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Abstract

Molecular layer deposition (MLD) of hybrid organic-inorganic thin films called ”titan-

icones” was achieved using tetrakisdimethylaminotitanium (TDMAT) and glycerol (GL) or

ethylene glycol (EG) as precursors. For EG, in situ ellipsometry revealed that film growth

initiates, but terminates after only 5 to 10 cycles, probably because both hydroxyls react with

the surface. GL has a third hydroxyl group, and in that case steady state growth could be

achieved. The GL process displayed self-limiting reactions for both reactants in the tempera-

ture range from 80 ◦C to 160 ◦C, with growth rates of 0.9 to 0.2 Å /cycle, respectively. Infrared

(FTIR) and X-ray photoelectron spectroscopy (XPS) confirmed the hybrid nature of the films,
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with a carbon atomic concentration of about 20%. From X-ray reflectivity, the density was

estimated at 2.2 g/cm3. A series of films was subjected to water etching and annealing in

air or He atmospheres at 500 ◦C. The carbon content of the films was monitored with FTIR

and XPS. Almost all carbon was removed from the air annealed and water treated films. The

He annealed samples however retained their carbon content. Ellipsometric porosimetry (EP)

showed 20% porosity in the water etched samples, but no porosity in the annealed samples.

Electrochemical measurements revealed lithium ion activity during cyclic voltammetry in all

treated films, while the as-deposited film was inactive. With increasing charge current, the He

annealed samples outperformed amorphous and anatase TiO2 references in terms of capacity

retention.

Introduction

Molecular layer deposition (MLD) is a thin film deposition technique where hybrid organic-inorganic

films are grown by exposing the substrate to subsequent, self-limiting, (metal-)organic precursor

gases. The method is very closely related to atomic layer deposition (ALD) of inorganic layers.1

Therefore it exhibits many of the attractive properties of ALD, such as precise thickness control

and conformality on high aspect ratio structures. MLD is known in literature since the early 90’s

for the deposition of polymer films.2 Only more recently, interest in hybrid organic-inorganic thin

films has arisen.3 These hybrid films display several intriguing properties and applications in flexi-

ble electronics and photo-catalysis.4–6 Today, several MLD processes have already been developed

for various hybrid materials, called ’metalcones’, by combining known metal-organic precursors

from ALD with organic reactants as ethylene glycol (EG) and glycerol (GL). The alucone process

for an aluminium oxide hybrid is the most extensively studied and many processes using different

organic compounds exist.3,7–9 Other metalcones known in literature are zincone10,11, zircone12,

hafnicone13 and titanicone14–17. It has been shown that these metalcones can be transformed into

porous metal oxides through water etching and calcination in air.18
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Table 1: Overview of known titanicone processes in literature.

EG15 GL15 4-Aminophenol16 4,4’-oxydianiline17

Growth rate per cycle (Å) 4.3 2.6 11 0.7

Temperature window (◦C) 80-135 130-210 120-160 250-490

Density (g/cm3) 1.8 1.8 1.9-2.2 /

Stable in air? No Yes Yes Yes

Titanicones have received much attention in the last years. A short overview of titanicone processes

known in literature up to now is presented in table 1. All these processes are based on TiCl4 as

the titanium precursor. TiCl4 is a relatively small molecule, and combined with the larger organic

reactants it leads to high growth rates which are mainly limited by steric hindrance caused by the

organic reactants. It has been reported that these titanicones can be transformed into conductive

films through pyrolysis at temperatures up to 900 ◦C19. Since ALD TiO2 is a known anode material

for lithium-ion batteries20, there could be heat or other treatments to be discovered that activate

the film as a working electrode material.

In this work, tetrakis(dimethylamino)-titanium (TDMAT) has been investigated as an alternative

titanium precursor for TiCl4. TDMAT is a well-known precursor in ALD literature and is suited

for the deposition of TiO2 and TiN by both thermal and plasma enhanced processes21–23. Here,

TDMAT has been combined with both EG and GL as organic reactants. With the application of

in situ ellipsometry measurements, the process parameters could be optimized. Ex situ techniques

enabled the study of the titanicone film characteristics, such as morphology and composition. A

series of films were subjected to several post-deposition treatments, such as water etching and

annealing in air and He atmospheres. The influence of these treatments on film properties was

investigated. Additionally, the films were tested for lithium-ion electrochemical activity and com-

pared to amorphous and anatase TiO2 reference samples.
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situ monitoring of the optical properties of the film during the process. The ellipsometer (J.A.

