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Titanium dioxide films were grown by atomic layer deposition (ALD) using titanium

tetraisopropoxide as a titanium precursor and water, ozone, or oxygen plasma as coreactants. Low

temperatures (80–120 �C) were used to grow moisture barrier TiO2 films on polyethylene

naphthalate. The maximum growth per cycle for water, ozone, and oxygen plasma processes were

0.33, 0.12, and 0.56 Å/cycle, respectively. X-ray photoelectron spectrometry was used to evaluate

the chemical composition of the layers and the origin of the carbon contamination was studied by

deconvoluting carbon C1s peaks. In plasma-assisted ALD, the film properties were dependent on

the energy dose supplied by the plasma. TiO2 films were also successfully deposited by using a spa-

tial ALD (SALD) system based on the results from the temporal ALD. Similar properties were

measured compared to the temporal ALD deposited TiO2, but the deposition time could be reduced

using SALD. The TiO2 films deposited by plasma-assisted ALD showed better moisture barrier

properties than the layers deposited by thermal processes. Water vapor transmission rate values

lower than 5� 10�4 g day�1 m�2
(38 �C and 90% RH) was measured for 20 nm of TiO2 film depos-

ited by plasma-assisted ALD. VC 2015 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4922588]

I. INTRODUCTION

Atomic layer deposition (ALD) is a thin film deposition

technique, which offers some superior properties over other

existing thin film deposition methods, for example, it can

produce conformal films with angstrom scale thickness con-

trol.1,2 In addition, the self-limiting nature of surface reac-

tions in ALD leads to the production of continuous pinhole-

free films, which can be applied successfully on high aspect

ratio surfaces. Different metals, metal oxides, and nitrides

can be deposited using this method at relatively low temper-

atures.3–5 The unique properties of the ALD method also

meet the demanding requirements of industries such as semi-

conductors and microelectronics: indeed, they have been

widely used for nanoscale device fabrication.6 As distinct

from conventional temporal ALD, which has an alternating

sequence of precursor exposure, spatial ALD (SALD) is a

high throughput ALD method, which is compatible with

flexible continuous substrates and large scale thin film pro-

duction.7 The concept of spatial ALD leads to the same

sequence of precursor and purge gas exposure as conven-

tional temporal ALD. In this method, the substrate is

exposed to a coating head, which consists of several spatially

separated precursor and purge zones. One half reaction

occurs when the substrate passes through a precursor gas

zone, which is separated from the other precursor zone by a

purge zone. The schematic and real views of different con-

figurations of spatial and roll-to-roll ALD systems can be

found in Refs. 7–11.

ALD layers have been shown to have the capability of

being used as moisture barriers for organic light emitting

diodes (OLEDs).12 One of the major obstacles to the real-

ization of flexible OLEDs as well as thin film solar cells is

a reliable thin-film encapsulation. The level of water vapor

transmission rate (WVTR) that is required for the above-

mentioned applications is below 10�6 g day�1 m�2 to

ensure a lifetime of above 10 000 h.13 The value of WVTR

for polymers is many orders of magnitude higher than

this.14 However, a thin film barrier coating deposited by

ALD could provide such properties to a polymer layer and

make it suitable for flexible electronic applications. A low

temperature process is required for coating on polymers

and other temperature sensitive substrates.15–20 At rela-

tively high temperatures, although still lower than the poly-

mer melting point, thermal degradation can occur changing

the polymer physical and mechanical properties.21 In addi-

tion, lowering the process temperature can also decrease

the mechanical stress induced by differences in the coeffi-

cient of thermal expansion between the film and polymer

a)Present address: Department of Applied Physics, Eindhoven University of

Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands;

electronic mail: m.aghaee@tue.nl
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substrate during cooling, responsible for the appearance of

cracks in the film.22–24

Several single layers and multilayer stacks of TiO2, Al2O3,

and ZnO prepared by thermal and plasma-assisted ALD on

polymer substrates have been used for encapsulation and

moisture barrier purpose.25–27 Among these oxides, titanium

dioxide is a promising material with good stability against

degradation. Several ALD studies on titanium dioxide have

been carried out using different titanium precursors. TiCl4,28

TiI4,29 tetrakis-dimethyl-amido titanium (TDMAT),30 tita-

nium tetraisopropoxide (TTIP),31 titanium ethoxide,32 and ti-

tanium methoxide33 were used in order to deposit titanium

dioxide ALD films. Among these precursors, TTIP is cost-

efficient and has the highest vapor pressure among titanium

metalorganics, which makes it an interesting precursor for

developing for large scale and roll-to-roll ALD processes.

