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mic layer deposition of Al2O3 thin
films at low temperature for gas-diffusion barriers†

Kwan Hyuck Yoon,‡ Hongbum Kim,‡ Yong-Eun Koo Lee, Nabeen K. Shrestha
and Myung Mo Sung*

We present ultraviolet (UV) enhanced atomic layer deposition (ALD), UV-ALD, as a promising approach to

deposit effective gas-diffusion barrier thin films. Highly dense, uniform, and conformal Al2O3 thin films

were prepared by UV-ALD at 40 �C, suggesting that UV irradiation during the ALD process promotes the

reactions to achieve an ideal ALD process even at low temperature. The water-diffusion barrier

performance of the Al2O3 thin films was found to be significantly enhanced by the use of UV irradiation.

The water vapor transmission rate of Al2O3 films grown by UV-ALD at 40 �C was estimated to be 9.20 �
10�7 g m�2 d�1 using a Ca conductance test, which is one of the lowest reported WVTR values among

the ALD Al2O3 barrier thin films and satisfies the WVTR requirement of 10�6 g m�2 d�1. The WVTR

measurements were also performed by MOCON testing using 10–100 nm thick Al2O3 thin films on PET

substrates, also showing superior performance of the UV-ALD thin films to that of the thermal ALD film.

All the UV-ALD films except the 10 nm-thick one show WVTR values below 1.00 � 10�3 g m�2 d�1, the

detection limit of the MOCON instrument used.
1. Introduction

Organic light emitting diodes (OLEDs) have been known as
a promising display technology with their advantages in terms
of natural color reproduction, low voltage operation, ultra-thin
structure, and mechanical exibility.1–3 It is well known that
a primary obstacle to commercialization of OLEDs is their
extremely high sensitivity to moisture and oxygen.4,5 Moreover,
plastic substrates used for exible OLED devices offer little
protection against water and oxygen, resulting in rapid degra-
dation of the devices.6–8 Consequently, development of effective
gas-diffusion barriers has been a key issue for OLED devices.
For an adequate lifespan of the OLEDs, the water-vapor trans-
mission rate (WVTR) of the gas-diffusion barrier is required to
be 10�6 g m�2 d�1 or less.8,9 Atomic layer deposition (ALD) has
emerged as a promising method to prepare the barriers that
meet such WVTR requirements because it allows the deposition
of ultra-thin, uniform, and conformal lms.10–13 Several studies
reported the use of ALD to prepare gas-diffusion barrier lms
made of various inorganic materials.14–23 In particular, Al2O3 has
been considered as an attractive choice for barrier materials
against moisture and oxygen.19–23 Unfortunately, the ALD
process has not yet been successful to prepare effective Al2O3
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barrier thin lms for OLEDs. This is probably because the
substrate temperature during the ALD process should be kept
low, below 80 �C, so as to avoid thermal damage on the
temperature-sensitive organic materials in OLEDs24,25 and
plastic substrates.26,27 The temperature (<80 �C) is too low to
provide enough thermal energy for all the surface reactions to
complete.12,18,23,28 The ALD Al2O3 lms were low-density lms
with a large amount of hydroxyl groups and carbon-related
impurities when prepared at low temperature (<200 �C).28–31

Some recent studies attempted to overcome the problems by
adopting the plasma-enhanced ALD (PE-ALD) which can
produce high-quality thin lm for gas-diffusion barrier at low
temperature.32–36 However, none of these Al2O3 thin lms grown
by PE-ALD have met the WVTR requirement to be used for
OLEDs.37 Moreover, PE-ALD technique has a critical drawback:
the organic materials in OLEDs are exposed to a ux of highly
energetic atoms or charge particles from plasma.22,38,39 There-
fore, it seems crucial to develop efficient low-temperature thin
lm encapsulation (TFE) process.

