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osition temperature on
microstructure and gas-barrier properties of Al2O3

prepared by plasma-enhanced atomic layer
deposition on a polycarbonate substrate

Yueqing Ren, * Xiaojie Sun, Lanlan Chen, Hui Wei, Bo Feng and Jingyun Chen

We prepared polymer-based encapsulation films by plasma-enhanced atomic layer deposition (PEALD) of

Al2O3 film on a polycarbonate (PC) substrate at 80–160 °C to fabricate Al2O3/PC barrier films. The thermal

and dynamic mechanical properties of the PC substrate, the structural evolution of PEALD Al2O3 films, the

optical transmission, surface morphology, and gas-barrier properties of Al2O3/PC film are all studied in this

work as a function of temperature. The glass transition temperature Tg of the PC substrate is about 140 °C,

and the coefficient of thermal expansion increases significantly when the temperature exceeds Tg.

Increasing the deposition temperature from 80 to 160 °C for Al2O3 film deposited over 300 cycles

increases the density from 3.24 to 3.45 g cm−3, decreases the thickness from 44 to 40 nm, and

decreases the O/Al content ratio from 1.525 to 1.406. Al2O3/PC films deposited at 80–120 °C have no

surface cracks, whereas surface cracks appear in samples deposited near or above 140 °C. Upon

increasing the deposition temperature, the water vapor transmission rate (WVTR) and oxygen

transmission rate (OTR) of Al2O3/PC films decrease significantly at temperatures below Tg, and then

increase at temperatures near to or above Tg due to cracks in the films. The optimal deposition

temperature is 120 °C, and the minimum WVTR and OTR of Al2O3/PC film are 0.00132 g per (m2 24 h)

and 0.11 cm3 per (m2 24 h 0.1 MPa), respectively. The gas-barrier properties of the Al2O3/PC films are

attributed to both the densification of the Al2O3 film and the cracks, which are caused by the shrinkage

of the PC substrate.
1 Introduction

Polymer-based encapsulation lms with attractive gas-barrier
properties are critical for maximizing the lifetime of exible
electronic devices (e.g., exible solar cells and organic light-
emitting diodes).1–4 Estimates indicate that encapsulation
lms for solar cells allow around 10−3 g per (m2 24 h) of water
vapor to pass through and thereby affect the sensitive under-
lying electronic components.5,6 For organic light-emitting
diodes, the WVTR requirements are even more stringent [in
the range of 1 × 10−6 g per (m2 24 h)].7,8

Atomic layer deposition (ALD) is a technique for fabricating
ultrathin lms of inorganic materials.9–11 An ALD cycle
comprises alternating pulses of precursor and oxidant accom-
panied by purging with an inert gas. The precursor and oxidant
pulses are separately injected into the reaction chamber, and
the by-products and excess precursor are purged by the inert
gas. The self-limiting chemical reactions of ALD allow the lm
thickness to be controlled, produce excellent step coverage and
Energy, Beijing 102211, China. E-mail:
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conformality, produce uniform lms with low defect density
over large areas, and create pinhole-free structures, making
these reactions widely used to develop barrier lms with
ultralow-gas permeation.12–16

Al2O3 lm prepared by the ALD process is one of the most
studied materials because of its signicant technological
importance.17–19 It has excellent dielectric properties, high
passivation,20,21 high thermal and chemical stability22 and
strong adhesion to various substrates. Moreover, it is one of the
most common and widely reported ALD-produced barrier
materials because of its superior barrier properties against gas
permeation.13

ALD Al2O3 lm also has some limitations, one of which is the
high temperatures required for the formation of Al2O3 lm,
which hinders its application to polymeric substrates.23,24 Most
exible substrates are sensitive to high temperature25,26 andmay
be damaged if exposed for more than a certain time, so the
processing temperature plays a determinant role in the fabri-
cation of inorganic lms.24,27 At low ALD temperatures, the
reactionmay be so slow that it lasts longer than the cycle period,
resulting in insufficient conversion of the inorganic lm and
ultimately an inferior-quality inorganic lm.13,22 Therefore, ALD
© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
must be done at a temperature that is optimal for polymeric
substrates. Thus, the optimum deposition temperature
becomes a key parameter for preparing the barrier lm.

