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Thin-film deposition using sustainable precursors is required for various
next-generation green energy applications. Here we report two atomic/
molecular layer deposition processes for appreciably stable and con-
formal Ti—organic thin films and TiO,:organic superlattices with potential
in e.g. battery, photocatalysis and thermoelectric applications. These
processes are based on the safe and sustainable titanium isopropoxide as
the titanium precursor.

Hybrid metal-organic thin films fabricated through the cur-
rently strongly emerging atomic/molecular layer deposition
(ALD/MLD) technique have attracted increasing interest as
enablers of various next-generation applications, including
green energy applications.’™ For such functional hybrid thin
films, titanium as an abundant, non-poisonous and safe ele-
ment is an ideal metal component; once combined with a
proper organic component, the resultant Ti-organic thin films
have been already highlighted as attractive protective coatings
for battery materials, especially in extending the lifetime of Li-
ion batteries by preventing the direct interaction between the
electrolyte and electrode materials.*® Metal-organic coatings
are believed to be superior over their inorganic counterparts for
the electrode protection, thanks to their better mechanical
flexibility allowing better adjustment to the electrode volume
changes during the battery charging/discharging.®® Flexible/
wearable thermoelectrics is another example of potential appli-
cation areas for the hybrid ALD/MLD thin films. Here especially
useful would be different superlattice (SL) structures in which
thin organic layers are embedded within the inorganic matrix,
to provide enhanced mechanical flexibility and phonon-
scattering interfaces to reduce the thermal conductivity,
thereby enhancing the thermoelectric heat-to-electricity conver-
sion efficiency.'*"!
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The ALD/MLD processes so far developed for Ti-organic thin
films are mostly based on TiCl, as the titanium precursor (Table 1).
The major drawback related to the use of this precursor is the
formation of hazardous/corrosive biproducts (HCI) that are harm-
ful for the reactor parts and also for applications involving sensitive
substrates. Another issue is the chlorine contamination in the
targeted Ti-organic thin films which has been found to play a
major role in the commonly observed instability of these films."**?
Development of alternative chlorine-free ALD/MLD processes for
Ti-organic thin films is thus essential for the overall process
sustainability as well as film purity/stability.

In previous studies, halogen-free tetrakis(dimethylamino) tita-
nium (TDMAT) and titanium tetra-isopropoxide (Ti(O'Pr),) precur-
sors have been used to deposit Ti-organic thin films for both
battery and biological applications,»>** but in combination with

Table 1 Previously reported optimized ALD/MLD processes for Ti-
organic thin films

Titanium Tdep GPC

precursor Organic precursor (°Q) (A per cycle) Ref.

TiCl, Fumaric acid 200 0.9 14
Ethylene glycol 90-115 4.5 15
Glycerol 130 2.8 15
2,4-Hexadiyne-1,6-diol 100 6 16
4,4-Oxydianiline 160 0.3 17
8-Hydroxyquinoline 85-150  6.5-1 18
4-Aminophenol 120-160 10-11 19, 20
Triethanolamine 150-195 5-2 21
Hydroquinone 170 4.3 19
p-Phenylenediamine 300 1.2 19

Ti(O'Pr),  Glycine 225 1.1 22
L-Aspartic acid 250 0.6 22
Succinic acid 180 2.2 22
Curcumin 300 3.9 23

TDMAT Glycine 80-160  0.9-0.2 5
Oxalic acid 100 2.7 4
Succinic acid 100 0.9 4
Glutaric acid 100 0.7 4
3,6-Dioxaoctanedioic acid 100 0.6 4
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few organic precursors only, and mostly aliphatic organics. In
general, aromatic organics with more rigid backbones are
believed to promote the ideal ALD/MLD surface reactions.’
Curcumin - an aromatic diol — was found highly compatible
with Ti(O'Pr),,>* but the relatively high deposition temperature
needed is a disadvantage when the target application is based
on temperature-sensitive substrates.

