symmetric (v;) and asymmetric
(vas) stretching bands of the carboxylate group are seen. For
our Ni-TPA films these bands peak at ca. 1383 and 1571 cm™,
respectively. The separation between these peaks, i.e. A = v,q —

—— Calculated
— NiO
—— Ni-TPA

(d)

Intensity (arb. units)

L L L L
0.860 0.865 0.870 0.875

Energy transfer (keV)

L L
0.850 0.855

Fig. 4 (a) Measured Ni-TPA 1s2p RIXS plane, (b) measured NiO 1s2p RIXS plane, (c) calculated 1s2p RIXS plane for Ni?* in octahedral (O,) symmetry,
and (d) constant incident energy cuts for Ni-TPA, NiO and the calculated RIXS planes at 8.333 keV incident energy. The calculated spectrum in (d)

was shifted up in energy by 1.1 eV.
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g, provides us information of the bonding mode; here for Ni-
TPA the A = 188 cm™" value falls between 130 < A < 200, which
is a clear indication of the bridging-type bonding,**"*
to the Mn-TPA, Co-TPA and Cu-TPA cases.'®"®

The measured Ni-TPA 1s2p RIXS plane is shown in Fig. 4a.
In addition, Fig. 4b shows the corresponding RIXs plane for
the NiO reference and Fig. 4c a simulated RIXS plane for Ni**
in octahedral (Op) coordination. There is a good qualitative
match between the experimental and calculated spectra; calcu-
lations with tetrahedral (T4) or other non-octahedral sym-
metries did not result in such good matches. Fig. 4d shows a
constant incident energy (CIE) cut of the Ni-TPA RIXS plane at
8.333 keV, together with the same cuts of for NiO and the cal-
culated RIXS plane. The calculated spectrum was shifted up by
1.1 eV to match the position of the experimental spectra. The
best fit between the calculated CIE cut and the experimental
results was found with a crystal field splitting of 10D, = 1.4 eV.
However, a closer inspection of the measured RIXS planes
revealed a tiny distortion from the ideal octahedral symmetry
for both Ni-TPA and NiO (see ESIf). At room temperature, the
NiO structure is known to be slightly distorted due to antiferro-
magnetic ordering, resulting in the Ni-O bond angles to
deviate from the ideal 90° by a fraction of a degree (0.07° or
less).>>® The similarity between the Ni-TPA and NiO RIXS
planes indicate a similar tiny distortion from octahedral sym-
metry also in case of the Ni-TPA. These results indicate that
the nickel in Ni-TPA is divalent and in an almost ideal octa-
hedral coordination. Thus, based on the RIXS and FTIR ana-
lyses, showing octahedral coordination around the Ni atoms
with bridging-type bonding of the surrounding terephthalate
groups, we imagine that our Ni-TPA films grow as sketched in
Fig. 5.

similarly

Fig. 5 Schematic illustration of the (bonding) structure of Ni-TPA films.

This journal is © The Royal Society of Chemistry 2021
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Conclusions

In this work, we have filled the gap in ALD/MLD processes for
the series of 3d transition-metal based metal-organic thin
films. Our Ni-TPA films deposited from Ni(thd), and ter-
ephthalic acid precursors in the temperature range from 180
to 280 °C were amorphous according to GIXRD but the signifi-
cantly low-density values determined with XRR suggested
some local ordering indicative of a porous structure.

The films grew with an appreciably high growth rate, which
decreased from the value of 3.0 A per cycle at 180 °C with
increasing deposition temperature, in a fashion typical for the
related Mn-TPA, Co-TPA and Cu-TPA films and also for many
other ALD/MLD metal-organic thin films.

Since our Ni-TPA films were amorphous in GIXRD, we
addressed the bonding/local structures using FTIR and syn-
chrotron-based RIXS techniques, the latter experiments been
so far rarely exploited for similar thin film systems. We could
conclude that the terephthalate groups bond to divalent nickel
ions in a bridging-type fashion to form (slightly distorted)
octahedral coordination spheres around them.
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