ALD assisted by UV irradiation has also been used for
enhanced growth of metal oxide thin lms.40–47 In our previous
report, uniform and conformal ZrO2 thin lms were deposited
on plastic substrates at room temperature (RT) by UV-enhanced
ALD (UV-ALD).43 One can expect that high-quality Al2O3 thin
lms may be obtained at low deposition temperature by using
UV-ALD. However, only a couple of cases have been reported for
the use of the UV-ALD to prepare Al2O3 thin lm and their
deposition temperatures were not limited to low tempera-
ture.42,44 Moreover, these works are focused on the effect of UV
RSC Adv., 2017, 7, 5601–5609 | 5601
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Fig. 1 (a) Schematic diagram of an ALD system equipped with a UV
lamp. Cold mirror and hot mirror reflect UV radiation and visible/IR
radiation, respectively. Note that the hot mirror prevents the substrate
temperature from increasing. (b) UV-ALD sequence used for current
study. (c) Sequential surface reactions to fabricate Al2O3 thin films on
a substrate using UV-ALD.
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irradiation on growth mechanism or electrical properties of the
lms, not on their barrier performance for OLEDs applications.

Herein, we developed high quality Al2O3 thin lms as efficient
gas-diffusion barrier lms for OLEDs by adopting the UV-ALD at
low temperature. Strikingly, the density of Al2O3 lmwas improved
from 2.59 g cm�3 to 3.01 g cm�3 by employing UV light irradiation
during the ALD process at 40 �C. The Al2O3 thin lm grown by the
UV-ALD exhibited the WVTR of 9.20 � 10�7 g m�2 d�1, mani-
festing its excellent barrier performance. These results demon-
strate that the UV-ALD process can be a promising approach to
fabricate Al2O3 lm for TFE application on plastic substrates.

2. Experimental methods
2.1. Preparation of substrates

Various substrates (e.g., Si, glass, and plastic) were used in the
study. The Si substrates employed in this study were cut from p-
type (100) Si wafers (LG Siltron) with resistivity in the range of 1 to
5 U cm. The Si substrates were initially treated with a chemical
cleaning process that involved degreasing, HNO3 boiling, NH4OH
boiling (alkali treatment), HCl boiling (acid treatment), rinsing in
deionized water, and blow-drying with nitrogen to remove
contaminants and to grow a thin protective oxide layer on the
surface.48 The glass substrates were cleaned with acetone,
ethanol, de-ionized water, and blow-dried with nitrogen to
remove contaminants. The plastic substrates were cut from
polyethylene terephthalate (PET) lms (Melinex ST504, 125 mm).
Before using, the substrates were cleaned in de-ionized water and
ethanol, and blow-dried with nitrogen to remove contaminants.

2.2. Deposition of Al2O3 lm via UV-ALD

Al2O3 thin lms were deposited onto the substrates using tri-
methylaluminum (TMA, 97% Sigma-Aldrich) and water as
aluminum and oxygen precursors, respectively. Argon (Ar)
served as a carrier and purging gas at a rate of 100 sccm. The
TMA and water were evaporated at 20 �C. For enhancing the
ALD reaction, 400 W Hg lamp was installed between hot and
cold mirrors to have a working distance of 10 cm from the
substrate, as shown in Fig. 1a. The hot mirror was used to reect
IR and visible lights, while the cold mirror was used as an UV
radiation reector. When IR and visible lights from the Hg lamp
were ltered out, only broad spectrum of UV-C (200–280 nm)
light was focused on the substrate and the substrate tempera-
ture was kept constant, as illustrated in Fig. S1.† The total
intensity of the UV light at the substrate surface was 4 W cm�2.
The detailed sequence of UV-ALD cycle is shown in Fig. 1b.
Briey, each ALD cycle consists of 1 s exposure of the substrate
to TMA vapor, 15 s of Ar-purge to remove physisorbed TMA, 2 s
exposure to water vapor with UV irradiation, additional UV
irradiation for 0–4 s, and then 30 s of Ar-purge. The substrate
temperature was maintained at 40 �C by a substrate holder with
a water cooling system.

