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Control of Water Vapor Permeation through Oxide
Films on Polymers for Flexible Displays
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Composite films consisting of tin oxide and silicon oxide produced via thermal evaporation were deposited
on polycarbonate substrates as water-barrier films to control the polarizability and packing density of the
composite films, both of which are factors significantly affecting water vapor permeation through the films.
As the tin oxide was added to the silicon oxide, the polarizability and packing density of the composite
films increased, and the water vapor transmission rate (WVTR) through the composite oxide films decreased.
Because of their strong interaction with water vapor, the 80 % tin oxide films with the highest polarizability
and packing density showed the lowest WVTR; however, the loose microstructures, which were caused by
thermal evaporation, resulted in a WVTR still too high to be applied as passivation layers in organic light
emitting diodes. Therefore, we deposited SnO2 films with high polarizability on polycarbonate substrates while
using an ion-beam-assisted deposition process (IBAD) to increase the packing density. This process resulted
in a WVTR below the measurable limit of 0.01 g/m

2
/day at 100% RH and 37.8

o
C. The permeation mechanism

of water vapor through the oxide films is discussed in terms of the chemical interaction with water vapor
and the microstructure of the oxide films. The chemical interaction of water vapor with oxide films was
investigated by the refractive index obtained from ellipsometry and the OH group peak obtained from x-
ray photoelectron spectroscopy (XPS). The microstructure of the composite oxide films was characterized
using atomic force microscopy (AFM) and transmission electron microscopy (TEM). The activation energy
for water vapor permeation through the oxide films was also measured in relation to the permeation mechanism
of water vapor.
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1. INTRODUCTION

Inorganic transparent oxide films, such as silicon- and alu-

minum-oxide on polymer substrates have been widely used

as gas barriers in food packaging, medical devices and, more

recently, flexible display industries. In particular, for passiva-

tion of organic light emitting devices (OLEDs) requiring an

extremely low water-vapor transmission rate (WVTR) of

<10
-6
 g/m

2
/day at 100 % RH and 25

o
C,

[1]
 relatively dense

oxynitride films, such as AlOxNy and SiOxNy, compared to

AlOx and SiOx, have been studied as transparent gas barrier

materials with using sputtering and plasma-enhanced chem-

ical vapor deposition (PECVD)
[2-4]

. However, since these

reported barrier films show too high WVTR to be applied to

display industries and the permeation mechanism of water

vapor has not be well known. Therefore, a new barrier mate-

rial design based on the permeation mechanism of water

vapor is required to provide reliable protection against the

permeation of water vapor. In addition, because all layers

except for indium tin oxide in OLEDs are deposited by ther-

mal evaporation, it would be profitable for any new barrier

material to be deposited by thermal evaporation to enable a

continuous process.

We investigated the material properties necessary to pro-

tect against the permeation of water vapor using composite

oxide films, which consisted of silicon oxide and tin oxide

and were deposited by thermal evaporation. From the exper-

imental results, we found that the main factors affecting the

permeation of water vapor through oxide films are high

polarizability and high packing density. Therefore, we uti-

lized an ion-beam-assisted-deposition (IBAD) process to

protect against the permeation of water vapor reliably by

densifying the oxide films with high polarizability. We then

investigated the effect of the packing density and the polariz-*Corresponding author: thinfilm@yonsei.ac.kr
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ability of the oxide films on the permeation of water vapor,

in terms of the microstructure and chemical interaction of the

oxide films with the water vapor.

2. EXPERIMENTAL PROCEDURE

Composite films consisting of SiOx and SnO2 were depos-

ited via thermal evaporation onto optical-grade polycarbon-

ates (PC) and Si (100) wafer substrates. In addition, SiOx and

SnO2 films were deposited via an IBAD process, using an

End-Hall ion gun. The PC substrates, each with a thickness

of 200 µm, have no ‘antiblock’ particles inducing micro-

scale defects in the deposited films and a very smooth sur-

face of the rms (surface roughness) below 1 nm. An anti-

electrostatic gun was used to remove the surface electrostatic

charge on the PC substrates following a cleaning with alco-

hol. The working pressure was first kept at 1.1×10
-2
 Pa, with

an oxygen flow rate of 2 sccm during the thermal evapora-

tion method, then at 2.67×10
-2
 Pa, with an oxygen flow rate

of 1.5 sccm and argon flow rate of 3 sccm during the IBAD

process. The anode voltage of the End-Hall ion gun was 150

V, and the ion beam current incident on the substrate, which

was measured using a Faraday cup, varied from 10 to 45

mA/cm2. The evaporation source materials were mixed

oxides of SiO and SnO2 with various atomic concentration

ratios. Powders of SiO and SnO2, with purities of 99.99%

and 99.9%, respectively, were combined in atomic concen-

tration ratios from 5 : 1 to 1 : 2 and were evaporated on the

tungsten boats. The film growth rate was maintained at 0.1

nm/s by using a quartz crystal monitor, and the films thick-

ness was fixed at 80 nm.

