
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Powered by TCPDF (www.tcpdf.org)

This material is protected by copyright and other intellectual property rights, and duplication or sale of all or 
part of any of the repository collections is not permitted, except that material may be duplicated by you for 
your research use or educational purposes in electronic or print form. You must obtain permission for any 
other use. Electronic or print copies may not be offered, whether for sale or otherwise to anyone who is not 
an authorised user.

Tanskanen, Anne; Sundberg, Pia; Nolan, Michael; Karppinen, Maarit
Atomic/molecular layer deposition of Ti-organic thin films from different aromatic alcohol and
amine precursors

Published in:
Thin Solid Films

DOI:
10.1016/j.tsf.2021.138896

Published: 31/10/2021

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CC BY

Please cite the original version:
Tanskanen, A., Sundberg, P., Nolan, M., & Karppinen, M. (2021). Atomic/molecular layer deposition of Ti-
organic thin films from different aromatic alcohol and amine precursors. Thin Solid Films, 736, Article 138896.
https://doi.org/10.1016/j.tsf.2021.138896

https://doi.org/10.1016/j.tsf.2021.138896
https://doi.org/10.1016/j.tsf.2021.138896


Thin Solid Films 736 (2021) 138896

Available online 18 August 2021
0040-6090/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Atomic/molecular layer deposition of Ti-organic thin films from different 
aromatic alcohol and amine precursors 

Anne Tanskanen a, Pia Sundberg a, Michael Nolan b, Maarit Karppinen a,* 

a Department of Chemistry and Materials Science, Aalto University, FI-00076 Espoo, Finland 
b Tyndall National Institute, University College Cork, Cork T12 R5CP, Ireland  

A B S T R A C T   

Atomic/molecular layer deposition (ALD/MLD) processes based on TiCl4 as the metal source, and hydroquinone (HQ), 4-aminophenol (AP), p-phenylenediamine 
(PDA) or 4,4′-oxydianiline (ODA) as the organic precursor are systematically investigated to shed light on the factors affecting the inorganic-organic thin film growth. 
All the four ALD/MLD processes yield amorphous Ti-organic thin films which are here characterized by ex-situ X-ray reflectivity and Fourier transform infrared 
measurements for the film thickness and bonding scheme. First principles modelling results are presented to explore differences in the interaction of organic pre-
cursors with surface-bound TiCl4. For the TiCl4+AP process the high growth rate achieved, i.e. ca. 10 Å per one ALD/MLD cycle, essentially corresponds to the ideal 
thickness of the [Ti-O-C6H4–N-Ti] building unit. For both the ODA- and PDA-based processes the growth rates are considerably lower, while the TiCl4+HQ process 
yields the hybrid film with an intermediate growth rate. We attribute these observations to (i) the higher reactivity of the OH groups in comparison to the NH2 groups 
towards TiCl4, and (ii) the higher tendency of a heterobifunctional organic precursor to orientate vertically and avoid unwanted double reactions on the surface.   

1. Introduction 

Inorganic-organic hybrid materials have potential to possess exciting 
combinations of properties singly seen for inorganics or organics in 
conventional materials. This has stimulated the research on these 
intriguing materials already for years. The first commercial hybrid 
materials came to the markets in 1950s [1], and today they are already 
used in many different applications, such as optics, electronics and 
medicine [2] 

Many of the potential high-end applications of the inorganic-organic 
hybrid materials require the use of high-quality thin films, putting de-
mand on the fabrication technique employed. Atomic layer deposition 
(ALD) is one of the state-of-the-art thin-film techniques of industrial 
relevance. It is based on sequential, self-limiting surface-saturated gas- 
solid reactions, which makes the precise control of film thickness and 
composition possible [3,4]. However, the majority of the materials 
fabricated using ALD have been relatively simple inorganic compounds. 
It was in 1990s when the variant of ALD which produces organic thin 
films was developed [5,6]; the technique is now known as molecular 
layer deposition (MLD). Most importantly, the combination of ALD and 
MLD enables the fabrication of high-quality inorganic-organic hybrid 
thin films [7–10]. 