In this communication, we report highly promising results for
the growth of Ti-organic thin films from Ti(O'Pr), in combination
with two different aromatic organic precursors, hydroquinone (HQ)
and benzene-1,4-dicarboxylic acid (BDC), see Fig. S1 in ESL} These
hybrid processes have not been explored before for detailed ALD/
MLD process parameter optimizations; in the two previous studies
involving the precursor combinations, Ti(O'Pr), + HQ and Ti(O'Pr), +
BDC, these precursors were utilized for multilayer samples, in the
former case to enhance the optical properties of Ti-curcumin
films,>* and in the latter to enhance the properties of TiO,-based
electrode coatings.® Here — in addition to the detailed process
optimization - we demonstrate the excellent uniformity and
chemical stability of the resultant Ti-HQ and Ti-BDC thin films.
In particular, we investigate the film growth behaviour using lateral
high-aspect-ratio (LHAR)* test structures to obtain quantitative
data for both the overall penetration depth and the uniformity of
film thickness inside the high-aspect-ratio cavities. All these thin-
film properties are crucially important for the future sustainable
energy applications to be compatible with today’s 3D microelec-
tronics technologies. Moreover, we demonstrate the utilization of
these ALD/MLD processes for the fabrication of well-defined
TiO,:organic SL structures from the same sustainable precursors
needed for example for flexible barrier layer, photocatalysis and
thermoelectric applications.'**®

All the depositions were carried out in a flow-type hot-wall ALD
reactor (F-120 ASM Microchemistry Ltd); details of the deposition
and characterization experiments can be found from the ESL¥
Through a systematic approach by mapping the deposition para-
meters (deposition temperature and precursor pulse lengths) as
shown in Fig. 1, both the Ti(O'Pr), + HQ and Ti(O'Pr), + BDC
processes could be optimized to yield high-quality Ti-HQ and
Ti-BDC thin films, respectively. It should be noted that the heating
temperatures needed for the precursor sublimation (i.e. 30, 90 and
180 °C for Ti(O'Pr),, HQ and BDC, respectively) defined the feasible
film deposition temperature ranges; accordingly, the Ti(O'Pr), + HQ
process was investigated within the temperature range of
100-200 °C, and the Ti(OPr), + BDC process within 190-275 °C,
see Fig. 1a. For both processes, a trend typical for most of the
ALD/MLD processes was seen,>'>” that is, the growth-per-cycle (GPC)
decreased with increasing deposition temperature. For the rest of the
basic depositions (excluding the SL studies) we selected the lowest
feasible deposition temperatures, ie. 125 °C for Ti(OPr), + HQ and
210 °C for Ti(O'Pr), + BDC. Further process optimization with varying
precursor pulse lengths (Fig. 1b and c) indicated that the surface
saturation condition was achieved with the precursor pulse/purge
sequences of 3 s Ti(O'Pr),/10 s N,/6 s HQ/20 s N, for the Ti-HQ films
and 7 s Ti(OiPr)4/20 s N,/15 s BDC/30 s N, for the Ti-BDC films. Note
that we also confirmed that in both cases the GPC values remained
unchanged upon increasing the N, purge length (Fig. S2; ESIt).
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Fig. 1 Process characteristics for the two ALD/MLD processes investigated:
(a) GPC at various deposition temperatures for both processes, as well as GPC
with varied precursor pulse lengths for (b) Ti(O'Pr)4 + HQ, and (c) Ti(O'Pr), +
BDC processes. (d) Demonstration of the linear dependence of film thickness
on the number of ALD/MLD cycles applied for both processes.

From Fig. 1d, it is seen that at the chosen temperatures both
processes proceed in an essentially ideal manner such that the
film thickness increases linearly with increasing number of
ALD/MLD cycles applied. From the linear fittings, for the Ti-HQ
films the GPC value was determined as 2.4 A per cycle (at
125 °C) and for the Ti-BDC films as 2.5 A per cycle (at 210 °C).
These GPC values are clearly lower than the ‘“ideal” values
expected based on the lengths of the unit-blocks consisting of
the Ti atom and the organic unit (9.3 and 10.5 A for the Ti-HQ
and Ti-BDC blocks, respectively), but rather typical for
ALD/MLD-grown metal-organic thin films based on benzene-
ring backboned organic precursors.>* Tentatively, we hypothe-
size that the order of the Ti-organic unit length (9.3 versus
10.5 A) could explain the GPC value order (2.4 versus 2.5 A per
cycle) for the Ti-HQ and Ti-BDC films, as the lower deposition
temperature (125 versus 210 °C) in the former case would have
otherwise suggested a higher GPC value for the Ti-HQ films.
Another interesting comparison can be made for the Ti-HQ
films: the GPC value of 2.4 A per cycle obtained here for the
Ti(O'Pr), + HQ process is lower than the value (4.3 A per cycle)
reported for Ti-HQ films grown with the TiCl, + HQ process at a
slightly higher deposition temperature.’® We tentatively attri-
bute this to the larger steric hindrance in case of Ti(O'Pr), (due
to the larger ligands) as compared to TiCl,, and also possibly to
their different reactivities the higher reactivity of TiCl, being
due to its Lewis acid behaviour and the relatively weak Ti-Cl
bond. In future, these speculations could be tackled with
DFT-level simulations.