The refractive index for the films deposited on the Si(100)

substrates was measured at 633 nm using a L117 ellipsome-

ter (Gaertner Scientific Corporation). The structure of the

films on the PC substrates was determined by XRD (Rigaku,

D/max-RINT 2700) operating at 30 kV, 20 mA, and using a

Cu Kα1 line; all the films showed amorphous structures.

The surface morphology of the films on the PC substrates

was examined by AFM with a Digital Instruments Nano-

scope II. The AFM images of 1×1 µm were obtained during

tapping mode. The microstructure of the films by IBAD was

observed by TEM (JEOL 2010F) operating at 200 keV. For

the TEM analysis, the deposited films on PC were placed on

400-mesh copper grids, and the PC substrates were com-

pletely dissolved by the heated o-chlorophenol vapor to 120
o
C. The chemical compositions and the chemical bonding

states of the films were analyzed by monochromatic XPS

(VG Scientific, ESCARLAB 220-IXL) using an Al Kα X-

ray with energy of 1486.6 eV and a take-off angle of 90
o
.

Narrow scan spectra of all the regions of interest were

recorded with 20 eV pass energy, and the binding energy

scale was referred to the C1s peak of the carbon contaminat-

ing the sample surface at a value of 284.6 eV. From the Si2p

and Sn3d peak deconvolution, we found that the SiOx films

and the SnOx films obtained by thermal evaporation had

oxygen compositions of around 1.7 and 2, respectively, and

that all the films obtained by IBAD had oxygen composi-

tions of around 2. Water vapor transmission rate (WVTR)

and activation energy for water vapor permeation was mea-

sured at 100% RH using a Permatran W 3/31 (Modern con-

trols, Inc.). The samples were masked with aluminum foil

having a 5-cm
2
 gas exposure area for water vapor transmis-

sion, and the data were taken at temperatures ranging from

27 to 47.8
o
C.

3. RESULTS AND DISCUSSION

3.1. Oxide’s polarizability and chemical interaction with

3.1. water vapor

Since water has a large dipole moment and lone-pair elec-

trons, and thus is a good donor, molecular adsorption occurs

by acid/base interaction between water vapor and the oxides.

Therefore, strong adsorption on the internal surface of pores

and the top surface of oxide films occurs easily in more basic

oxides with the generation of an OH group on the surface
[5]

.

Since basicity of oxides, defined as the average electron

donor power, is closely related to oxides’ polarizability,

which can be expressed as the refractive index, oxides with a

higher polarizability and refractive index result in a higher

OH group density on the top surface and an internal surface

within pores by stronger interaction with water vapor
[6-8] 

.

The formed OH groups within the pores may interact with

permeating water vapor, interrupt the continuous permeation

of water vapor and thus decreasinge the water vapor trans-

mission rate. The bond strength between OH groups and

water bonded to the OH groups is so strong that desorption

of water vapor bonded to OH groups begins above 150
o
C

[9-10]

and increases with the polarizability of oxides. Therefore, it

is thought that oxide materials with a high refractive index

effectively protect against the permeation of water vapor

through the oxide films.

To investigate the effects of the polarizability of the oxide

films on water vapor permeation, we deposited composite

films consisting of SnO2 of high refractive index and SiOx of

low refractive index by thermal evaporation. Figure 1(a)

indicates that the refractive index of the composite films

increases with an increasing SnO2 content, and it shows a

maximum value for the composition of 80% SnO2, which

designates the highest polarizability. These results are con-

sistent with the results of Feldman et al. for ZrO2-SiO2 and

Y2O3-SiO2 and of Koo et al. for CeO2-SiO2 composite films

produced by coevaporation
[11-13]

.

Figure 2 shows the deconvoluted O1s XPS peaks of the

deposited films with SnO2 contents of 0, 80, and 100%. The

O1s peak of the SnO2 films in Fig. 2(c) shows the peak

related to the OH groups at around 531.6 eV with the O1s



Control of Water Vapor Permeation through Oxide Films on Polymers for Flexible Displays 109

peak of FWHM 1.33 eV corresponding to the Sn
4+

 at around

530.3 eV. In contrast, the O1s peak of the SiOx films shows

no peaks related to the OH groups in Fig. 2(a) except for the

O1s peak with FWHM 1.63 eV for SiOx. Because the polar-

izability and refractive index of SnO2 is higher than those of

SiOx, a higher OH group density formed on the surface, and

this was confirmed by the XPS results in Fig. 2. The 80 %

SnO2 films with the highest refractive index show a higher

OH group density than the SnO2 films, as shown in Fig. 2

(b).