In Fig. 1, the sequential ALD/MLD growth of hybrid metal-organic 
thin films is schematically illustrated [11]; the illustration is for the 

prototype case where the metal precursor has two reactive ligands and 
the organic precursor has two functional groups. In Step 1, the metal 
precursor is pulsed into the reactor which then reacts with the active 
sites on the surface. In Step 2, inert gas is used to purge the reactor of 
excess precursor and possible by-products. This is followed by the sec-
ond precursor pulse (Step 3), i.e. the organic precursor, after which the 
reactor is again purged with inert gas (Step 4). The four steps together 
form one ALD/MLD cycle, which is repeated until the desired film 
thickness is achieved. It is important to note that the scheme presented 
in Fig. 1 is for the ideal case; in practice many metal precursor molecules 
are bulky causing steric hindrance while many organic precursors are 
flexible and tend to tilt and react twice on the surface, i.e. through both 
of its functional groups. Both the steric hindrance and the unwanted 
double reactions decrease the number of accessible/reactive surface 
sites and thereby depress the film growth rate. It should be emphasized 
that the steric hindrance is a common phenomenon even in conventional 
ALD of simple inorganic thin films [4,12], while the 
double-surface-reaction issue has been observed in ALD/MLD when 
using for example ethylene glycol as the organic precursor [8,11]. 

Until this day there are already a wide variety of ALD/MLD processes 
for different hybrid inorganic-organic materials, in particular the 
approach has been extended – besides those of typical ALD elements (Al, 
Zn, Ti, Zr) – to a number of different metal components (transition 
metals, lanthanides, s-block elements) [14–25]. However, the variety of 
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organic precursor types, in particular regarding their functional groups 
(typically homobifunctional alcohols or carboxylic acids) has remained 
less emphasized [26]. 

For the deeper insights into the ALD/MLD processes, researchers 
typically compare the optimized process parameters and resultant thin- 
film growth rates. However, such comparisons can be somewhat difficult 
based on data accumulated in different laboratories and/or different 
types of ALD reactors. Hence, we decided to systematically investigate 
the factors affecting the hybrid film growth using the same reactor and 
the same metal precursor but testing different organic precursors. We 
selected TiCl4 for the metal source as it is stable and easily handled and 
one of the precursors commonly employed in conventional ALD [27], 
and in particular since its small Cl-ligands were considered to have less 
effect on the growth rate via steric hindrance compared to organome-
tallic compounds, such as diethyl zinc (DEZ). Also, compared to e.g. DEZ 
with Zn in divalent state, TiCl4 with tetravalent titanium provides more 
bonding sites. Moreover, in our preliminary tests it was found to react 
with all the organic precursors investigated here. 

For the organic precursors, we chose four homo- or hetero- 
bifunctional aromatic compounds with hydroxy and/or amino groups 
as reactive groups, i.e. hydroquinone (HQ), 4-aminophenol (AP), p- 
phenylenediamine (PDA) and 4,4′-oxydianiline (ODA), see Fig. 2 for 
their molecular structures. Note that the stiff aromatic backbone has 
been considered to diminish the possibility of unwanted double re-
actions that hinder the film growth [11,27]. Amongst the processes 
investigated in this comparative study, the TiCl4+AP, TiCl4+ODA and 
TiCl4+HQ processes were developed in our group [9,13,28], while the 
TiCl4+PDA process was utilized by another group though no details of 
process development were given [29]. Of these four studies, only the 
first two were carried out using the reactor type now employed in the 
present study. Since the reactor type is likely to affect the growth 
characteristics details, we started the present study by optimizing the 
TiCl4+HQ and TiCl4+PDA processes for the present reactor. Moreover, 
in the case of the HQ and AP precursors, we discuss the data in com-
parison to the corresponding zinc-based hybrid films [30]. First princi-
ples density functional theory (DFT) simulations give further insights 
into the binding of the different organic functional groups and help 
rationalise the experimental results 