In this paper, relatively low temperatures have been used

for atomic layer deposition of titanium dioxide moisture bar-

rier films on polymer surfaces using TTIP. Water, ozone,

and oxygen plasma have been used as the oxidising precur-

sor in TiO2 temporal ALD processes. WVTR values lower

than 5� 10�4 g day�1 m�2 have been measured in tropical

condition for a single 20 nm TiO2 layer deposited on poly-

ethylene naphthalate (PEN) by plasma-assisted atomic layer

deposition in a temporal ALD system. The preliminary

results of the temporal ALD were used to develop a spatial

ALD process, using TTIP and water as precursors, and the

film properties were studied.

II. EXPERIMENT

A. Temporal ALD

The samples were prepared using a TFS-200 ALD system

(Beneq Oy, Finland) using either a thermal or a plasma pro-

cess. TTIP (97% Sigma Aldrich) was used as a titanium pre-

cursor and water, O3 and O2 plasma were used as the oxygen

source. The titanium precursor bubbler was heated to 65 �C
to obtain a high enough vapor pressure and nitrogen

(99.999%) was used as the carrier gas. The vapor delivery

line was heated to 75 �C in order to prevent vapor condensation.

Water was held at 20 �C and used without carrier gas and the

water vapor delivery line was held at room temperature

(>20 �C). Ozone was generated using a BMT 803N ozone

generator, which is able to produce 8 g/h ozone with purity of

99.999% and concentration of 250 g/Nm3. Each cycle consisted

of two precursor pulses, and two purge steps between the pre-

cursor pulses and nitrogen (99.999%) obtained from liquid

nitrogen boil-off was used as the purge gas between precursor

pulses. Depositions were carried out between 80 and 120 �C.

The remote plasma system used in the temporal ALD is

illustrated in Fig. 1. It is similar to the plasma systems which

were used by K€a€ari€ainen and Cameron34 and Kariniemi

et al.35 Plasma was generated by capacitive coupling with a

13.56 MHz rf plasma source. The distance between the

plasma electrode and the substrate surface was 25 mm and

remained constant during all ALD cycles. A grid at ground

potential was situated between the plasma electrode and the

substrate to avoid ion bombardment of the substrate and the

distance between the grid and substrate was 12 mm.

Additional argon (99.999%) was used to facilitate the gener-

ation of the plasma. O2 gas (99.999%) was introduced to the

chamber to produce oxygen radicals. All plasma depositions

were done at 80 �C.

Polished (100) silicon wafers were used as substrates for

film thickness measurements and x-ray photoelectron spectros-

copy analysis (XPS). Teonex
VR

PEN (Polyethylene naphthalate)

from DuPont Teijin with thickness of 125lm, which is the

most popular polymer that has been used for flexible displays,

was used as a polymer substrate for WVTR measurements. A

clean enclosure with the class of ISO 5 (ISO 14644-1) was used

to protect the polymer surface against dust and contaminants.

The film thickness was measured from the film deposited

on silicon by using a spectroscopic ellipsometer M-2000UI

from J.A. Woollam Co., Inc., between 400 and 1600 nm

using a Cauchy model of the titanium oxide optical charac-

teristics. The growth rate was calculated based on these

thickness measurements. The refractive index of the films

was measured at the wavelength of 600 nm. XPS analysis

was done using a Thermo ScientificTM K-AlphaTM system

with Al ka (1486.68 eV) excitation. The spot size of the x-

ray was 400 lm2 and remained constant in all measurements.

The photoelectron takeoff angle was set at 90�, which means

that the detector was perpendicular to the sample. Arþ ions

were accelerated to 2 keV with 2� 4 mm2 raster size to etch

the sample surface for 20 s in order to remove surface con-

taminants. The water vapor transmission rates of the titanium

dioxide films on polymer as well as uncoated polymer were

measured using an AQUATRAN
VR

Model1 (MOCON Inc.)

system in tropical conditions (38 �C and 90% RH). Two par-

allel measurements were done for each sample and the mean

value of them is reported.