3.2. WVTR and effects of the composite film micro-

structure

Figure 3 shows the WVTR measured at 37.8
o
C through

the composite films deposited on the PC. The pure SiOx and

SnO2 films provide approximately 2.4 times improvement in

WVTR, as compared to the bare PC substrate (34 g/m
2
/day).

As the SnO2 content in the composite films increases, the

refractive index and the OH group density increases, and the

WVTR decreases, reaching the lowest value of about 1 g/m
2
/

day at the composition of 80% SnO2. The deposition of the

80% SnO2 films with the highest refractive index shows a

WVTR reduction of about 34 times, which suggests that the

surface OH groups within pores caused by the polarizability

of the oxide films significantly affects the permeation of

water vapor. In addition, the 80% SnO2 films have more

effective water vapor barrier properties than the SiOx, AlOx,

and AlOxNy deposited by PECVD, electron beam evapora-

tion, and sputtering methods
[3, 14-15]

. However, although the

SnO2 films have a high refractive index of about 1.9, the

water vapor transmission rate is similar to the SiOx films

with a refractive index of about 1.44. This result may be

associated with the films’ porosity, because if the pore size

and density is too large and high, the permeating water vapor

would be expected to penetrate the films with little interac-

tion through the central pore space away from the surface

OH groups within the pores or with weak interaction with

multilayer of the water vapor adsorbed on the surface OH

groups within pores.

Feldman et al. remarked that the unusual variations in the

Fig. 1. Refractive index of (a) the composite films ( ○ ) by thermal
evaporation with various SnO2 atomic concentrations (0%, 6%, 45%,
80%, 100%), and (b) the SiOx and SnO2 films ( ● ) produced via
IBAD.

Fig. 2. The deconvoluted O1s XPS peaks of the deposited films with SnO2 contents of (a) 0, (b) 80, (c) 100% produced via thermal evaporation,
and (d) the SnO2 films produced via IBAD. The peak at around 531.6 eV is related to the OH groups, and the 80% SnO2 films show the highest
OH group density because they have the highest polarizability.

Fig. 3. Water vapor transmission rates (WVTRs) for the composite
films on PC at 37.8

o
C and 100% RH as a function of the atomic con-

centration of tin oxide.



110 W. H. Koo et al.,

refractive index in ZrO2-SiO2 and Y2O3-SiO2 originated

from the densification of the composite films, because the

refractive index of the films was closely related to the micro-

structure and the packing density
[11-12]

. Therefore, the highest

refractive index in the 80% SnO2 films implies a high pack-

ing density and a dense microstructure. The densification of

the 80% SnO2 films was confirmed by the AFM and TEM

images shown in Fig. 4. The SnO2 films with a high refrac-

tive index, shown in Fig. 4 (a), show a loose structure con-

sisting of spherical particles of large sizes, ranging from 25

to 34 nm, with a surface roughness of 2.1 nm. In contrast, the

80% SnO2 films show a relatively a dense structure of spher-

ical particles sized from 15 to 20 nm with an rms of 1.7 nm.

The large pores between the spherical particles in the SnO2

films as a path of water vapor permeation are indicated by

the light area in the plane view images with a clear contrast

shown in Fig. 4(d). However, the 80% SnO2 films show

indistinct contrast in Fig. 4(e), implying relatively small

pores and densely packed particles
[16]

. Therefore, the SnO2

films, in spite of their high refractive index, show a high

WVTR of 14 g/m
2
/day, as compared to 1 g/m

2
/day for the

80% SnO2 films.