2. Experimental and computational details 

All the hybrid thin films were deposited on Si(100) substrates in a 
commercial ALD reactor (F-120 by ASM Microchemistry Ltd.) using 
TiCl4 (Sigma-Aldrich, ≥ 99.995 %) and diethyl zinc (DEZ; Aldrich, 52 wt 
% Zn) as the inorganic precursors and 4-aminophenol (AP; Alfa Aesar, 
98 %), hydroquinone (HQ; Sigma-Aldrich, ≥99.5 %), 4,4′-oxydianiline 
(ODA; Alfa Aesar, 98 %/Fluka, >98 %) and phenylenediamine (PDA, 
Sigma-Aldrich, ≥99 %) as the organic precursors. TiCl4 and DEZ were 
kept in containers outside the reactor, and AP, HQ, ODA and PDA in 
glass crucibles inside the reactor where they were heated at 110, 120, 
150 and 95 ◦C, respectively. Nitrogen (>99.999 %, Schmidlin UHPN 
3000 N2 generator) was used as a carrier and purging gas. 

The film thicknesses were determined from X-ray reflectivity (XRR; 
PANalytical X’Pert PRO MPD diffractometer; CuKα radiation; point de-
tector), and also from reflectance and transmittance spectra (Hitachi U- 
2000) measured in a wavelength region of 190–1100 nm and analysed 
using a procedure described in [31]. To follow the film growth charac-
teristics, so-called growth-per-cycle (GPC) values were calculated by 
dividing the film thickness value by the number of ALD/MLD precursor 
pulsing cycles applied. Fourier transform infrared (FTIR; Nicolet Magna 
750; DTGS detector; measurement chamber was purged with dry air) 
spectroscopy was used in a transmission mode (resolution 4 cm−1) to 
gather information of the chemical state of the films, i.e. the presence of 
anticipated chemical bonds and organic groups. The spectra were 
measured for ca. 100 nm thick samples, and the spectrum of a clean Si 
substrate was subtracted from the sample spectra to deduce the substrate 
interference. 

Periodic density functional theory (DFT) as implemented in the 
VASP5.4 code [32,33] was used to explore the interaction of hydrox-
yl‑terminated HQ, amide-terminated PDA and heterobifunctional (OH, 

Fig. 1. The four steps of one ALD/MLD cycle to deposit inorganic-organic 
hybrid thin films: (1) metal precursor pulse, (2) N2 purge, (3) organic precur-
sor pulse, and (4) N2 purge. Figure adapted from P. Sundberg, M. Karppinen, 
Eur. J. Inorg. Chem. 2014, 968–974 [13]. 

Fig. 2. Chemical structures of the organic precursors investigated: hydroqui-
none (HQ), 4-aminophenol (AP) molecules and p-phenylenediamine (PDA) and 
4,4′-oxydianiline (ODA). 
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NH2-terminated) AP with the TiCl4-modified hydroxylated anatase 
(101) surface. The generalised gradient approximation of 
Perdew-Burke-Ernzerhof (PBE) [34] was used to approximate the 
exchange-correlation functional. In these calculations core-valence 
electron interactions are described by all-electron PAW (projector 
augmented wave) potentials [35,36], with 4 electrons for Ti, 6 electrons 
for O, 4 electrons for C, 5 electrons for N and 1 electron for H. Plane 
wave cut-off energy of 400 eV is used and k-point sampling is achieved 
with a (2 × 2 × 1) Monkhorst-Pack k-point sampling grid [37]. Gaussian 
smearing is used, with a smearing of 0.1 eV. Convergence criteria are 
1e-04 eV in the energy and 0.02 eV/ Å for the forces and no symmetry is 
applied. Calculations are spin polarised. 

A surface slab orientated in the (101) direction was used to describe 
anatase TiO2, with a surface supercell of dimensions 20.61 Å x 15.16 Å. 
The slab was modelled as 6 atomic layers which we use as a model of the 
typical thin TiO2 layer that would be present in a titanium-based hybrid 
film, rather than a thicker surface slab typically used to represent an 
anatase film. On the basis of previous work, the anatase surface was 
modified by surface bound hydroxyl groups and we examine two cov-
erages: the higher coverage model has a half coverage of surface hy-
droxyls (6 water molecules, Fig. 3), while the lower coverage model has 
a coverage of 10 surface hydroxyls (5 water molecules). These hydroxyls 
are needed for the adsorption of TiCl4, which results in elimination of 
HCl; in this work we considered TiCl3 and TiCl2 species and found the 
former promote the formation of the Ti-O/Ti-N bonds with the organic 
species. 