Polycarbonate (PC) is a highly transparent material with
good exibility and surface smoothness. It is of great interest as
a substitute for glass substrates for applications in solar cells
and is also widely used in optics and electronics.28–30 The PC
glass transition temperature is about 140 °C, which exceeds that
of poly(ethylene terephthalate) (70–80 °C)26 and poly(ethylene
2,6-naphthalate) (126 °C) lm.14 PC is also highly transparent
and its optical purity exceeds 92%.28 These characteristics make
PC lm a good candidate as a substrate for exible encapsula-
tion lms.

In this work, we use plasma-enhanced ALD to prepare Al2O3

lms, with O2 plasma serving as the oxygen source. Oxygen
radicals generated by the plasma increase the lm reactivity and
improve the uniformity of the inorganic materials.31,32 The lm
properties depend strongly on the lm preparation conditions,
especially the deposition temperature. Thus, this research
strives to determine the correlation between (i) deposition
temperature and (ii) the structural evolution of microstructures
and the barrier properties of Al2O3/PC lms. The temperature
dependence of the thermal and dynamic mechanical properties
of the PC substrate, the structural evolution of the Al2O3 lm,
and how the interaction between PC substrate and Al2O3 lm
affects the optical transmission, surface morphology, water
vapor transmission rate (WVTR) and oxygen transmission rate
(OTR) are all studied systematically.
2 Experiment
2.1 Materials

LEXAN™ polycarbonate (PC) lms 100 mm thick were used as
substrates. The PC-lm grade was 8010MC. Si wafer substrates
were purchased from Zhejiang Lijing Silicon Materials Co., Ltd.
Trimethylaluminum (TMA) was purchased from Shanghai
Dayuan New Materials Co., Ltd and used as an Al precursor. O2

plasma was used as an O reactant and Ar was used as the carrier
and purging gas.
Fig. 1 Differential scanning calorimetry curve of PC substrate film.
2.2 Sample preparation

Si, glass, and PC substrates were used in the study. A Si wafer
was used as substrate in the ALD process for X-ray photoelec-
tron spectroscopy (XPS) to avoid contamination of the Al2O3

lms with O and C, which are present in PC, during the XPS
analysis. Glass served as substrate in the ALD process for X-ray
reectivity (XRR) measurements, and a PC-lm substrate was
used for other structural analyses. Both the Si and glass
substrates were cleaned with deionized water and blow-dried
with nitrogen to remove contaminants. The PC lm was used
directly aer tearing off the protective lm.

All Al2O3/substrate lms were deposited under the same
conditions except for the substrate temperature, which was
varied from 80 to 160 °C. Al2O3 lm was deposited over 300
cycles by using a Picosun ALD apparatus. Briey, each ALD cycle
consisted of exposure of the substrate to TMA vapor for 0.1 s, 6 s
© 2023 The Author(s). Published by the Royal Society of Chemistry
of N2-purge to remove physisorbed TMA, 26 s exposure to O2

plasma and then 6 s of Ar-purge. The O2 plasma generator
operated at 2700 W.

2.3 Measurements and characterisations

The glass transition temperature Tg of the PC lm was
measured as per the ISO 11357-2:2020 standard. A differential
scanning calorimetry thermogram was obtained by using a TA
Q2000 instrument under a nitrogen atmosphere. Samples were
tested at a heating rate of 20 °C min−1 and the results from the
second heating in the range 40–200 °C are reported.

Dynamic mechanical analysis (DMA) and thermal mechan-
ical analysis were done with a DMA 242E Artemis instrument.
Samples of size 10 × 6 × 0.1 mm3 were mounted in tension
mode, and the temperature was ramped from 40 to 170 °C at 1 °
C min−1. The DMA test used a dynamic strain of 0.3% and
frequencies of 0.1, 1, 10, and 20 Hz. For the thermal mechanical
analysis test, the sample was subjected to 6 mN of static force.