3.3. Activation energy of water vapor through the com-

posite films

The effects of the polarizability and the packing density of

the films on the permeation of water vapor can be evaluated

by investigating the activation energy for water vapor per-

meation, which can be calculated using the following Arrhe-

nius equation:

where  is the transmission rate, ∆E is the activation energy

of permeation, R is the universal gas constant, T is absolute

temperature, and  is a constant unique to the system. Fig-

ure 5 shows the water vapor transmission data measured

between 27
o
C and 47.8

o
C, presented in Arrhenius form

with the calculated activation energy from its slope. The acti-

vation energy for water vapor permeation through the ther-

mal-evaporated SiOx and SnO2 films is about 9 kJ/mol and

13 kJ/mol higher, respectively, than that measured for the

bare PC (40.5 kcal/mol). The activation energy of the 80%

SnO2 films is about ~41 kJ/mol higher, as compared to that

for the bare PC. The increased activation energy for each

film implies that the permeating water vapor interacts with

the films deposited on the PC, and the different activation

= ∆E/RT–( )exp
o

.∏∏

 ∏

 
o∏

Fig. 4. The AFM images of the SnO2 films (a) the 80% SnO2 films, (b) coated by thermal evaporation, and (c) the SnO2 films produced via
IBAD at an ion beam current density of 45 µA/cm

2
. The TEM images for each AFM image are also shown in (d), (e), and (f) with the illustra-

tions indicating the microstructure of each film.
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energy indicates that the type and strength of the interaction

with the water vapor is different according to the polarizabil-

ity and film porosity of the oxides.

As mentioned above, water vapor easily adsorbs on the

oxide surface, forming OH groups. Additional water vapor

adsorbs on the hydroxylated surface with strong interaction,

and then the continuing water vapor adsorbs on top of each

other to form muti-layers by weak van der Waal’s attraction

force between water vapors. The strong interaction between

the OH groups and water vapor increases with the polariz-

ability of oxides
[17]

. In contrast, the weak water-water inter-

action is independent of the polarizability of oxides. In the

films withlarge pores and low packing density, the water-

water interaction may be dominant during the permeation of

water vapor through the films, via the formation of multi-

layer water vapor on the pores. If the pore size is signifi-

cantly reduced, the interaction between the OH groups and

the permeating water vapor may become dominant.

The similar activation energy in consideration of error

range and the low additional activation energy, in the ther-

mal-evaporated SiOx and SnO2 films indicates that the weak

water-water interaction independent of the polarizability of

the oxides influences the permeation of water vapor through

the films. The 80% SnO2 films show a higher activation

energy than that of the SiOx and SnO2 films, because the

80% SnO2 films with high polarizability have high OH

group density and strong interaction between the OH groups

and the permeating water vapor.

3.4. Water barrier properties of the oxide films produced

via IBAD

Although the 80% SnO2 films show water vapor barrier

properties superior to those of the pure SiOx and SnO2 films,

the WVTR of 1 g/m
2
/day is still too high value to be applied

as a passivation layer in flexible display industries, such as

OLED and OTFT. This is because thin films deposited by

thermal evaporation originally have loose microstructures

due to the low adatom mobility. Therefore, we used an End-

Hall ion gun to control the densification of the oxide films

with high refractive index. Because the deposition of the

80% SnO2 films increases the ambient temperature toaround

70
o
C and 100

o
C during thermal evaporation and IBAD,

respectively, we used the easily evaporated SnO2 as an evap-

oration source with high refractive index during IBAD, and

we attempted to limit the ambient temperature to below

85
o
C.

The SnO2 films produced via thermal evaporation show a

high WVTR, due to the loose microstructure and in spite of

their high refractive index, as seen in Fig. 3. Ion bombard-

ment during the deposition in IBAD enhances the adatom

mobility, and thus significantly increases the packing density

of the films with an increase of refractive index. We exam-

ined the water vapor barrier properties of the SnO2 films as

varying the ion beam current density from 0 to 45 µA/cm
2

and compared with the SiOx films with low refractive index.

Figure 6 shows the WVTRs of the SiOx and SnO2 films

deposited via the IBAD process as a function of the ion

beam current density, which was measured at 37.8
o
C and

100 % RH. As the ion beam current density increases, the

WVTR of the SiOx and SnO2 films on the PC substrate rap-

idly decreases from the WVTR of 14 g/m
2
/day correspond-

ing to the SiOx and SnO2 films produced via thermal

evaporation. The SnO2 films show lower WVTRs than those

of the SiOx films at all ion beam current densities. At an ion

beam current density of 45 µA/cm
2
, the SnO2 films show a

WVTR below the measurable limit of 0.01 g/m
2
/day, while

the SiOx films show a higher WVTR of 0.6 g/m
2
/day. The

different water barrier properties of the SiOx films and SnO2

films at the same ion beam current are attributed to the dif-

ferent reactivity with water vapor.

Fig. 5. Dependence of the water vapor transmission rate on recipro-
cal temperature for the bare PC ( □ ), PC/SiOx films (○ ), PC/SiOx

films ( △ ), and PC/the 80% SnO2 films ( ◇ )produced via thermal
evaporation. The dashed line corresponding to the bare PC is
intended to clearly show the difference in activation energy.