Visually, both the Ti-HQ and Ti-BDC films appeared highly
homogeneous, and the expected amorphous nature of the films
was confirmed with both GI-XRD (grazing incidence X-ray
diffraction) and SEM (scanning electron microscopy) measure-
ments. For the bonding structure analyses, FTIR (Fourier trans-
form infrared) (Fig. 2) and Raman spectroscopy (Fig. S3, ESIT)

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 FTIR spectra for (a) Ti-HQ films with different number of ALD/MLD
cycles, and (b) a representative Ti-BDC film; the most characteristic
vibrations are indicated. Inserts depict the bonding modes between Ti
and organics as deducted from the FTIR data; 4 (= difference between
symmetric and asymmetric carboxylate stretching vibrations) that reflects
the type of bonding in case of Ti-BDC is also indicated.

4000

techniques were employed. For the Ti-HQ films, the absence of
the characteristic 1{O-H) stretching peak (seen at 3160 cm ™" for
the HQ precursor)® and the appearance of the 1(Ti-0) stretch-
ing peak at 499 cm ' confirm that the reaction Ti(O'Pr), + HQ
has been complete.”® The presence of the 1(C=C) stretching
vibration at 1486 cm ', the 1(C-O) bending vibration at
1199 em™ ' and y(C-H) at 833 cm ','***° and the broad
1(C-0) peak at 1199 cm ' are all in line with the expected
Ti-O-C¢H,-O-Ti bonding sequence in the Ti-HQ films. Simi-
larly, the Raman spectrum shows all the Stokes lines expected
for the aromatic ring. Furthermore, the Raman mapping from
an area of 270 x 150 pm” affirmed the high film homogeneity
as no variation in peak intensities was observed between the
data points collected.

The successful deposition of Ti-BDC films could be verified
from the presence of the characteristic FTIR vibrations:*'3*
C-H out-of-plane bending (741 em™'), ring stretch (1412,
1503 cm™ ') and Ti-O-C stretching (550 cm ™ '). The symmetric
(vs) and asymmetric vibration (v,s) modes of the carboxylate
(COO™) group were found at 1381 and 1571 cm ™', respectively,
indicating a bridging-type (4 = 190 cm™ ') bonding (Fig. 2b
inset).*** All the characteristic peaks corresponding to the
aromatic backbone and bridging-type bonding of carboxylate
groups could be also confirmed from the Raman spectrum
(Fig. S4, ESIt), together with the high film homogeneity from
the Raman mapping.

The film density values were determined from XRR data
fittings (Fig. S5, ESIt) at 1.3 and 1.9 g em > for the Ti-HQ and
Ti-BDC films, respectively. Both films were appreciably smooth
(roughness <0.2 nm), as typical for amorphous ALD/MLD
films.?*

The film-growth conformality was studied using lateral high-
aspect-ratio PillarHall™ test structures with a gap-height (H) of
500 nm (Fig. S7, ESIt).>*?” For the depositions into these test
structures we followed the same pulse/purge parameters as
optimized in case of silicon substrates. The film penetration
depth (PD) was visualized using both optical microscopy
(Fig. S8, ESIt) and SEM (Fig. 3) after peeling off the top-roof
membrane using an adhesive tape approach. The contrast
difference between the coated and uncoated cavity surface seen
in the SEM images was taken as an estimation for the PD value.
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Fig. 3 Conformality data: SEM images and corresponding elemental
profiles (above) for (a) Ti-HQ and (b) Ti-BDC films. Distance between
dots (pillars) is 100 um. The reduction in film thickness deeper in the
trenches is visible with a change in contrast. The observed PD is marked.