The light transmittance of the Al2O3/PC lm was measured
by using a Shimadzu UV-3600 spectrophotometer in the wave-
length range 300–1200 nm. The density and thickness of Al2O3

were determined by XRR measurements done with a Burker D8
Discover system. The elemental analysis was done with an XPS
equipped with a conventional Al Ka source. The thickness and
refractive index n of Al2O3 were determined by using a UVISEL
Plus spectroscopic ellipsometry (SE) instrument in the wave-
length range 400–800 nm. Finally, the surface morphology of
Al2O3/PC lms was imaged by using a Nova NanoSEM 450
scanning electron microscope and a Bruker Dimension ICON
atomic force microscope (AFM).

The water vapor transmission rate (WVTR) was measured at
30% and 90% relative humidity. The WVTR of the Al2O3/PC lm
was measured by using a Mocon AQUATRAN Model 3 instru-
ment, and the WVTR of the PC matrix lm was measured by
using a Mocon PERMATRAN Wmodel 3/33 instrument. Finally,
OTR measurements were done by using a Labthink C130 gas
permeability test system at 23 °C and 0% relative humidity.
RSC Adv., 2023, 13, 3766–3772 | 3767
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Fig. 2 (a) Thermal mechanical analysis data, (b) storage modulus, (c)
loss modulus and (d) loss factor of DMA analysis of PC substrate film.
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3 Results and discussion
3.1 Thermal characteristics of PC substrate lm

The mobility in the polymeric material is signicantly more
affected by temperature than that in the inorganic Al2O3 lm,
with a big change in mobility occurring just below and above
the glass transition temperature Tg of the polymer substrate.
Fig. 1 shows the differential scanning calorimetry curve from
which Tg z 144.0 °C is deduced.

The temperature dependence of the mobility of the PC
molecules is further studied by thermal mechanical analysis
and DMA methods. The results are shown in Fig. 2 and Table 1.
Fig. 2(a) shows the coefficient of thermal expansion (CTE) of the
PC substrate. From 40 to 138 °C, the PC macromolecules are in
the glassy state, the CTE increases slightly with increasing
temperature from 0.7 × 10−4 to 0.9 × 10−4 °C−1 and the change
dL in length increases from 0 to 110 mm (about 1.1% strain) for
the PC substrate lm. As temperature increases from 138 to
150 °C, the PC macromolecules change from the glassy state to
the rubbery state, and CTE decreases because the stress caused
by shrinkage exceeds that caused by tension. Above 150 °C, the
PC macromolecules are in a viscous state and their mobility
increases signicantly, so the CTE and dL for the PC substrate
lm increase signicantly. A signicant transition in the CTE
occurs above and below Tg.

Four frequencies were used in the DMA test. Upon
decreasing the frequency from 20 to 0.1 Hz, the loss factor (tan
d) of the PC decreases from 156.5 to 148 °C. The loss modulus E′′

of the PC substrate peaks twice, where E′′peak2 is attributed to
Table 1 Glass transition data for PC substrate film

0.1 Hz 1 Hz 10 Hz 20 Hz

E′′peak1 (°C) 136.5 142.0 142.5 142.0
E′′peak2 (°C) 147.0 151.5 153.5 155.5
tan d (°C) 148.0 151.5 156.0 156.5

3768 | RSC Adv., 2023, 13, 3766–3772
the glass transition of PC molecules and E′′peak1 is attributed to
the thermal history, for example, hot stretching during PC-lm
casting. Both E′′ peaks and the storage modulus E′ decrease with
decreasing frequency. E′′peak1 z 0.1 Hz at 136.5 °C, indicating
that a viscous-nature transition occurs from the glassy state to
the glassy state for the PC macromolecules. The mobility of the
macromolecules starts increasing and the storage modulus E′

starts decreasing signicantly. When the temperature increases
to about 160 °C, the PC macromolecules change to a viscous
state and the PC mobility increases signicantly, which likely
causes a server mismatch between the polymer substrate and
the inorganic Al2O3 lm.

3.2 Structural evolution of Al2O3 lm with increasing
deposition temperature

The structural evolution of the Al2O3 lm was rst investigated
by XPS. To avoid surface contamination of the samples during
Fig. 3 XPS spectra of Al2O3 deposited on Si substrate at different
temperatures.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Elemental composition of Al2O3 deposited at different
temperatures

Temperature (°C) O (%) Al (%) O/Al ratio

80 60.39 39.61 1.525
100 60.08 39.92 1.505
120 59.42 40.58 1.464
140 58.65 41.35 1.418
160 58.44 41.56 1.406

Fig. 4 Experimental and simulated XRR curves for samples deposited
between 80 and 160 °C.