Fig. 6. Water vapor transmission rates (WVTRs) of the SiOx films
(●) and SnO2 films (○) deposited by IBAD process as a function of
the ion current density, measured at 37.8

o
C and 100% RH.
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Ion bombardment during deposition in IBAD promotes

film densification and the film densification is closely

related to the refractive index, resulting in the increase of the

refractive index. Thus, the SiOx and SnO2 films produced via

IBAD at an ion beam current density of 45 µA/cm
2
, as

shown in Fig. 1(b), show increased refractive index values of

1.48 and 2.05, respectively, as compared to the SiOx and

SnO2 films produced via thermal evaporation. A high OH

group density is generated on the surface of the SnO2 films

by IBAD, as seen in Fig. 2(d), which coincides with the

results of the SnO2 films produced via thermal evaporation,

as shown in Fig. 2(c). In addition, ion bombardment induces

many nucleation sites and enhanced adatom mobility, and

thus the SnO2 films produced via IBAD at an ion beam cur-

rent density of 45 µA/cm
2
, as shown in Fig. 4(c), show

densely packed structures composed of fine particles with a

rms of 0.7 nm, where the pore size becomes extremely

small, in contrast with the large pore size of the thermal-

evaporated SnO2 films due to large size of spherical particles

in Fig. 4(a). The illustrations and TEM images in Fig. 4(f)

reflect the different microstructures of the SnO2 films by

IBAD. The indiscernible contrast in the TEM image of Fig

4(f) implies that the SnO2 films produced via IBAD are com-

posed of densely packed fine particles
[16]

. Therefore, the con-

tinuous transfer of water vapor through the oxide films is

effectively protected in the SnO2 films densified by ion bom-

bardment, due to the stronger interaction between the OH

groups and the permeating water vapor, as well as to a higher

OH group density than that of the SiOx films. 

Figure 7 shows the water vapor transmission data mea-

sured between 27
o
C and 47.8

o
C, presented in Arrhenius

form, with the calculated activation energy from its slope,

for the SiOx and SnO2 films with a WVTR of 1.58 and 0.2 g/

m
2
/day at an ion beam current density of 35 µA/cm

2
. The

SnO2 films deposited at an ion beam current density of

45 µA/cm
2
 cannot be used because they have a WVTR

below the measurable limit of 0.01 g/m
2
/day. The activation

energies of the SiOx and SnO2 films produced via IBAD

showhigh values of ~66 kJ/mol and ~104 kJ/mol, respec-

tively, compared to ~41 kJ/mol of the bare PC. The SiOx and

SnO2 films deposited at an ion beam current density of

35 µA/cm
2
 show higher activation energy than the thermal-

evaporated films, indicating the influence of the strong inter-

action between the OH groups and the permeating water

vapor, rather than the weak water-water interaction. In addi-

tion, a much higher additional energy of ~63 kJ/mol is need

for the permeation of water vapor through the SnO2 films

produced via IBAD, while a relatively low additional energy

of ~25 kJ/m is needed for the SiOx films produced via IBAD.

This is because the OH group density and the interaction

strength between the OH groups and water vapor, in the

films with the significantly reduced pore size by ion bom-

bardment, increase with the polarizability of the films. P.

Paghu. et al. measured the desorption energy of water vapor

adsorbed on the OH groups for ZrO2, HfO2, and SiO2

films
[17]

. The desorption energy of water vapor adsorbed on

the OH groups was 33, 27, and 19 kJ/mol, for ZrO2, HfO2,

and SiO2 films, respectively, consistent with the order of

polarizability. Therefore, such a higher additional energy is

needed for the water vapor permeation through the SnO2

films deposited at the an ion beam current density of 35 µA/

cm
2
, and when the packing density is more enhanced and the

pore size is minimized by the an increased ion beam current

density of 45 µA/cm
2
, the SnO2 films show a WVTR below

measurable limit of 0.01 g/m
2
/day.

4. CONCLUSION

We have demonstrated that water vapor permeation

through oxide films is controlled by the oxide’s polarizabil-

ity and the packing density of the oxide films. This is

because oxide films with high polarizability and high pack-

ing density form high OH groups on the pore, induce strong

interaction between the OH groups and the permeating water

vapor, and thus protect against the permeation of water

vapor. Therefore, densified SnO2 films with high polarizabil-

ity produced by ion bombardment show superior water bar-

rier properties to SiOx films with low polarizability, and they

have WVTRs below the measurable limit of 0.01 g/m
2
/day

at an ion beam current density of 45 µA/cm
2
.
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