2.3. Film characterization

The lm thickness and refractive index of Al2O3 lms were
measured using spectroscopic ellipsometer (Elli-SE, Ellipso
5602 | RSC Adv., 2017, 7, 5601–5609
Technology). Film density was characterized using X-ray reec-
tivity (XRR, PANalytical X'Pert PRO) with a Cu Ka X-ray tube (1.54
Å) operated at 40 kV and 30 mA. The experimentally obtained
XRR spectra were tted using X'Pert Reectivity program.
Chemical composition of the lm was determined using X-ray
photoelectron spectroscopy (XPS, PHI 5000 VersaProbe, Ulvac-
PHI) with an Al Ka X-ray line (1486.6 eV) operated at 15 kV.
The binding energy of each element was calibrated using C 1s
peak (284.6 eV). Film morphology was investigated by atomic
force microscopy (AFM, XE-100). Contact angle between a water-
droplet and the lm surface was measured by the contact angle
meter (A-100 Rami-Hart goniometer).

For quantitative evaluation of barrier performance of the
Al2O3 lms deposited on glass substrates, their WVTRs were
measured indirectly using calcium (Ca) conductance test under
two different acceleration conditions, 85 �C, 85% RH and 70 �C,
90% RH. The conductance measurements for the Ca test were
taken using a semiconductor parameter analyzer (HP 4155C,
Agilent Technologies). Furthermore, visual evaluation of the
barrier lms under the acceleration condition at 85 �C and 85%
RH was also performed using an array of Ca dots. In case of the
Al2O3 lms on PET substrates (10 cm� 10 cm), the WVTRs were
directly measured by MOCON test (Permatran-W 3/33 MA) at
37.8 �C and 100% RH.
This journal is © The Royal Society of Chemistry 2017
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3. Results and discussion
3.1. ALD growth of Al2O3 thin lm and inuence of UV
irradiation

Fig. 1c shows a schematic diagram for Al2O3 lm growth by UV-
ALD. When TMA is injected into the reactor, it is chemisorbed
on the substrate-surface via ligand exchange reactions with
hydroxyl groups that are rich in the surface.12 As a result, volatile
CH4 by-products are released and –O–Al(CH3)2 species are
attached to the surface by covalent bonding.12 In the subsequent
ALD half-reaction, H2O vapor reacts with the –O–Al(CH3)2 to
form –O–Al(OH)2 and CH4 by-products.12 During this second
half of the ALD process, UV light is irradiated on the surface,
which assists the reaction between H2O and –O–Al(CH3)2
surface group to form Al2O3 by removing –CH3 groups via
photo-dissociation.49–52

The surface reactions during the ALD process must be self-
terminating and complementary to yield a uniform and
conformal Al2O3 thin lm. To verify the self-terminating nature
of Al2O3, dosing times for TMA and water were varied between
0.5 and 5 s and a constant Ar purging time of 120 s were used.
The UV irradiation was applied during the water dosing stage.
The UV irradiation time was equal to the water dosing period for
the period from 0.5 to 2 s, but it was xed to be 2 s for the period
longer than 2 s. A constant temperature of 40 �C was main-
tained for the substrate during the entire ALD process. For
Fig. 2 Effect of UV irradiation time and temperature on Al2O3 thin films g
index of the film grown at 40 �C as a function of UV irradiation time (2 s in
GPC, (e) density, and (f) refractive index of the film as a function of tem
irradiation time of 4 s.