B. Spatial ALD

A TFS-200R spatial ALD system (Beneq Oy, Finland)

was used to prepare titanium dioxide films using TTIP and

water to study the growth rate of titanium dioxide layers at

different deposition temperatures. A schematic view of the

spatial ALD reactor is shown in Fig. 2. The reactor consists

of a cylindrical chamber with eight precursor nozzles

arranged radially, each separated by a nitrogen purge nozzle,

which means that four ALD cycles take place in each

FIG. 1. Schematic view of plasma ALD reactor.
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rotation of the substrate. The axial length of each nozzle is

120 mm, which is the same as substrate width and the gap

between the nozzles and substrate was 500 lm. The time that

one point of the substrate needs to pass one precursor zone is

defined as the “residence time.” The width of each precursor

zone was assumed to be the width of the nozzle, which was

12 mm. This ignores the width of the nitrogen curtain

between nozzles. The temperatures of the TTIP and water

containers were the same as in the temporal ALD process.

Nitrogen with a flow rate of 100 sccm was used as a carrier

gas for both TTIP and water. Nitrogen flow of 4600 sccm

was also used as a purge gas. Fifty micrometer thick flexible

silicon was used in order to measure the film thickness and

metallized polymer was used to check the uniformity of the

film along the nozzle’s length. The carbon content of the

films was also measured by XPS.

III. RESULTS AND DISCUSSION

A. Film growth by temporal ALD

1. Water process

TiO2 thin films were deposited on silicon using different

water and TTIP pulse lengths with 1 s of purge length after

TTIP exposure and 25–50 s of purge length after H2O expo-

sure. Purge length up to 25 s was used for up to 2 s of H2O

pulse length and 50 s for the pulse times more than 2 s. With

these purge lengths there was no evidence of non-ALD film

growth. Above 500 ms, changes in the TTIP pulse length

showed no changes in growth rate and refractive index of the

films. However, changing the water pulse length caused sig-

nificant variations in both the growth rate and the refractive

index. The effects of changes in water pulse length were

studied by changing the water pulse time between 500 ms

and 3 s. Figure 3 shows the deposition rates and refractive

indices of the films, which were deposited using TTIP and

water with ABAB… cycles at 80, 100, and 120 �C. The

growth of titanium dioxide on the silicon surface saturated

with approximately 2 s of water pulse, which gave the maxi-

mum growth rate of 0.33 Å/cycle at 120 �C. Varying temper-

ature in the range of 80–120 �C had no significant effect on

the growth rate; however, saturation occurred at lower water

pulse times for higher temperatures. Xie et al.36 measured a

growth rate of 0.03–0.15 Å/cycle between 50 and 150 �C.

They also reported an increase in the growth rate in the tem-

perature range of 50–150 �C, which does not agree with the

results of this study. Both Rahtu and Ritala37 and Ritala and

Leskelii38 reported a growth rate of 0.15 Å/cycle at substrate

FIG. 2. (Color online) Schematic view of TFS-200R SALD reactor (top view).

FIG. 3. (a) Growth rate and (b) refractive index of TiO2 films as a function

of water pulse length.

041512-3 Aghaee et al.: Low temperature temporal and spatial ALD of TiO2 films 041512-3

JVST A - Vacuum, Surfaces, and Films

 Redistribution subject to AVS license or copyright; see http://scitation.aip.org/termsconditions. Download to IP:  131.155.151.95 On: Tue, 30 Jun 2015 09:51:06



temperature of 150 �C. On the other hand, D€oring et al.39

reported of 1.5 Å/cycle at the same substrate temperature.

Sinha et al.40 also measured the growth rate at 160 �C, which

was 0.68 Å/cycle. The recent work by Meng et al.41 is in bet-

ter agreement with current work. They measured a growth

rate of 0.34 Å/cycle at 150 �C on an anodic aluminum oxide

surface. A wide range of precursor temperature between 25

and 82 �C was used in the studies referred to. The differences

between the deposition rates measured in this and earlier

works may be partly due to the different pressure conditions

and possibly different dosing conditions. In the present

work, the TTIP vapor pressure was higher than in Ref. 42—

the precursor source temperature, and the process pressure

were 65 �C and about 750 mTorr in this case compared with

45 �C and 7.5–100 mTorr in the case of Ref. 42.