Woollam, Model M-2000) operates in the ultraviolet to near infrared region. The data was ana-

lyzed in the provided CompleteEASE software package. The optical model consisted of a fixed

Si substrate and 100 nm SiO2 layer, with the titanicone layer, modelled by a Cauchy dispersion

relation with the thickness as the only adjustable parameter, on top. The optical parameters of the

titanicone layer were calibrated through several samples for which the thickness was determined

by X-ray reflectivity (XRR) measurements.

X-ray diffraction (XRD), X-ray fluorescence (XRF) and XRR measurements were performed on

a Bruker D8 Discover diffractometer. XRD and XRR employed a Cu Kα X-ray source (λ =

0.154 nm). For XRF, a Mo Kα source was used (λ = 0.071 nm) on an Artax system from Bruker

with an XFlash 5010 silicon drift detector. In situ XRD data during annealing was carried out on

a homebuilt setup fitted with a position-sensitive detector under helium and ambient atmospheres.

X-ray photoelectron spectroscopy (XPS) was performed using Al Kα radiation (λ = 0.834 nm) on

a Thermo Scientific Theta Probe system. After measurement, the resulting spectra were analyzed

with the CasaXPS software package for calculation of atomic concentrations.

Scanning electron microscopy (SEM) images, along with energy-dispersive X-ray spectroscopy

(EDX) measurements, were acquired on a Quanta 200F (FEI) SEM instrument using a 10 keV

electron beam. Together with SEM imaging, atomic force microscopy (AFM) was utilized to

study the morphology of the films. The rms roughnesses were fitted from 1 µm2 sized images,

gathered by a Bruker Dimension Edge microscope.

Ellipsometric porosimetry (EP)24,25 was used to determine the porosity, pore size distribution

(PSD) and shape of porous films. In this setup, the change in refractive index is measured while

filling the pores with toluene vapor. After evacuation of the system, this vapor is dosed into the

chamber by a controllable valve. This valve allows to gradually increase the pressure in the cham-

ber while simultaneously taking ellipsometry measurements. From the SE data, the adsorption and

desorption isotherms can be derived, and information on the porosity, PSD and pore shapes can

be attained. Prior to measurement, all samples were dried in a tube furnace for at least 4 hours at
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100 ◦C to remove any condensed water from the pores. A Vertex 70v Fourier-transform infrared

(FTIR) spectrometer from Bruker was employed for infrared spectroscopy. Internally, a globar

source (mid IR), KBr beamsplitter and DLaTGS detector were installed on the optics bench.

Electrochemical measurements were performed with a Metrohm Autolab PGSTAT302 potentio-

stat, connected to a three-electrode setup, inside an argon-filled glove box (O2 and H2O content

below 1 ppm). Contacting of the Pt current collector to copper foil was done with silver paste on

the edges of the sample. A solution of 1M LiClO4 in propylene carbonate (99%, io-li-tec) func-

tioned as the Li+ electrolyte. The counter and reference electrodes for the measurements were pure

lithium strips (99.9%, Sigma Aldrich). Cyclic voltammetry (CV) measurements were performed

between the boundaries of 0.8 to 3.2 V at a sweep rate of 10 mV/s. Galvanostatic charging and

discharging experiments were executed at currents ranging from 1 µA to 10 mA. The area of the

cell was 0.9503 cm2.

Results and discussion

Titanicone MLD with the TDMAT precursor

Firstly, we will discuss two MLD processes based on the TDMAT precursor: the EG and the GL

process. EG is the most well-known organic reactant in MLD literature and thus was a straightfor-

ward choice for the development of a new process. With the help of in situ SE, the film thickness

could be measured after every cycle. The TDMAT/EG process sequence is as follows: 60 s TD-

MAT, 60 s pump time, 45 s EG, 60 s pump time. The pressure of the TDMAT precursor with the

argon flow was set to 5×10−3 mbar; the pressure of the EG precursor was held at 2×10−2 mbar.

As seen in figure 2a, initial film growth is observed during the first 5 cycles. Then, the growth

per cycle (GPC) rapidly decreases to less than 0.1 Å per cycle. It appears that active surface sites

are being removed in the first cycles of the process, thus terminating the film growth. Even after

executing 300 cycles, the resulting film thickness remains unmeasurable by XRR, hence below

a few nanometers. For this reason, the optical model used for analyzing the ellipsometry data is
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Figure 3: Process characteristics of the TDMAT/GL MLD, based on in situ SE data combined with
ex situ XRR thickness measurements. (a) Linearity is shown for up to 500 cycles at a temperature
of 100 ◦C. (b) Saturation curves for both TDMAT and GL precursors. (c) Temperature window
where stable growth was observed. GPC decreases with increasing temperature.