Fig. 5 Transmittance rate (TR) of the PC and Al2O3/PC films.

Fig. 6 Refractive index of A2O3 films deposited at different tempera-
ture and the PC film.
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XPS measurements, the lms were sputtered off from the
extreme surface of samples exposed to ambient air under Ar+

sputtering for 60 s. Moreover, we replaced the PC substrate with
a Si substrate to avoid any possible contamination by O and C
from the PC substrate during the XPS analysis. The XPS data are
reported in Fig. 3 and Table 2. With increasing deposition
temperature, the O/Al content ratio decreases from 1.525 to
1.406. The C content also decreases, which is attributed to the
removal of –CH3, COO and –OH groups.33

The effects of deposition temperature on the structural
parameters of Al2O3 were further investigated by XRR and SE;
(see results in Fig. 4 and Table 3). The density of Al2O3 increases
from 3.24 g cm−3 at 80 °C to 3.45 g cm−3 at 160 °C. The thick-
ness of Al2O3 derived by tting the XRR and SE measurements
decreases with increasing deposition temperature. The densi-
cation of Al2O3 lm with increasing deposition temperature is
Table 3 Density and thickness of A12O3 film deposited at different temp

Temperature (°C) Density of Al2O3 (g cm−3)

80 3.24
100 3.26
120 3.38
140 3.41
160 3.45

a Calculated from XRR data. b Calculated from SE data.

© 2023 The Author(s). Published by the Royal Society of Chemistry
attributed to the decorporation of the residual O–H,13,32 –CH3

and –COO groups in the Al2O3 lms.
3.3 Optical properties of Al2O3/PC lms

The optical properties of permeation barrier layers are impor-
tant for fabricating high-efficiency optical devices. The optical
transmittance of the PC and Al2O3/PC lms were measured by
using a UV-visible spectrophotometer, and the results are
shown in Fig. 5. The transmittance of PC is greater than that of
the Al2O3/PC lms. Moreover, the transmittance of the Al2O3/PC
lms decreases slightly with increasing deposition temperature
eratures

Thickness of Al2O3
a (nm) Thickness of Al2O3

b (nm)

39.77 44.17
37.76 42.81
38.09 43.23
34.37 42.96
35.72 40.15

RSC Adv., 2023, 13, 3766–3772 | 3769
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Fig. 7 Scanning electron microscopy images of PC and Al2O3/PC
films.

Fig. 8 (a) Al2O3 ALD film deposited at elevated temperature on PC
substrate. (b) Al2O3 film buckles upon cooling from deposition
temperature to room temperature.

Fig. 9 AFM surface images of randomly selected 5 × 5 mm2 areas of
PC and Al2O3/PC films.

Table 4 Surface roughness of PC and Al2O3/PC films

Roughness PC lm

Al2O3/PC lm

80 °C 100 °C 120 °C 140 °C 160 °C

Ra (nm) 0.681 0.379 0.317 0.241 0.251 4.51
Rq (nm) 0.878 0.694 0.483 0.307 0.318 7.91
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during ALD. The variations in the transmittance data are
primarily caused by the optical reection, which is related to the
refractive index n. For Al2O3 and PC lms, n was measured by
using a SE instrument, and the results are shown in Fig. 6. For
3770 | RSC Adv., 2023, 13, 3766–3772
PC, n is lower than that of Al2O3. For Al2O3, n increases with
increasing deposition temperature, which may be due to the
greater density of Al2O3.20 Light incident at the PC– or Al2O3–air
interface is more strongly reected as n increases, leading to
a lower transmittance. Therefore, Al2O3/PC deposited at higher
temperatures has lower transmittance.
3.4 Surface morphology of the Al2O3/PC lms

We used scanning electron microscopy to image the micro-
structure of the PC substrate lm and the Al2O3/PC lms. The
results are shown in Fig. 7. The morphology of the PC lm and
the Al2O3/PC lms deposited at 80–120 °C are similar. Cracks
appear in the Al2O3/PC lms deposited at 140 and 160 °C. When
the deposition temperature is below Tg (about 140 °C), the CTE
is about 0.7 × 10−4 to 0.9 × 10−4 °C−1 and dL < 110 mm. The
thermal expansion of the PC lm causes a strain of about 1.1%
at 140 °C, which exceeds the crack onset strain (0.95%± 0.17%)
for 40 nm-thick Al2O3 lms.34 Moreover, the CTE exceeds 1.9 ×