With TiCl3 modified surfaces (at both hydroxyl coverages) we then 
explore the energetics of interaction with HQ, PDA and AP (through 
both –OH and –NH2 terminations) to assess the stability the resulting Ti- 
organic structures. The interaction energy is computed from:  

Eint = E(TiCl2-X) + E(HCl) - [E(TiCl3) + E(XH)],                                    

where E(TiCl2-X) is the total energy of the hybrid system, E(XH) is the 
total energy of the free molecule (HQ, PDA, AP), E(TiCl3) is the total 
energy of the TiCl3-terminated anatase (101) surface and E(HCl) is the 
total energy of the free HCl molecule. From the relaxed structure of the 
resulting TiCl2-organic species, we then allow a TiCl4 molecule to 
interact with the free end of the organic and compute the energy dif-
ference, Eint, in the same way. A negative value of Eint signifies an 
exothermic interaction. 

3. Results and discussion 

All the four TiCl4-based ALD/MLD processes investigated were found 
to yield homogeneous Ti-organic thin films. Moreover, all the films were 
found to be appreciably stable in ambient conditions, remaining visually 
unchanged (no signs of spots or clouding) even for extended periods of 
storage in ordinary laboratory conditions. It should be emphasized that 
this is not always the case with the ALD/MLD fabricated inorganic- 
organic thin films [7]. 

3.1. Deposition temperature ranges 

We started the detailed process optimizations by establishing the 
possible deposition temperature ranges, by observing the film quality 
(visual homogeneity and stability) and the process behaviour (evolution 
of the GPC value). In ALD and MLD, the lowest possible deposition 
temperature is defined by the temperature applied to evaporate the 
precursors (Tprec). Organic precursors typically require higher evapo-
ration temperatures and are thus the limiting factors for the feasible 
deposition temperature range [38]. In this work, the Tprec values for the 
organic precursors were (in ◦C): 110 (AP), 120 (HQ), 150 (ODA) and 95 
(PDA). The precursor pulse lengths in these initial experiments were 
chosen based on preliminary tests/previous experience on related pro-
cesses to be: 1.5 s for TiCl4, 20 s for HQ, 5 s for AP, 15 s for PDA and 14 s 
for ODA [9,13]. However, these choices turned out to be quite close to 
the values required for the full surface saturation, determined in later 
experiments. The length of the N2 purge was chosen to be the same as the 
precursor pulse (except for the shortest precursor pulses in which case 
the purge length was twice the precursor pulse length). 

For the TiCl4+HQ (Tprec = 120 ◦C) process the deposition experi-
ments could be started from 130 ◦C; with increasing temperature the 
GPC value decreased gradually from 4.3 Å/cycle at 130 ◦C to ~2 Å/cycle 
at 325 ◦C. For AP, Tprec was 110 ◦C, and the TiCl4+AP deposition ex-
periments were started from 120 ◦C. Hybrid Ti-AP films were obtained 
up to 220 ◦C, but the quality of the films began to deteriorate after 
160 ◦C [13]. Also, the highest GPC values, i.e. 10–11 Å/cycle, were 
achieved in the temperature range between 120 and 160 ◦C. Depositions 
with PDA could be started already from 110 ◦C because of the low Tprec 
value of 98 ◦C. However, the Ti-PDA films grown at temperatures below 
300 ◦C were not fully stable (judged from the immediate colour change 
seen after removing the films from the reactor); at 300 ◦C visually stable 
and uniform films were obtained. For the TiCl4+ODA process the lowest 
possible deposition temperature was 160 ◦C (Tprec = 150 ◦C), and 
visually homogeneous films were obtained even up to the amazingly 
high temperature of 490 ◦C [9]. When deposited in the lower temper-
ature range of 160–230 ◦C, the initially shiny films started to gradually 
dim (presumably due to Cl impurity reacting with humid air), while no 
changes were observed for the films deposited at 250 ◦C and above. All 
the Ti-ODA films retained the thickness for several months. Note that in 
our early work on the Ti-ODA films [9], the Cl-content was examined as 
a function of deposition temperature by XRF, and with increasing 
deposition temperature the Cl-content was found to decrease. 