This journal is © The Royal Society of Chemistry 2017
comparison, deposition of Al2O3 thin lms was also performed
by thermal ALD process, i.e., ALD without UV irradiation, under
the same experimental conditions. The growth per cycle (GPC)
of each Al2O3 lms was measured by an ellipsometry (Fig. S2a
and b†). The GPC values by both UV-ALD and thermal ALD
became saturated when the dosing pulses of TMA and H2O
exceeded 1 s and 2 s, respectively. On the other hand, a longer Ar
purging time aer H2O dosing step was required for the thermal
ALD than for the UV-ALD, 120 s vs. 30 s, to reach the saturation
level of the GPC values, as shown in Fig. S2c.† This indicates
that there were excessive H2O molecules condensed on the
surface during the ALD process probably due to low surface
temperature,28 and that the UV irradiation eliminated the
redundant water molecules effectively. The lm growth was
linear as a function of the number of ALD cycles for both cases
but the growth rate was higher under UV irradiation (Fig. S2d†).
Thus, these results demonstrate that the self-terminating
surface reaction for ALD of the Al2O3 thin lms at 40 �C can
be enhanced by applying UV irradiation.

The effect of UV irradiation during ALD process on the Al2O3

lm properties was investigated by extending the irradiation for
additional time periods, 0–4 s, beyond the 2 s of H2O dosing
stage (Fig. 2a–c). The substrate temperature was maintained at
40 �C during the UV-ALD process. For comparison, the Al2O3

lms were also prepared by thermal ALD at various tempera-
tures ranging from 40 to 200 �C, as shown in Fig. 2d–f. For each
rown by ALD. (a) Growth per cycle (GPC), (b) density, and (c) refractive
H2O dosing step and 0–4 s for additional exposure in purging step); (d)
perature. The UV-ALD data shown in (d–f) are obtained using a UV

RSC Adv., 2017, 7, 5601–5609 | 5603
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Al2O3 lm prepared under different conditions, the GPC,
density, and refractive index of the lm were measured.

Fig. 2a shows the GPC of the Al2O3 lms as a function of UV
irradiation time. The GPC increased with UV irradiation time
and attained the saturation levels when the total irradiation
time reached 4 s (i.e., 2 s during H2O dosing step, plus 2 s
additional irradiation time during Ar-purge). The saturated GPC
value was 1.34 Å per cycle. In contrast, the GPC of the Al2O3 lm
by thermal ALD was 0.78 Å per cycle at 40 �C, which increased
gradually with temperature and reached the stationary level of
1.25 Å per cycle at 150 �C (Fig. 2d). The lower GPCs at temper-
atures below 150 �C is probably due to insufficient thermal
energy for completing the ALD reactions over entire substrate
surface. This nding suggests that UV irradiation can serve as
an additional energy source to help achieve an ideal ALD
process even at low temperature.

Fig. 2b and e show the effect of UV irradiation time and
temperature on the densities of the Al2O3 lms, respectively.
The densities were estimated by XRR measurements and
simulation to nd well-tted curves. XRR spectra of the 50 nm-
thick Al2O3 thin lms grown by ALD at 40 �C with and without
UV irradiation and their well-tted simulated curves are shown
in Fig. S3a.† The two different samples show similar spacing
between the periodic fringes, suggesting that both samples have
a similar lm thickness. Film densities were obtained from the
critical angles of the XRR spectra, as shown in inset of Fig. S3a.†
When the ALD reaction was performed at 40 �C under UV
irradiation for 4 s and up, the lm density reached a constant
level of 3.01 g cm�3 (Fig. 2b). In contrast, the lm density by
thermal ALD was only 2.59 g cm�3 at 40 �C, which was brought
to the same level as that by the UV-ALD when the deposition
temperature increased to 200 �C (Fig. 2e). This implies that
pinholes may exist in the Al2O3 lm grown by thermal ALD at
temperature lower than 200 �C. It seems that UV irradiation
during ALD process effectively prevents the generation of
pinholes in the lm prepared at temperature as low as 40 �C.