Substrate-enhanced growth was observed at the start of the process. After about 10 cycles the GPC

stabilized to a value of 0.76 Å/cycle at a sample temperature of 100 ◦C. The growth rate then re-

mained stable for cycle numbers up to 500, thus good linearity was achieved as shown in figure 3a.

The curves displayed in figure 3b show that saturation was achieved for both precursors. The GPC

saturated at TDMAT pulse times higher than 90 s and GL pulse times above 120 s. Also, zero film

growth was observed when dosing only TDMAT or GL into the reaction chamber. This provides

clear evidence for the self-limiting nature of each surface reaction. The pulse times needed to reach

saturation for this process were higher than what is usually reported in MLD literature. The reason

for this is probably a combination of two effects. First, the homebuilt MLD setup is a pump-type

system. In ALD literature it is generally known that these systems require higher pulse times com-

pared to flow-type systems. Secondly, the GL was kept at a temperature of 60 ◦C where its vapor

pressure was low. Hence, a supporting argon flow and long exposure times were necessary. The

TDMAT/GL process was stable in a broad temperature window ranging from 80 ◦C (lowest sample

temperature attainable in the hot-wall reactor) to 160 ◦C (limited by TDMAT decomposition). The

growth rate decreased with increasing temperature, from 0.95 Å/cycle at 80 ◦C to 0.24 Å/cycle at

160 ◦C, which was also observed for TDMAT-based TiO2 ALD processes21–23. In literature, this
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was attributed to an increased TDMAT desorption from the surface at higher temperatures21.

Characterization of the as-deposited titanicone film

The composition, morphology and other properties have been studied on as-deposited titanicone

films with a thickness of 38 nm. The samples were deposited with a TDMAT/GL process of 500

cycles at a temperature of 100 ◦C.

The composition of the films was studied using FTIR, XPS, XRF and SEM-EDX. Both XRF and

SEM-EDX data show a clear titanium signal, providing evidence for the presence of Ti in the

film. Infrared spectroscopy provides more detailed information regarding the chemical bonds in

the film. The spectrum gathered by FTIR is shown in figure 4. Multiple characteristic absorption

modes for both carbon and titanium related groups can be observed. At wavenumbers 2928 cm−1

and 2870 cm−1, CH2 stretches originating from the GL molecule (TDMAT only contains methyl

groups) can be found, together with a smaller absorption at 1248 cm−1. The stronger C-C and

C-O absorptions at 1135 cm−1 and 1086 cm−1 can also be linked to the GL molecule3. At low
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Figure 4: Infrared spectrum of an as-deposited titanicone film of 38 nm, deposited at 100 ◦C
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wavenumbers, vibration modes related to the Ti-O bonds can be observed. More specifically, at

820 cm−1 a sharp peak assigned to the Ti-O stretch mode is present. In the range 720 to 550 cm−1,

a band of absorptions related to Ti-O-Ti bonds can be seen26. The combination of both the carbon

related groups and the Ti absorptions provide evidence for the successful deposition of a hybrid

organic-inorganic film containing titanium. In order to quantify the amount of carbon incorporated

into the film, XPS measurements were performed. The expected elements (Ti, O and C) appear

in the spectrum. The carbon peak remains after several sputtering steps, thus proving that the

carbon is effectively incorporated into the film. For calculation of the atomic concentration of the

elements, the Ti2p, O1s and C1s regions were scanned in more detail, resulting in the following

estimates: 25.8% titanium, 53.4% oxygen and 20.8% carbon. It can be noted that the ratio of

titanium to oxygen is approximately the same as for regular TiO2. XRD measurements showed

that the as-deposited film was amorphous as no diffraction peaks were observed.

SEM imaging and AFM were used to study the surface morphology of the film. From the AFM

measurement, which is shown as an insert in figure 5, it is clear that the as-deposited surface is

very smooth. The rms roughness from this image was calculated to be 0.35 nm. The SEM image

displayed no visible features and confirms the film smoothness.

For the in situ monitoring of the MLD process, an optical model for the titanicone film had to be

developed. An empirical Cauchy dispersion relation of the type n(λ ) = A+B/λ 2 +C/λ 4 was

chosen. The A,B and C parameters of this model were then calibrated by fitting the measured

data to several samples for which the thickness was measured by XRR. This analysis yielded the

following values for the parameters: A = 1.679, B = 7.30×103 nm2 and C = 2.08×109 nm4.

The resulting model was very accurate for the deposited films and able to calculate the correct

thickness by data fitting with a low mean squared error. In this model, the refractive index is 1.72

at a wavelength of 600 nm.