Fig. 4 summarizes the dependency of the GPC value on the deposi-
tion temperature for all the four ALD/MLD processes investigated. For 
the two diamine-based films, Ti-ODA and Ti-PDA, the GPC increases 
when temperature is increased whereas in the case of Ti-AP (hetero-bi- 
functional) and Ti-HQ (dihydroxyl-functional) the GPC value decreases 

Fig. 3. Atomic structure of the model TiO2 anatase (101) surface, terminated 
with surface hydroxyl groups and with a surface bound TiCl3 species from the 
TiCl4 pulse. Titanium is represented by grey spheres, oxygen by red spheres, 
chlorine by green spheres and hydrogen by white spheres. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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when temperature is increased. For conventional ALD processes, such an 
increase in GPC with increasing deposition temperature as seen here for 
the TiCl4+ODA and TiCl4+PDA processes is often explained by either (i) 
precursor decomposition, or (ii) need to overcome a high reaction en-
ergy barrier [39]. These two phenomena are typically differentiated 
from each other by means of detailed surface-reaction saturation ex-
periments and/or FTIR spectroscopy. In the first case (decomposition), 
the film growth does not saturate and the FTIR spectrum is likely to show 
additional features due to unwanted decomposition products. In the 
second case (reaction barrier) surface saturation is reached with suffi-
cient precursor pulse lengths and the FTIR spectrum is free from addi-
tional peaks. 

For the present Ti-PDA and Ti-ODA films, no features that would 
indicate decomposition were seen in the FTIR spectra, recorded in the 
case of Ti-PDA for a film deposited at 300 ◦C and in the case of Ti-ODA 
for a film deposited at 290 ◦C [9]; the FTIR spectra are discussed later in 
more detail. Also, the GPC values saturated by increasing the precursor 
pulse lengths. Hence, we tentatively conclude that for the diamines 
(with amino groups) the reaction energy barrier is considerably higher 
than for the diols (with hydroxy groups). However, it should be 
mentioned that for a Ti-PDA film deposited at 400 ◦C the FTIR spectrum 
already revealed some changes possibly indicating towards decompo-
sition, even though the film still looked visually good. 

For the TiCl4+HQ and TiCl4+AP processes the GPC value decreases 
with increasing deposition temperature (in the latter case more steeply). 
This trend could be attributed to a temperature-dependant number of 
reactive sites on the surface. For example, due to their very low vapour 
pressures organic precursors may stick/adsorb on the film surface to act 
as extra surface sites in the lower temperature regime [40,41]. 

3.2. Surface saturated growth 

Based on the afore-described temperature profiles we then fixed the 
deposition temperatures for the rest of the experiments as follows: 170 
◦C for Ti-HQ, 140 ◦C for Ti-AP, 300 ◦C for Ti-PDA and 310 ◦C for Ti-ODA. 
At these temperatures the processes were believed to work in an 
essentially ideal manner. This was then confirmed by investigating the 

film growth saturation upon increasing the precursor pulse lengths, 
specifically at these fixed deposition temperatures. For an ideal ALD/ 
MLD process, the GPC value is expected to settle into a kind of plateau 
upon increasing the precursor pulse lengths, and the starting point of 
this plateau is considered to be the pulse length that is sufficient for the 
saturated film growth. In our previous works for the TiCl4+AP and 
TiCl4+ODA processes [9,13], it was noticed that the use of longer pulse 
lengths than 1.5 s for TiCl4 resulted in lower GPC values, presumably 
due to adsorption of excess chlorine on the surface with unnecessarily 
long TiCl4 pulses. Thus, in the present study the TiCl4 pulse length was 
fixed to 1.5 s, and only the organic precursor pulse lengths were varied. 
From Fig. 5, the point where the GPC value does not increase anymore is 
reached for all the four processes. The pulse length required for this 
varies significantly amongst the four organic precursors, being 15 s for 
HQ, 7 s for AP, 25 s for PDA and 12 s for ODA. The exceptionally long 
pulse length required in the case of PDA is an indicative of the low 
reactivity of the precursor as already discussed based on the deposition 
temperature profile data. 