The refractive indices of the Al2O3 thin lms were measured
using spectroscopic ellipsometry. Typical ellipsometry spectra
of the Al2O3 thin lms grown at 40 �C by thermal and UV-ALD
are shown in Fig. S3b.† The refractive indices at 633 nm were
measured for the Al2O3 thin lms grown by UV-ALD and
thermal ALD reactions, as shown in Fig. 2c and f. Similar to the
GPC and lm density, the refractive indices of the lms
increased and then leveled off as the UV irradiation time and
deposition temperature increased. The refractive index of the
Al2O3 thin lms grown at 40 �C under UV irradiation for 4 s was
1.66 while it was only 1.58 at 40 �C and increased up to 1.64 at
200 �C when UV irradiation was not applied. These low refrac-
tive indices of the lms by thermal ALD may be due to the low
lm densities and/or the presence of impurities such as
hydroxyl- and carbon-containing ones.53–56 Under UV irradiation
for a sufficiently long period of time (i.e., at least 4 s in the
present case), the generation of impurities may be avoided by
photo-induced removal of the –OH groups and loosely bonded
H2O molecules as well as by photo-dissociation of surface-
adsorbed TMA leading to removal of –CH3 groups from the
lm surface.42
5604 | RSC Adv., 2017, 7, 5601–5609
3.2. Inuence of UV irradiation on chemical composition of
Al2O3 thin lm

To gain insight into the inuence of UV irradiation on chemical
composition of the Al2O3 thin lm, XPS study on the lms
grown at 40 �C by thermal ALD and UV-ALD was performed.
Fig. 3a shows high resolution XPS spectra for Al 2p core level of
the two Al2O3 thin lms, one with a peak centering at 74.95 eV
(thermal ALD lm) and the other one with a peak at 74.60 eV
(UV-ALD lm). The different peak positions for the two Al2O3

thin lms suggest that there may be additional types of bonds
other than O–Al–O bond. The Al 2p XPS spectra were deconvo-
luted to show two components corresponding to O–Al–O (i.e.,
bond in Al2O3) peak centering at the binding energy of 74.55 eV
(red spectra), and –OH/AlOOH (i.e., bond in AlOOH or Al(OH)3)
peak centering at the binding energy of 75.25 eV (blue
spectra).57 Similarly, high resolution XPS spectra for O 1s core
level show that there is a notable difference in the binding
energy, about 1 eV, between the two Al2O3 lms (Fig. 3b). The O
1s spectra were also deconvoluted into two components con-
sisting of O–Al–O oxide peak (red spectrum) centering at
531.00 eV, and –OH/AlOOH hydroxide peak (blue spectrum)
centering at about 532.30 eV.57 The deconvoluted spectra reveal
interesting facts. In case of the Al2O3 lms by UV-ALD, the Al 2p
and the O 1s spectra reveal that the relative intensity and the
area under the peaks corresponding to O–Al–O bonds are much
larger than those of the –OH/AlOOH bonds (Fig. 3a and b, top).
However, an opposite situation in the relative intensity and the
area under the peaks is observed in the case of the lms by
thermal ALD (Fig. 3a and b, bottom). These XPS study results
show that the thermal ALD Al2O3 lm contains a lot of
unreacted –OH groups, while the UV-ALD lm is composed
mainly of O–Al–O species, despite the same low deposition
temperature. This suggests that the UV irradiation during the
ALD process helped complete the ALD reactions that were
otherwise inefficient and incomplete due to low thermal energy
at 40 �C. Consequently, the UV-ALD lms would have higher
GPC, density, and refractive index than the thermal ALD lms at
the same temperature, as already demonstrated in Fig. 2 above.