XRR measurements were performed for both the thickness calibration of the ellipsometry model,

and the calculation of the film density through data fitting. The result of this analysis is presented

in figure 5. The estimated film density is 2.2 g/cm3. After deposition, several deposited films
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Table 2: Results of the EP measurements and analysis on the treated films.

Porosity Refr. index Thickness (nm) [decrease] Density (g/cm3)

N 0% 1.72 24.6 [ / ] 2.2

W 21% 1.52 19.1 [22%] 1.9

A 2% 2.07 10.5 [57%] 4.3

H 1% 2.25 16.8 [32%] 3.1

was turned off and the samples cooled down back to room temperature. From this point the differ-

ent samples will be referred to as follows: N for non-treated, A for annealed in air, H for annealed

in helium and W for water etched.

In situ XRD was performed during the annealing experiments to monitor the possible formation of

crystalline phases. The result of the XRD measurements for sample A is shown in figure 6. During

annealing, sample A crystallized to the anatase TiO2 phase. Almost all carbon was removed during

annealing (as shown in XPS measurements later), which allowed the remaining TiO2-like film to

crystallize. The other sample types H and W remained amorphous after treatment.

EP measurements were performed on all samples to gauge possible porosity induced by the treat-

ments. A summary of the results is presented in table 2. Only sample W showed a clear porosity

of about 21% in the EP measurements. From the shape of the isotherms we can conclude that the
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Figure 6: Ex situ XRD scan showing the crystallization to anatase TiO2 after annealing in air at
500 ◦C.
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pore shape is cylindrical. Performing extra analysis using the Brunauer-Emmett-Teller (BET) the-

ory provides extra information on the pore size distribution (PSD). For sample W the PSD reached

a maximum around the value of 1 nm.

The change in composition of the samples after the treatment was investigated using infrared spec-

troscopy (FTIR) and XPS. The result of the IR spectroscopy study is shown in figure 7. Here, the

spectra presented are referenced to the N sample. Hence, the removal of chemical bonds from the

film is indicated by negative peaks in the difference spectra. Focussing on the CH2 stretch vibration

modes, it is clear that a certain amount of these groups were removed by the different treatments.

The removed fraction is smaller for the W sample than for the A and H samples. Looking at the

C-C and C-O modes, there also appears to be a significant difference between the W and A/H

samples. The position of the peaks shows that the water treatment impacts mainly the C-O bonds

while the heat treatments focus on both C-C and C-O groups. The results from the XPS analysis

are presented in table 3. It confirms the trend seen in infrared spectroscopy of the CH2 vibration

modes. For sample W a fraction of the total carbon content is removed, while for sample A no

carbon remains after the calcination treatment. Sample H is however different. From XPS it is

clear that all carbon is retained in the film although C-H, C-C and C-O bonds disappear as seen

in infrared spectroscopy. From this we conclude that the carbon remains inside the H films in a

different form which is not immediately evident.
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Table 3: Comparison of the composition of the titanicone films in atomic concentrations, deter-
mined by XPS.

C (%) Ti (%) O (%)

N 21 26 53

W 7 29 64

A 1 31 68

H 24 24 52

Electrochemical measurements on titanicone films

Both the non-treated and treated titanicone samples were tested as electrodes in a lithium-ion cell.

For comparison purposes, two TiO2 reference films were deposited by 300 cycles TDMAT/H2O

thermal ALD. This resulted in a thickness of 11 nm. One film was kept amorphous while the

other received an identical annealing treatment to sample A. XRF was employed to compare the

amount of titanium in the reference samples to the titanicone films. The integrated area below the

Ti XRF peak is proportional to the amount of Ti atoms in the film. The electrochemical data for

the reference samples shown here was normalized to the same amount of Ti as in the titanicone

films, to make the comparison more straightforward.

First, the potential was swept in a potential range of 0.8 to 3.2V versus Li+/Li during cyclic

voltammetry. The resulting cyclic voltammograms are shown in figure 8. Sample N displayed

no oxidation or reduction peaks during cycling, so we conclude that the as-deposited film is elec-

trochemically inactive towards lithium ion insertion in this potential range. The treated samples

did show charging and discharging behavior during CV measurements. For all samples, except

for W, the CV stabilizes after 5 lithium insertion and extraction cycles. Sample A showed a clear

reduction and oxidation (Li+ insertion and extraction) peak centered around 1.91 V vs Li+/Li. This

is very close to the average peak position at 1.96 V vs Li+/Li for the anatase reference. The shape

of the voltammograms also was very similar. Both in the voltammograms for sample H and the

amorphous reference very broad current waves were observed. For the amorphous reference, the

average peak position was 1.17 V vs Li+/Li. No clear peaks could be discerned in the voltammo-
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Figure 9: Comparison of the delithiation capacity densities of the treated and reference samples
with increasing charge/discharge current

gram of sample H, hence no average position is reported. The similar shape of the voltammograms

is consistent with the amorphous nature of sample H measured with XRD. Sample W showed

drastically different behavior than the other samples. During cycling, the reduction and oxidation

peaks kept increasing until the CV stabilized after 15 cycles. A large reduction peak was found at