The refractive index increased with increasing water

pulse length and reached a saturation at 1.5–2 s for all the

three deposition temperatures. An increase in substrate tem-

perature significantly affected the refractive index of the

films. For 2 s of water pulse, the refractive index changed

from 2.05 for 80 �C to 2.2 for 120 �C, showing that the tita-

nium dioxide films are denser at higher temperature [Fig.

3(b)]. X-ray diffraction patterns also showed no evidence of

crystallinity, indicating that the films were amorphous as to

be expected from the low deposition temperatures. The tran-

sition from amorphous to anatase TiO2 has been reported

180 �C in the thermal ALD.31

The mechanisms of the reaction between TTIP and water

were studied by Rahtu and Ritala37 and Aarik et al.31 using

deuterated water to identify them. It was found that between

150 and 250 �C half of the isopropoxide ligands are released

during the TTIP pulse in reaction with hydroxyl groups and

the other half are released during the water pulse. The two

half equations are

2� ODðsÞ þ TiðOCHðCH3Þ2Þ4ðgÞ
! ð�O�Þ2TiðOCHðCH3Þ2Þ2ðsÞ þ 2ðCH3Þ2CHODðgÞ;

(1)

ð�O�Þ2TiðOCHðCH3Þ2Þ2ðsÞ þ 2D2OðgÞ
! ð�O�Þ2Tið�ODÞ2ðsÞ þ 2ðCH3Þ2CHODðgÞ; (2)

where D represents deuterium. For temperatures higher than

250 �C, one isopropoxide group reacts with one surface

hydroxyl group and the other three isopropoxide groups react

with the water pulse. Generally, it has been shown for sev-

eral ALD processes using water that the hydroxyl coverage

is better on the surface in low temperatures and decreases

with increasing temperature.43,44 As the temperature

increases, some hydroxyl groups probably combine to form

water molecules, which are removed from the surface.45

2� OH! �Oþ H2OðgÞ: (3)

This dehydroxylation leads to reduction in –OH groups

on the surface at elevated temperature. In thermal ALD, the

complete reaction of surface groups and incoming precursors

happens in the presence of adequate thermal energy.

Absence of adequate thermal energy for the reaction of TTIP

and surface –OH at low surface temperatures (80–120 �C)

could be a reason for the low growth rate of titanium diox-

ide. There is also the possibility of forming water multilayers

for the long water pulse length at temperatures lower than

100 �C.46 Quartz crystal microbalance measurements made

by Aarik et al.31 for TTIP and water at 100 �C revealed a

mass decrease immediately after the water pulse that is

related to water desorption from the surface. Desorption of

molecular water from the surface will take a longer time

when the temperature is as low as 80 �C. Insufficient purge

times may lead to incomplete water desorption from surface

and consequently anomalous growth of the oxide by a CVD

process. In this work, the effects of purge time were also

tested during deposition of titanium dioxide from TTIP and

water. It was found that the purge times as long as 50 s are

needed after 4 s of water exposure, but for 2 s of water pulse,

25 s of purge time is enough. Thus, with increasing water

pulse time, much higher purge times are needed to remove

excess water molecules from the surface. In order to

decrease the process time for practical applications, a water

pulse time as low as 2 s is desirable.

2. Ozone process

The growth rate of TiO2 films prepared by TTIP and

ozone was measured at the same temperature as the TTIP

and water process. The TTIP pulse and purge times that

were used in this case were 500 ms and 1 s, respectively.

Different O3 pulse times varying from 500 ms to 5 s were

used, and no marked change in the growth rate was observed

between 80 and 120 �C by varying O3 feeding time, and the

growth rate remained constant between 0.1 and 0.12 Å/cycle.

The refractive index of the films also was measured in the

range of 1.8–1.9. Since these low growth rates and refractive

index values would not lead to a practical process, no further

studies were carried out with TTIP and ozone.