Depth proles of the two lms were also studied using XPS
so as to nd the various elements present and their spatial
distribution throughout the lms. The depth proles reveal
there are no depth-dependent variations in the amount of Al
and O throughout the lms as shown in Fig. 3c and d. However,
the amount ratio of O to Al in the two samples are different. For
the lm obtained by UV-ALD at 40 �C, the O/Al ratio is found to
be 1.56, which is closer to the theoretical stoichiometric value of
1.5 for Al2O3. In contrast, the lm by thermal ALD shows the O/
Al ratio of 1.66. The excessive O for the lm by thermal ALDmay
be related to the large concentration of –OH species incorpo-
rated into the lm, as discussed above. The carbon contents in
the thermal ALD and UV-ALD lms were also estimated from
the depth proles in Fig. 3c and d. It was found that the thermal
ALD process yielded comparatively higher carbon content (0.36
atomic %) in the lms than did the UV-ALD process (0.07
atomic %). We suppose that carbon atoms in the lms originate
from the surface-adsorbed –O–Al(CH3)2 during the ALD process.
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 High resolution XPS spectra for the (a) Al 2p, (b) O 1s core level of Al2O3 thin films by thermal ALD and UV-ALD at 40 �C. XPS depth profiles
for the Al2O3 thin film grown at 40 �C by (c) thermal ALD and (d) UV-ALD.
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The difference in the carbon content also suggests what we
found above: thermal energy at 40 �C is not sufficient enough to
complete the ALD reactions and the UV irradiation facilitate the
removal of –CH3 groups.
3.3. ALD growth of Al2O3 thin lm on PET substrate under
UV irradiation

Generally, plastic substrates employed in exible electronics
require a suitable low temperature processing technique for
deposition of uniform and ultra-thin lm of Al2O3. In the
present study, Al2O3 thin lm on PET substrate was deposited
by ALD at 40 �C with and without UV irradiation. Fig. S4† shows
the macroscopic surface properties of the Al2O3 thin lm
studied by performing contact angle analysis. The PET
substrates were employed in the deposition processes, just aer
being cleaned with de-ionized water and ethanol, and dried,
without further treatment for activating the surfaces. When the
ALD process was performed without UV irradiation, the contact
angle of water decreased gradually with ALD cycles. In general,
the Al2O3 surface shows intrinsically hydrophilic behavior.58

The slow gradual decrease in the contact angles on the thermal
ALD lms with ALD cycles suggest that the lms grew by island-
like growthmechanism.59,60 In contrast, when the ALD reactions
were assisted by UV irradiation, the contact angle of water on
the Al2O3 deposited PET surface drops to a stationary level aer
only ve ALD cycles, indicating layer-by-layer lm growth.
Further, microscopic surface analysis of the Al2O3 lm on PET
substrate, deposited by 100 cycles of ALD with a thickness of
This journal is © The Royal Society of Chemistry 2017
approximately 10 nm, was performed using AFM. As evident
from AFM images shown in Fig. S5,† the lm obtained by
thermal ALD is rather coarse with abundant texture, showing
a root-mean-square (RMS) surface roughness of 6.38 nm that is
a lot higher than that of bare PET (3.13 nm) (Fig. S5a and b†).
However, a uniform and smooth surface with a RMS surface
roughness of 3.34 nm, very close to that of bare PET, was
observed in the case of the lm grown by UV-ALD (Fig. S5c†).
These roughness results also suggest different mechanisms for
lm growth in the two cases. It seems that UV irradiation acti-
vates the PET surface effectively for the chemisorption of ALD
precursors on the surface as well as promotes the surface
reactions. Thus, the surface-terminating layer-by-layer deposi-
tion of Al2O3 was achieved uniformly over entire PET surface by
UV-ALD at 40 �C. These results also demonstrate that the PET
surface was not degraded by UV-ALD process under the exper-
imental condition used. We note that the surface roughness is
expected to increase because of debris or sinkage if the surface
is damaged.
3.4. Water diffusion barrier properties of Al2O3 thin lms

Water diffusion barrier characteristics of the Al2O3 thin lms
grown at low temperature by thermal ALD and UV-ALD were
evaluated quantitatively by measuring water vapor permeability
of the lms both directly and indirectly. Firstly, the water-vapor
transmission rate (WVTR) for each type of the lms was
measured indirectly using the Ca conductance test method,61