Moreover, elemental profiles were measured using an energy-
dispersive X-ray spectrometry (EDS) through X-ray line scans of
the film starting from the opening area and then proceeding
further into the cavity (Fig. 3). The PD measured using the
contrast SEM indicated that the Ti-BDC film grows deeper
inside the cavity (PD: 150 um) than the Ti-HQ film (PD: 93 um).
These PD numbers correspond to the appreciably high aspect-
ratio (PD/H) values of 300 and 186, respectively. For both the
films towards the PD ending, a change in contrast in SEM
images was observed indicating a reduction in film thickness.””
This was further affirmed with the changes in the shape of
elemental profiles observed. Elemental profiles (showing the
presence of titanium, oxygen and carbon as expected) indicated
that the content of the constituting elements decreases along
the cavity while remaining constant within the opening area.
We also demonstrated the possibility to combine the
Ti(O'Pr), + HQ, and Ti(O'Pr), + BDC processes with ALD TiO,
layers grown from the same Ti precursor, i.e. Ti(O'Pr), + H,O
process. For the growth of these TiO,:organic SL films, we
designed supercycles consisting of 200 cycles of Ti(OiPr)4 +
H,0, followed by a single cycle of Ti(O'Pr), + HQ, or Ti(O'Pr), +
BDC. By repeating the supercycle 4 times, SL thin films with 4
organic monomolecular layers embedded within a TiO, matrix
were targeted. We carried out the depositions at the lowest
feasible temperatures, i.e. at 200 and 210 °C for the TiO,:HQ,
and TiO,:BDC films, respectively; these temperatures were
defined by the requirements of the Ti(O'Pr), + H,O (200 °C)
and Ti(O'Pr), + BDC (210 °C) binary processes, respectively.
From the XRR patterns (Fig. S9, ESIf) the presence of well-
defined SL peaks were evident for both the TiO,:HQ and
TiO,:BDC films. By fitting the XRR data, we determined the
GPC values for the TiO, layers, and the thicknesses of the
intervening organic layers as follows: GPC(TiO,) = 0.26 A per
cycle and HQ-thickness = 7.6 A for the TiO,:HQ SL, and
GPC(TiO,) = 0.38 A per cycle and BDC-thickness = 12 A for
the TiO,:BDC SL. The observed GPC(TiO,) values are within the
values reported for the Ti(O'Pr), + H,O process under similar
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temperature window but without organic layers.*®> Estimations
for the organic-layer thicknesses are also in line with previous
related cases; 7 A for HQ in combination with ZnO layers,*® and
12 A for BDC in combination with TiO,.® The comparitively
thinner HQ layers (in comparison to BCD layers) could be
tentatively explained by a tendency of the HQ molecules to
bend (rather than stay straight) between the TiO, layers.

Since photocatalysis could be one of future application areas
for the TiO,:organic films, we carried out UV-vis measurements
for our SL films. The absorbance pattern observed (Fig. S10,
ESIYT) affirmed the influence of organic layers in extending the
absorption range to visible region, which is highly beneficial for
the intended photocatalytic application.

Finally, we investigated the film stabilities by following the
possible changes in the XRR-determined film thickness and FTIR
and UV-vis spectral features upon elongated storage in open. For
the SL films the FTIR and UV-vis spectra remained essentially
unchanged (Fig. S10, ESIT) indicating excellent stability. Also the
Ti-BDC films were found appreciably stable (Fig. S6, ESIt) as
expected for a metal-carboxylate film.*” For the Ti-HQ films, FTIR
data (broad {O-H) band around 3000-3600 cm™') indicated
towards water physisorption (Fig. S6, ESIt). We hypothesize that
the undercoordinated Ti in Ti-HQ (compared to the bridging-type
bonding of BDC to Ti in Ti-BDC) could explain the stronger
moisture affinity. However, even after a one-month storage, only
a few nm thickness reduction (from 100.3 to 96.5 nm) was observed
for the present Ti-HQ films proving them to be clearly more stable
than those previously grown from TiCl,."*"**"

In conclusion, appreciably stable Ti-organic thin films were
obtained through ALD/MLD using the chlorine-free titanium pre-
cursor Ti(O'Pr),. The film-growth conformality - an essential
requirement for applying these coatings in 3D structures — was
demonstrated using state-of-the-art lateral high-aspect-ratio test
structures and detailed SEM analysis for the overall film penetra-
tion depth and elemental mapping. These ALD/MLD processes
were moreover shown to be compatible with the Ti(OPr), + H,O
process for TiO,, allowing the fabrication of layer-engineered
superlattice TiO,:organic thin films for future application.
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