In Fig. 6 we summarize the optimized process parameters (deposition 
temperatures and pulse lengths) for the four Ti-organic processes 
investigated. For the hydroxyl‑homofunctionalized HQ, the saturation 
(170 ◦C) GPC value of 3.7 Å/cycle is little higher than the earlier re-
ported value of 3.1 Å/cycle [28]. With the amino-homofunctionalized 
PDA and ODA precursors the saturation (300 ◦C) GPC values are 1.2 
and 1.5 Å/cycle, respectively. The latter value is higher than in our 
previous work for Ti-ODA (ca. 0.62 Å/cycle) [9], presumably due to the 
(too) long TiCl4 pulse time (GPC decreases with higher pulse time) used 
in our original study. For both the diamine-based processes, TiCl4+PDA 
and TiCl4+ODA, the lower reactivity of the amino groups with TiCl4 in 
comparison to the hydroxyl groups is believed to be the main reason for 
the lower GPCs. Here we should also recall the fact that relatively long 
pulses were required to achieve the full surface coverage in the cases of 
the two amino-homo-functionalized precursors. The ODA molecule 
moreover has two aromatic rings, a fact that makes it relatively bulky. 
Moreover, the molecule is prone to bend from the ether bond between 
the rings. Both of these features increase the steric hindrance and 
enhance the probability of the unwanted double surface reactions that 
could explain the lower growth rate in its case, but not for the smaller 
PDA molecule. 

The most interesting comparison is between the organic precursors 
with a single aromatic ring (HQ, AP, and PDA); amongst them the 
hetero-bi-functionalized AP with both hydroxyl and amino groups yields 
the clearly highest saturation GPC values, even up to 10~11 Å/cycle 
(140 ◦C). Noteworthy, these values are close to the value estimated 
based on the anticipated bond lengths for a straight Ti-AP chain, i.e. 9.1 
Å per cycle [13]. The size of the AP molecule cannot explain the high 
growth rate, as the HQ and PDA molecules are more or less of the same 
size as AP. Instead, we suggest that in the case of a heterobifunctional 
precursor for which one of the groups is more reactive (OH) than the 
other (NH2), the unwanted double surface reactions are efficiently 
reduced. 

3.3. Computational modelling 

To support this suggestion, we used periodic DFT within the PBE 
exchange-correlation functional to examine the differences in interac-
tion strength between the hydroxyl terminated HQ, amine terminated 
PDA and the heterobifunctional AP. Fig. 7 shows the atomic structure of 
the lowest energy configurations obtained for HQ, PDA and AP upon 
interaction at surface bound TiCl3 at half coverage of surface hydroxyls; 
similar results were found for the lower hydroxyl coverage as well (not 
shown here). The computed interaction energies are: −1.1 eV and 
−1.38 eV for HQ and PDA, while for AP the energies are −1.50 eV and 
−1.12 eV for the interaction through O and N, respectively. These are all 
accompanied by formation of HCl. Thus, in the heterobifunctional AP, 
there is a clear difference between the stability when binding through 

Fig. 4. Deposition temperature profiles for the four Ti-organic ALD/MLD pro-
cesses investigated. 

A. Tanskanen et al.                                                                                                                                                                                                                             



Thin Solid Films 736 (2021) 138896

5

the OH and the NH2 sites, with the former being preferred. It is also 
interesting to see that the interaction of Ti with the amide site of PDA is 
stronger than with the oxygen site of HQ. In all cases though, the energy 
difference is exothermic, which is consistent with deposition of the MLD 
films. 