3. Plasma oxidation process

Using oxygen plasma lead to higher growth rates in com-

parison to water and ozone processes at 80 �C with the same

pulse lengths. The TTIP pulse and purge lengths was 500 ms

and 1 s, respectively, and remained constant for all the depo-

sition conditions. Oxygen plasma pulse length varied

between 500 ms and 5 s and a 5 s of purge length was used

after the oxygen plasma pulse. Figure 4(a) shows the

changes in growth rate and refractive index of titanium diox-

ide layers with O2 plasma pulse length. The growth rate of ti-

tanium dioxide layers deposited by TTIP and oxygen plasma

varied between 0.37 and 0.56 Å/cycle. The maximum growth

rate of 0.56 Å/cycle occurred with 2 s of oxygen plasma

pulse and plasma power of 250 W. As is shown in the graph,

the growth rate initially increases with increasing O2 pulse

length and drops after reaching a maximum. Using longer

O2 pulse times resulted in lower growth rates but as the O2

pulse length increases, refractive index of the films increases

which shows the films become denser.47 The refractive indi-

ces of the films deposited by TTIP and oxygen plasma
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measured between 2.07 and 2.33 and are higher than the

films that were deposited by TTIP and water, which indicates

that plasma is able to make denser films. Changing plasma

power also affects both growth rate and refractive index of

the resultant films. Generally, the measured growth rate was

higher for the higher plasma power. The refractive index

increased when the plasma power was increased from 150 to

250 W. The maximum growth rate occurred at longer plasma

pulse times for lower plasma power. To illustrate this, the

growth rate and refractive index data are plotted as a func-

tion of the energy input to the plasma, as shown in Fig. 4(b).

This shows that the plasma energy is the driver of the reac-

tions and indicates that much shorter plasma pulses could be

used if the power is increased. This is due to the effect of

increasing reactivity of oxygen plasma with increasing

plasma power.48 With increasing plasma power, removal of

TTIP ligands from the surface also takes place more

efficiently.

The growth rates measured using TTIP and oxygen

plasma in the present study are in good agreement with pre-

vious studies with the same temperature range.49,50 In com-

parison to the water process, plasma deposition helps to

decrease overall process time by decreasing the purge time

after oxidant precursor exposure. There also exists the possi-

bility of generating water during plasma-assisted ALD, due

to the reaction of the oxygen radicals with hydrocarbons

from the TTIP, but the amount of water that is produced in

this case is does not significantly affect the process time.

B. Properties of TiO2 layers deposited by temporal
ALD

1. X-ray photoelectron spectroscopy

The results of elemental analysis, which was performed

on samples deposited with different deposition conditions,

are shown in Table I. Three samples from the films deposited

by TTIP and water at 80, 100, and 120 �C were selected for

XPS measurements. For TTIP and oxygen plasma, the sam-

ples deposited with the plasma power of 200 W and different

pulse lengths were selected to study the effects of oxygen

plasma exposure on the film chemical composition.

Moreover, two samples that were deposited by 150 and

250 W were selected to survey the effects of plasma power.

The measurements were done before and after 20 s of Arþ

ion bombardment. The high level of carbon content in as-

deposited samples is related to surface C–C and C–H con-

taminations as the C1s peak in the binding energy of

284.7 eV for all the films confirms this issue.51

It was found that the content of residual carbon in the

films grown by the thermal ALD process with H2O as an ox-

idant remained constant within the error of XPS measure-

ments. The mechanism of reaction between TTIP and water

is much simpler than in the case of TTIP and oxygen plasma.

In the water process, at temperatures between 80 and 120 �C,

precursor decomposition does not take place and the only

reactant surface group after TTIP exposure is the surface

–OH group.38 A considerable change was observed in the

carbon content of the films deposited by TTIP and oxygen

plasma for different oxygen plasma pulse lengths. The car-

bon content decreased with increasing oxygen plasma pulse

length from 5.1% for a 0.5 s oxygen plasma pulse length to

3% for a 2 s oxygen plasma pulse length and negligible

amount of carbon was detected for 5 s of oxygen plasma

pulse length. Changing plasma power also affected the car-

bon content of the films. As it can be seen in Table I, the car-

bon content gradually decreased when increasing the plasma

power from 150 to 250 W. Comparing them in terms of

plasma energy also suggests that the carbon content is a

function of plasma energy input and decreases with

FIG. 4. (a) Growth rate and refractive index of TiO2 Films as a function of

oxygen plasma pulse length and (b) energy input to the plasma.

TABLE I. Carbon content of TiO2 films deposited by temporal ALD (after

Arþ sputtering).