which involves the monitoring of Ca degradation by measuring
RSC Adv., 2017, 7, 5601–5609 | 5605
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the conductance change with time exposed to various degree of
water content environments. Briey, the testing procedure was
as follows. First, a device consisting of 200 nm-thick thermally
evaporated Ca electrode between two Ag electrodes separated by
a distance of 500 mm on a glass substrate was constructed and
then encapsulated with a 100 nm-thick Al2O3 thin lm, as
shown in the inset of Fig. 4a. Second, the devices were then
stored under following two acceleration conditions: (i) 85 �C
and 85% relative humidity (RH); (ii) 70 �C and 90% RH. Fig. 4a
and b show the changes in the conductance of the Ca electrode
as a function of the exposure time to the two acceleration
conditions. Based on the standard equation of permeation
given elsewhere,61 and the conductance data with respect to the
exposure time, WVTRs of the 100 nm-thick Al2O3 thin lms by
thermal ALD and UV-ALD were obtained as summarized in
Table 1. The permeation rates represent the mean values from
10 test samples. There is a signicant improvement in the
WVTR values by the use of UV irradiation during ALD process.
Fig. 4 Barrier performance of the Al2O3 thin films deposited at 40 �C
different acceleration conditions (a) 70 �C, 90% RH and (b) 85 �C, 85% R
Visual test results under an accelerated condition of 85 �C, 85% RH, usin
thin films. The visible optical changes indicate the corrosion of Ca (black) i
of WVTR of the films on PET substrate by MOCON test as a function of film
thick Al2O3 barrier films by thermal ALD and UV-ALD. With time, WVTR v
MOCON test. The detection limit of the MOCON instrument used was 1

5606 | RSC Adv., 2017, 7, 5601–5609
Notably, the estimated WVTR value at room temperature for the
UV-ALD Al2O3 lm was 9.20 � 10�7 g m�2 d�1, which is one of
the lowest WVTR values among the ALD Al2O3 barrier thin lms
ever reported. For more comparison, previous reports on
selected Al2O3 thin lms that were deposited at low ALD reac-
tion temperatures and demonstrated an excellent barrier
property against moisture are summarized in Table S1.† It
should be noted that this quantitative barrier performance
satises the WVTR requirement of 10�6 g m�2 d�1 that is the
desired goal of the OLEDs industry.

Secondly, a visual barrier test was also performed using Ca
probe consisting of a thermally deposited array of 144 square-
shaped Ca dots (0.50 mm � 0.50 mm) on a glass substrate.
The array of Ca dots was subsequently encapsulated with a 100
nm-thick Al2O3 barrier lm, either by thermal ALD or UV-ALD,
and was exposed to a controlled accelerated environment of
85 �C and 85% RH. This method is based on the visual moni-
toring of the optical changes accompanying the corrosion of the
by thermal ALD and UV-ALD. Ca conductance test results under two
H. The inset in (a) shows the device structure on a glass substrate. (c)
g Ca dot arrays on glass substrates that are encapsulated by the Al2O3

nto calcium oxide (transparent) by permeatedwater vapor. (d) Variation
thickness, (e) MOCON test results to obtain theWVTR for the 100 nm-

alues reach a constant level that is assigned as the final WVTR value by
.00 � 10�3 g m�2 d�1.

This journal is © The Royal Society of Chemistry 2017
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Table 1 WVTRs of 100 nm-thick Al2O3 barrier films deposited at 40 �C on glass substrate

Deposition type
of Al2O2 lm WVTR in conditiona [g m�2 d�1] WVTR in conditionb [g m�2 d�1] Calculated WVTR at RT [g m�2 d�1]