1.45 V vs Li+/Li. Two oxidation peaks appeared at 2.36 and 2.90 V vs Li+/Li. The voltammogram

did not exhibit typical capacitive behavior since the sign of the current remained unchanged after

switching the scan direction. Instead, two current plateaus were observed which are indicative of

homogeneous reactions occurring at the electrode. Cyclic voltammetry measurements on a bare

Pt sample revealed an almost identical behavior. It appears that the electrolyte is in direct con-

tact with the current collector and was therefore capable of reacting chemically with Pt during the

CV measurements. This observation is complementary to the porous nature of the water etched

samples seen during EP measurements.

After the cyclic voltammetry measurements, charging and discharging experiments were per-

formed on the same samples. The charging and discharging current was increased stepwise for
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each charge and discharge cycle, starting at 1 µA and ending at 10 mA. Every time the current had

reached an order of magnitude increase, the next cycle was performed at the starting current of

1 µA. This way the stability of the electrodes could be checked and possible degradation would be

noticed. For all samples, except N and W, there was no noticeable decrease in delithiation capac-

ity in this experiment. Samples N and W were excluded from these measurements because they

showed respectively no activity or no capacitive behavior during cyclic voltammetry.

The delithiation capacity is presented as a function of charge current in figure 9. At low charge

currents, the reference samples showed a larger capacity than any of the titanicone samples. How-

ever, at increasing currents the capacity of the reference samples dropped faster than the heat

treated samples. Sample H showed the most promising results. For charge currents above 5 µA,

it performed better than the anatase reference. Above 50 µA, it even improved on the amorphous

reference sample. At a charge current of 2 mA the delithiation capacity of the He annealed sample

was 4.7 times higher than the capacity of the amorphous reference sample. This improved rate

performance can most likely be attributed to an increased conductivity caused by the carbon inside

the film19. Sample A also displayed improved capacity at higher currents, although the difference

with the references was less pronounced as with sample H. At currents above 20 µA, the capacity

rose above the value for the anatase reference. Beyond 500 µA there was a slight gain over the

amorphous reference.

Conclusions

In this work, two novel processes for the molecular layer deposition of titanicone were investi-

gated, using TDMAT as the titanium precursor. For the TDMAT/EG process, growth is quickly

terminated after about 10 cycles, presumably caused by double surface reactions of the EG. The

TDMAT/GL process on the other hand shows typical MLD behavior with good linearity versus

cycle number and a saturated growth rate at long enough TDMAT and GL pulse times. The tem-

perature window for the process ranges from 80 ◦C to 160 ◦C with the respective growth rates
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decreasing from 0.95 Å/cycle to 0.24 Å/cycle. The hybrid nature of the as-deposited films was

confirmed with both FTIR and XPS, showing a carbon content of about 20%. From AFM and

SEM measurements, it was clear that the films were smooth, having a low rms surface roughness

of 0.35 nm. The density of the film was estimated at 2.2 g/cm3 and the refractive index was 1.72 at

a wavelength of 600 nm.

Three different post-deposition treatments were performed on the as-deposited films: annealing

up to 500 ◦C in inert (He) and oxidizing (air) atmospheres, and water etching. For both the air

annealed and water etched samples, carbon was removed from the film. However, for the He

annealed samples the carbon content remained unaltered. After the treatments, EP revealed about

20% porosity in the water etched sample and none in the other samples. The air annealed sample

was transformed to anatase TiO2. All treated samples were electrochemically active, as opposed

to the as-deposited films. The water etched samples showed no capacitive behavior during cyclic

voltammetry because the porous nature of the film allowed direct contact between the electrolyte

and the Pt current collector. Both the air and He annealed samples displayed an improved rate

performance when compared to their respective anatase and amorphous TiO2 references. The He

annealed samples showed the highest capacity of all treated samples. At a charge current of 2 mA,

its capacity was 4.7 times higher than the capacity of the amorphous reference. This result may

open up a possible application for this film as buffer layer to improve the rate performance of an

existing bulk electrode material.
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Post-deposition heat and water treatments activate MLD titanicone as a

lithium-ion battery anode
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