Reactant

Plasma

power (W)

Temperature

(�C)

Pulse

length (s)

Carbon

content

(at. % 60.5)

Water 80 2 2.1

100 2 2.4

120 2 2.0

Oxygen plasma 250 80 0.5 4.8

200 80 0.5 5.1

80 2 3.0

80 5 0.5

150 80 0.5 5.9
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increasing the plasma energy. The analysis of the C1s peak

of XPS spectra after sputtering for the films deposited by

TTIP and both water and oxygen plasma shows that the car-

bon configurations are different in both films. The deconvo-

lution of the C1s peaks shown in Fig. 5(a) for the films

deposited by the thermal H2O process consists of two peaks

at binding energies of 284.7 and 286 eV, which indicate that

the carbon bond belongs to a C–C, C–OH and C–O–C

groups in the film. An additional peak at 282 eV is also pres-

ent in all of them which belongs to Ti–C bond.52,53 Since

there is no Ti–C bond in the TTIP precursor, the formation

of a Ti–C bond can be due to the reducing effect of the sput-

tering prior to the XPS measurement. The same effect was

observed by Sonnenfeld et al.54 Lack of Ti–C bonds in the

same samples before sputtering also supports the idea of the

reducing effect during sputtering. The C1s peak of the films

deposited by plasma shows a peak at binding energy of

288.8 eV in addition to the peak at 284.7 eV [Fig. 5(b)]. The

binding energy of 288.8 eV corresponds to O¼C–O func-

tional groups in the film.55,56 It has been reported that both

metal carbonates and hydroxyl are reactive sites for TTIP

chemisorption in plasma-assisted ALD of TiO2.57 The reac-

tion between O radicals and organic ligands produces H2O,

CO, and CO2. Moreover, surface carbonates and bicarbon-

ates are known to be formed due to simultaneous reaction of

H2O and CO2 with a metal oxide surface.58 Incorporation of

(CO3
2�) in addition to –OH surface group in the plasma pro-

cess possibly leaves some carbon within the film structure.

Changes in relative fraction of the two types of surface reac-

tive site with changing plasma pulse length are the most

probable reason for the small amount of carbon in higher

plasma pulses. The (CO3
2�) groups are superseded by –OH

surface groups by prolonging the oxygen plasma pulse

length.

Deconvolution of Ti2p spectra into Gaussian peaks for

the samples before Arþ ion etching indicates two Ti2p2/3

peaks at binding energies of 458.5 and 457.1 eV which cor-

respond to Ti(IV) and Ti(III) oxidation states, respec-

tively.59,60 The intensity ratio of I(Ti3þ)/I(Ti4þ) varies

between 0.01 and 0.03, which shows the negligible amount

of Ti (III) oxidation state. The state of oxidation changed

partially from Ti (IV) to Ti (III) after Arþ ion etching as pre-

viously reported in several studies.61–64

2. Water vapor transmission rate

WVTR measurements were performed on the series of

TiO2 films with the thickness of 10, 20, and 45 nm deposited

on PEN. The WVTR value of the pristine PEN was meas-

ured to be 1 g day�1 m�2. Forty five nanometer thick TiO2

(TTIP and water) decreased the water permeation rate to the

level of 3� 10�2 g day�1 m�2. The precursor pulse and

purge sequence for these films was: 500 ms TTIP pulse, 1 s

TTIP purge, 2 s water pulse and 25 s water purge. A water

pulse time of 2 s was selected to avoid excess water accumu-

lation on the surface during the coating process and decrease

the overall process time. Figure 6 shows the changes in

WVTR values of TiO2 coated PEN using TTIP and water

with temperature. As the temperature increases, the WVTR

value decreases.

The TiO2 films deposited by TTIP and oxygen plasma

showed a lower level of moisture permeation. Figure 7

shows the variation of WVTR value for the samples by dif-

ferent thickness made by different plasma (200 W) pulse

length. The TTIP pulse and purge times were the same times

that were used in water process. Different oxygen plasma

pulse lengths of 500 ms, 2 s and 5 s were used and a 5 s purge

after oxygen plasma pulse. The WVTR value for 45 nm of

the film with prepared by 500 ms oxygen plasma pulse

length turned out to be 1� 10�3 g day�1 m�2, which is still

lower than the best value for the film deposited by the water

process. For both 2 and 5 s of pulse length and thicknesses of

more than 20 nm, the WVTR values were measured lower

than the measurement limit of the equipment (lower than

5� 10�4 g day�1 m�2). These low values could be attributed

to the dense and conformal nature of the films prepared using

FIG. 5. C1s peaks of XPS spectra for (a) TTIP and water (water pulse

length: 2 s, 100 �C) and (b) TTIP and oxygen plasma (oxygen plasma pulse

length: 2 s). FIG. 6. WVTR of the films deposited by TTIP and water.
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plasma-assisted ALD. By decreasing the film thickness