Thermal ALD 2.61 (�0.16) � 10�3 9.23 (�0.25) � 10�3 8.14 (�2.09) � 10�6

UV-ALD 4.61 (�0.52) � 10�4 1.84 (�0.19) � 10�3 9.20 (�1.08) � 10�7

a Acceleration condition of 70 �C, 90% RH. b 85 �C, 85% RH.
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Ca dots, because Ca metal (black dot) converts to calcium
oxide (transparent dot) as water vapor permeates through the
barrier lm.62 Fig. 4c shows the photographs of the Ca dot
arrays encapsulated by barrier lms aer exposing to the
accelerated environment for various periods of time. The Ca
dot array encapsulated with the thermal ALD based Al2O3

barrier lm (Top row) showed the complete oxidation of 31, 57,
89, and 144 Ca dots in 24, 120, 360, and 720 h, respectively.
Thus, about 22% of the total Ca dots were completely oxidized
just in 24 h exposure, and the entire Ca dots were oxidized in
720 h exposure. The rapid oxidation of Ca dots is attributed to
the pinholes in the Al2O3 thin lm deposited by thermal ALD
at low temperature, which form direct pathways for water-
vapor permeation throughout the lm.63,64 However, a signi-
cantly better barrier performance was observed by the UV-ALD
based Al2O3 barrier lm (Bottom row): only 5, 14, and 21 Ca
dots were oxidized in 120, 360, and 720 h, respectively. Less
than 4% of the total Ca dots were found to be oxidized in 120 h
exposure, while only 15% of the total Ca dots were oxidized in
720 h.

Thirdly, direct measurement of WVTRs was performed for
Al2O3 thin lms deposited on PET substrates, by MOCON test
under the standard exposure environment (i.e., 37.8 �C, 100%
RH). Two types of Al2O3 barrier lms on a PET substrate, each
with the lm thickness ranging from 10 nm to 100 nm, were
prepared by thermal ALD and UV-ALD respectively, and subject
to MOCON test. Fig. 4d shows the variation of measured WVTR
values by MOCON test with respect to lm thickness and Fig. 4e
shows representative MOCON test results to obtain the WVTR
values. In general, thicker the lm is, harder the water vapor
passes through.65 In case of the thermal ALD Al2O3 lms, such
trend was observed (Fig. 4d). However, their barrier perfor-
mances are all very poor. For example, the 10 nm-thick Al2O3

lm exhibited a WVTR value of 6.11 � 10�1 g m�2 d�1 which is
close to that of bare PET substrate.7,8 The 100 nm-thick lm
showed a WVTR value of 5.79 � 10�3 g m�2 d�1 which is
considered to be still much higher than the WVTR value
required for OLEDs' barrier lm. In case of the UV-ALD Al2O3

lms, the 10 nm thick lm showed an average WVTR value of
1.42 � 10�3 g m�2 d�1 that is even lower than that of the 100
nm-thick thermal ALD barrier lm. Moreover, the MOCON
WVTR results for the other thicker Al2O3 lms by UV-ALD are all
below the detection limit of the MOCON test instrument used,
1.00 � 10�3 g m�2 d�1. These results implies that the Al2O3 lm
obtained by UV-ALD is capable of effective TFE of plastic
substrates despite the low deposition temperature (40 �C) and
the ultra-low lm thickness (#100 nm).
This journal is © The Royal Society of Chemistry 2017
4. Conclusions

UV irradiation was employed during ALD process, enabling the
deposition of dense and conformal thin lm of Al2O3 at low-
temperature of 40 �C. Growth rate, density and refractive
index of the lms obtained under UV irradiation were found to
be substantially higher than those of the lms obtained without
UV irradiation. Most importantly, the barrier performance of
the lms was signicantly enhanced by the use of UV irradiation
during ALD, reaching the desired level for OLEDs applications.
The estimatedWVTR value at room temperature for the 100 nm-
thick UV-ALD Al2O3 lm was 9.20 � 10�7 g m�2 d�1, which is
one of the lowest WVTR values among the ALD Al2O3 barrier
thin lms ever reported. The enhanced barrier performance is
attributed to the fact that the UV irradiation reconstructs the
surface functional groups by removing loosely bonded unreac-
ted reaction residues from the reaction surface. In addition, the
UV irradiation assists self-terminating surface reactions to
produce defect-less, dense, uniform, and conformal thin lm of
Al2O3. Importantly, this study demonstrates that UV-ALD can
deposit high-quality conformal lms on thermally unstable
substrates.
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