The Ti-O distances in HQ and AP are 2.05 and 2.02 Å, while the Ti-N 
distances in PDA and AP are 2.12 and 2.16 Å. The Ti-O distances are 
longer than those in the corresponding oxide, while the Ti-N distances 
are close to those of bulk TiN (2.12 Å) [42]. 

We also considered the second half reaction, namely the interaction 
of the –OH/–NH2 end of the organic molecule with a TiCl4 precursor; the 
atomic structures are shown in Fig. 8. In all cases, HCl is eliminated and 
a Ti-O/Ti-N bond is formed. The resulting overall energy change for the 
two reactions is exothermic and is −0.97 eV for HQ, −0.63 eV for PDA, 
−0.63 eV for AP through the hydroxyl site and −1.01 eV through the 
amide site. Thus, we see that the most favourable situation is for the AP 

molecule to bind through the hydroxyl to the original TiCl4 precursor, 
while its amide group reacts with the next TiCl4 precursor. This should 
promote an upright bonding configuration of the AP precursor. 

3.4. Chemical bonding structure 

All the films grown were amorphous and thus diffraction techniques 
could not be used to examine the structures of the films. Therefore, we 
employed FTIR spectroscopy to verify the intended organic components 
in our Ti-HQ, Ti-AP, Ti-PDA and Ti-ODA films and to investigate the 
chemical bonding structure. For all the films features due to the aro-
matic (Ar) ring(s) and hydroxyl and/or amino groups were seen, as 
expected. In Fig. 8, we compare the FTIR spectra for the present Ti- 
organic films with corresponding zinc-based thin films of Zn-HQ [43] 
and Zn-AP [30], grown in this study just for a reference. The Zn-HQ film 
in particular is an excellent reference as its FTIR spectrum has been well 
explained on the bases of both experimental and computational data 
[44]: the features due to the Zn-O bonds are seen around 500 cm−1, 
while the footprints related to the Ar ring are the strong sharp peak 
around 1500 cm−1 (C = C stretching) and the less intense peaks around 
1200 cm−1 (C–H in-plane bending coupled with C–O stretching) and 
800 cm−1 (C–H out-of-plane bending). These main features are also 
now seen for the present Ti-HQ, Ti-AP and Ti-PDA films, as well as the 
other Zn-based reference, Zn-AP. 

From Fig. 9, for all the films based on the amine-functionalized 
organic precursors (AP, ODA and PDA) weak peaks in the N–H region 
around 3300 cm−1 are seen, as expected. For Ti-PDA the peak is broad 
and slightly stronger than for the other films. Peaks due to the metal (M 
= Ti or Zn) related M-O and M-N bonds are all seen below 500 cm−1. 
Also, as chlorine is a common impurity in ALD and ALD/MLD films 
grown from metal chloride precursors, it is possible that some of these 
peaks contain contributions from Ti-Cl bonds as well [45]. The peak in 
the 1200 cm−1 area (C = C/C–O or C = C/C–N stretch) is broader for 
Ti-AP and Zn-AP compared to Ti-HQ and Zn-HQ. The broader peak is an 
indication of overlapping bands that means more variation in bonding 
types for the AP-based films. 

The area around 800–1000 cm−1 seems to be quite sensitive to the 
differences in the bonding schemes. In the case of Zn-based films, only 

Fig. 5. GPC versus organic precursor pulse length curves showing the saturation behaviour for the four Ti-organic processes investigated.  

Fig. 6. Summary of pulse lengths required to achieve surface saturation and the 
maximal GPC value for the four Ti-organic ALD/MLD processes investigated at 
the given deposition temperature: the TiCl4 pulse was fixed for all the processes 
to 1.5 s (the dark grey pillars at the bottom) while the light grey pillars on the 
top represent the pulse lengths of the organic precursors. 
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two bands are seen for both Zn-HQ and Zn-AP, but the distance between 
these bands varies, being longer for Zn-AP. For the corresponding Ti- 
based films, Ti-HQ and Ti-AP, somewhat similar sets of two bands are 
seen, but for Ti-AP an additional band is seen at a lower wavenumber. 
We believe that the fact that three bands are seen for Ti-AP while only 
two for Zn-AP (as an indication of different bonding schemes in these 
films), is rather understandable taking into account the different 
charges/sizes of the Ti4+ and Zn2+ ions. 