down to 10 nm, the WVTR value for 2 and 5 s of oxygen

plasma length increased to 3� 10�1 g day�1 m�2 and

3� 10�3 g day�1 m�2, respectively.

Kim et al.27 measured the WVTR value for 80 nm tita-

nium dioxide layer deposited by TDMAT and oxygen

plasma on PES at the substrate temperature of 90 �C. They

reported 2.3� 10�2 g day�1 m�2 in measurement condition

of 37.8 �C and 100% RH. WVTR values in the level of 10�1

for 40–60 nm thick TiO2 ALD layer on PES substrate were

measured by Han et al.65 They also used TDMAT and oxy-

gen plasma at 80 �C to deposit TiO2 and the WVTR mea-

surement condition was 38 �C and 100% RH. Dickey and

Barrow66 reported the WVTR values down to the equipment

measurement limit (5� 10�4) for 8 nm of TiO2 layer on PET

deposited using a plasma assisted roll-to-roll ALD system.

In this case, measurements were made at 38 �C and 90% RH.

In this study, since the limit for the measurement instrument

was 5� 10�4 g day�1 m�2, the values lower than this value

could not be measured and the exact value of WVTR for 20

and 40 nm of TiO2 deposited by TTIP and oxygen plasma

remained unknown. A calcium test or similar is needed to

measure lower values of WVTR.

The water vapor transmission rate through the film is

determined by four stages of adsorption, solubilization, dif-

fusion, and desorption.67 The density and size of defects

inside the film are determinant factors for the diffusion thor-

ough the film.68 The denser ALD films, which contain nar-

rower and more widely separated pathways for water

permeation, can hinder this diffusion of moisture through the

film.69 The level of nanoporosity inside thin films also is

known as a factor, which is correlated to the water permea-

tion of ALD layers.70 Depending on the process conditions,

e.g., water or plasma exposure time, plasma power and depo-

sition temperature, which directly affect the film microstruc-

ture and physical properties, the density and size of pores

inside the film structure can be different. As it can be seen

from Fig. 3 for the water process, the refractive index of the

films increases with increase of temperature which suggests

that the films are becoming denser. Increasing the oxygen

plasma pulse length also led to the production of denser films

and in consequence lower WVTR values. It can be therefore

concluded that the water permeation decreased with increas-

ing film density.

C. Spatial ALD of TTIP and water

The results of growth rate, refractive index, and elemental

analysis of titanium dioxide films deposited by Spatial ALD

system using TTIP and water as precursors are presented in

this section. Figure 8(a) shows the growth rate of spatially

deposited titanium dioxide as a function of residence time

and rotations per minute (rpm) at three deposition tempera-

tures. Changes in deposition temperature showed insignifi-

cant effects on the growth rate. The growth rate increased

with increasing residence time and saturated at about 0.35 Å/

cycle for all the three deposition temperatures. This value is

slightly higher than the saturated growth in temporal ALD of

TTIP and water [Fig. 3(a)]. Increasing the residence time

above 459 ms (5 rpm) showed no considerable change in the

growth rate for all the three temperatures. One feature of the

SALD system is that the precursor exposure time and the

purging time cannot be independently varied since their ratio

is fixed by the mechanical dimensions of reaction chamber.

However, as in conventional ALD, the precursor dose is a

combination of the precursor exposure time and the precur-

sor vapor pressure. The purging time will, of course, depend

FIG. 7. WVTR of the films deposited by TTIP and oxygen plasma.