10−4 °C−1 at temperatures above Tg (ref. 35) and increases
signicantly with increasing temperature. The linear expansion
coefficient of Al2O3 is about 6–10 × 10−6 °C−1.36 Thus, a serious
mismatch in the CTE occurs between the Al2O3 ALD lm and
the PC substrate when the deposition temperature exceeds Tg of
the PC substrate, which leads to residual thermal stress and
cracks, as depicted schematically in Fig. 8.

The surface roughness of the PC and Al2O3/PC lms was
measured by using an AFM in a 5 × 5 mm2 area. The results
appear in Fig. 9 and Table 4. Ra and Rq of the Al2O3/PC lm are
slightly lower than those of the PC lms, except for the Al2O3/PC
lm deposited at 160 °C. Moreover, upon increasing the depo-
sition temperature from 80 to 120 °C, Ra and Rq of the Al2O3/PC
lms decrease slightly, which is attributed to the greater density
of Al2O3. Ra and Rq increase with increasing deposition temper-
ature from 120 to 160 °C. A crack appears in the AFM graph of the
Al2O3/PC lm deposited at 160 °C, which increases Ra and Rq. The
increase of Ra and Rq between 120 and 160 °C is likely due to the
large increase in the CTE of the PC lm caused by the glass
transition of the PC substrate. When the temperature increases
from 120 to 160 °C, the PC macromolecules transfer from the
rubbery state to the viscous state and the change dL in length of
the PC substrate increases signicantly and exceeds the crack-
onset strain of the Al2O3 lm. Therefore, mini cracks appear in
the Al2O3 lm, which increase the surface roughness.
3.5 Barrier properties of Al2O3/PC lms

To investigate how deposition temperature affects the gas
barrier properties, the WVTR and OTR of the Al2O3/PC lms
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 WVTR and OTR of Al2O3/PC ALD films deposited at different
temperatures.
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were measured, and the results appear in Fig. 10. For the PC
substrate lm, the WVTR and OTR are 33.41 g per (m2 24 h) and
482.95 cm3 per (m2 24 h 0.1 MPa), respectively. Aer deposition
of Al2O3, the WVTR and OTR decrease signicantly. The WVTR
and OTR of the Al2O3/PC lms decrease between 80 and 120 °C,
which is attributed to the increase in Al2O3 mass density. The
WVTR and OTR increase between 120 and 160 °C, which is
attributed to the appearance of the cracks and the subsequent
increase in crack density. The minima of both the WVTR and
OTR occur at 120 °C.

4 Conclusions

Polymer-based encapsulation lms with attractive gas-barrier
properties are prepared by ALD of Al2O3 lm on PC
substrates, and we investigate how the ALD deposition
temperature affects the structural evolution of Al2O3 lms, the
PC substrate lm, and the Al2O3/PC barrier lms. Aer depo-
sition for 300 cycles with increasing deposition temperature
from 80 to 160 °C, the residual –OH, –COO and –CH3 groups
decorporate from the Al2O3 lm, and the O/Al ratio decreases
from 1.525 to 1.406, which increases the density from 3.24 to
3.45 g cm−3 and decreases the thickness of the Al2O3 lm. The
glass transition temperature Tg of PC is about 140 °C and the
CTE increases signicantly at temperatures greater than Tg,
leading to a mismatch in the CTE between the Al2O3 ALD lm
and the PC substrate. Cracks appear in the Al2O3/PC lms
deposited at 140 and 160 °C. With increasing temperature, the
WVTR and the OTR of the Al2O3/PC lms rst decrease and then
increase, with the minimum for both WVTR and OTR occurring
at 120 °C. These results are caused by a competition between
the densication of the Al2O3 lms and the mismatch of the
CTE between Al2O3 lm and the PC substrate lm. Thus, both
the structural evolution of the Al2O3 lm and that of the PC
substrate lm play an important role in determining the barrier
properties of Al2O3/PC lms.
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