Finally, to summarize our findings for the film growth characteristics 

and the chemical bonding schemes, Fig. 10 illustrates the structure of 
our Ti-AP thin films with a simple 2D schematic. From the DFT results, 
the AP precursor molecule can bind to the Ti4+ ions via both the OH and 
NH2 groups leading to both Ti-O and Ti-N bonds in the hybrid film 
structure. The result that the OH group reacts more strongly than the 
NH2 groups with TiCl4 on the surface may promote some degree of 
ordering of the Ti-O and Ti-N bonded layers, as indicated in the sche-
matic structure. 

Fig. 7. Atomic structures for the interaction of the organics with TiCl3-terminated anatase (101) (in all reactions, HCl has been released): (a) HQ; (b) AP through 
nitrogen; (c) PDA; (d) AP through oxygen. Ti is the light grey sphere, C is the dark grey sphere, O is the red sphere, N is the blue sphere, Cl is the green sphere and H is 
the white sphere. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. Atomic structures for the interaction of TiCl4 in the second half-cycle with the organic species in Fig. 6 (in all reactions, HCl has been released: (a) HQ; (b) AP 
through oxygen; (c) PDA; (d) AP through nitrogen. Figure colours are the same as Fig. 7. 
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4. Conclusions 

In this paper we have discussed the role of the reactive/functional 
groups of the organic precursor in the ALD/MLD growth of inorganic- 
organic hybrid thin films. The four different organic precursors 
selected for this study were all bifunctional, possessing different com-
binations of hydroxy and amino groups as the reaction sites; the organic 
precursors were: homobifunctional hydroquinone (HQ) with hydroxy 
groups only, heterobifunctional 4-aminophenol (AP), and homobifunc-
tional p-phenylenediamine (PDA) and 4,4′-oxydianiline (ODA) with 
amino groups only. As the metal precursor, TiCl4 was employed. The 
advantage of TiCl4 over the other common metal precursors were its 
relatively small chlorine ligands (not to pose significant steric hindrance 
effects), and the high valent titanium (to provide enough bonding sites). 

All the four different organic precursors yielded – in a well- 
controlled manner – hybrid thin films when combined with TiCl4, as 
intended. The resultant Ti-AP, Ti-HQ, Ti-PDA and Ti-ODA films were all 
amorphous, and thus we investigated their bonding structures using 
FTIR spectroscopy. For this comparison we also included the data ob-
tained by us under similar conditions for the two zinc-based hybrid thin 
films, Zn-HQ and Zn-AP. Such a comparison enabled us to identify and 
discuss the spectral features in detail, to provide also a useful platform 
for discussing the FTIR spectra for similar/related hybrid thin films in 
future with other metal constituents. 

Intriguing results concerned the reactivities and growth rates ach-
ieved with the different organic precursors. The amino-functional pre-
cursors, PDA and ODA, were found clearly less reactive (reacting better 
with increasing deposition temperature) than the precursors having 
hydroxy groups. Most excitingly, these different reactivities of the OH 
and NH2 groups were shown to be rather useful, when combined into a 
single heterofunctional precursor molecule. Namely, we observed the 
clearly highest growth rates for the Ti-AP films, and tentatively attrib-
uted this to the lessening the probability of the unwanted double surface 
reactions, as each AP molecule preferred to react on the Ti-Cl surface 
through its OH group (leaving the NH2 group unbonded until the next 
TiCl4 precursor was pulsed into the reactor chamber) or because of the 
more vertical orientation of the hetero-functionalized organic 
molecules. 
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Fig. 9. FTIR spectra for the four Ti-organic films investigated, together with 
those for Zn-HQ and Zn-AP reference films. 

Fig. 10. 2D schematics of the suggested (ideal) bonding structure in the hybrid 
Ti-AP films. This structure is based on the finding that the OH site in AP is more 
reactive towards TiCl4 than the NH2 site. 
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