FIG. 8. (a) Growth rate and (b) refractive index of TiO2 films deposited by

spatial ALD.
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on the rotation speed. Therefore, a balance between the pre-

cursor dose and the purging time can be achieved, which

will minimize the amount of excess water and other byprod-

ucts that needs to be removed from the film surface. This

enables a fast ALD cycle to be achieved in SALD. A

decrease in deposition temperature to 80 �C showed no

anomalous growth at low residence times (high speed depo-

sition) as was reported by Maydannik et al.46 for Al2O3 de-

posited using trimethylaluminum (TMA) and water in the

same type of spatial ALD reactor. They explained this anom-

alous growth by formation of water multilayers at substrate

temperature lower than 100 �C, leading to a CVD reaction

between the excess water and the incoming TMA precursor.

The absence of such CVD growth behavior over a wide range of

residence time for TTIP and water suggests that this explanation

does not hold. Figure 8(b) shows the change in refractive index

of spatially deposited titanium dioxide layers using TTIP and

water with residence time at three deposition temperatures. All

the curves reach a saturation at the residence time of 230 ms.

Similar to temporal ALD, it can be seen that the refractive index

is higher for the higher temperatures at a given residence time.

Comparing to the films produced by temporal ALD, the refrac-

tive index of the films produced by spatial ALD is slightly higher

at the same temperature and in the saturated mode.

XPS analysis was carried out in order to compare the spa-

tially deposited titanium dioxide films with those deposited

by temporal ALD. Table II shows the carbon content of the

samples with various residence times and deposited in differ-

ent temperatures. In each temperature, the carbon content of

the sample deposited by 153 ms of residence time is similar

to the one deposited by temporal ALD and in saturated

mode. Increasing the residence time to 459 ms has led to

small changes in carbon content and no change in the case of

the samples deposited at 100 �C. The origin of the relatively

higher carbon content with higher speed deposition

(100 rpm) is the result of incomplete reaction between

incoming H2O molecules and the TTIP surface ligands,

which are consequently trapped in the film and increase the

residual carbon inside the films. The lower purge time might

also contribute, as some of methyl groups remaining from

the previous reaction might be carried into the next half reac-

tion zone due to the incomplete purge. With increasing resi-

dence time, there will be more time for surface ligands and

incoming precursors to react and also be removed in the

purge zones. Therefore, purer films with lower carbon con-

tamination will be produced with increasing residence time.

Increasing the residence time after reaching saturation at

153 ms showed little change in carbon content, film growth

rate, or refractive index. The C1s peaks of the SALD TiO2

samples were the same as the peaks that were observed for

the water process in temporal ALD [Fig. 5(a)].

Deconvoluting the C1s peaks of the XPS spectra showed

that C–C, C–OH, and C–O–C are the functional groups

which are present in the TiO2 layers deposited by SALD

using TTIP and water.

By increasing the temperature from 80 to 120 �C, the car-

bon content in the films slightly decreased. At high deposi-

tion rates (100 rpm), it is still possible to have the carbon

content as low as 2.7% at 120 �C. Comparing the growth

rate, refractive index, and chemical analysis shows that the

same results of the temporal ALD can be obtained by spatial

ALD with considerably lower deposition time, which shows

the capability of spatial ALD to produce titanium dioxide

films with the same film quality of temporal ALD. However,

the increased growth rate in the SALD process compared to

the temporal process might be explained by a slight CVD

component, which may occur in the SALD process since

dosing and purging time cannot be controlled independently.

IV. CONCLUSIONS

TiO2 thin films have been deposited by thermal and

plasma-assisted temporal ALD and also SALD at low tem-

peratures (�120 �C) using TTIP as the Ti precursor. In the

thermal process with water as the oxidant, the effect of tem-

perature variation between 80 and 120 �C on deposition rate

was minimal; nevertheless, the density of the films increased

with an increase of temperature. The process with ozone as

the oxidant had low growth rate at these temperatures and is

not practically useful. In plasma-assisted ALD, the length of

the oxygen plasma pulse played an important role in both pu-

rity and density of the layers. The WVTR measurements on

TiO2 films deposited on PEN indicated that for temporal

ALD the plasma-assisted process produces better moisture

barrier layers and WVTR values lower than 5� 10�4 g

day�1 m�2 were obtained for 20 nm of TiO2 films deposited

on PEN using more than 2 s of oxygen plasma pulse length.

The SALD process using TTIP and water showed similar

growth rate and quality to the layers produced by temporal

ALD. The production rate of SALD TiO2 films is greater

than temporal ALD for similar film characteristics. For com-

parison, further studies using oxygen plasma as an oxidant

source in SALD will be carried out in due course.
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