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ABSTRACT: Alucone films were employed as interlayers to minimize stress caused by

thermal expansion mismatch between Al,O; films grown by atomic layer deposition

(ALD) and Teflon fluorinated ethylene propylene (FEP) substrates. The alucone films
were grown by molecular layer deposition (MLD) using trimethylaluminum (TMA),
ethylene glycol (EG), and H,O. Without the alucone interlayer, the ALO; films were

Alucone MLD Interlayer

susceptible to cracking resulting from the high coefficient of thermal expansion (CTE)

mismatch between the AL,O; film and the Teflon FEP substrate. Cracking was observed by field emission scanning electron
microscopy (FE-SEM) images of AL,Oj; films grown directly on Teflon FEP substrates at temperatures from 100 to 160 °C and
then cooled to room temperature. With an alucone interlayer, the Al,O; film had a crack density that was reduced progressively
versus alucone interlayer thickness. For Al,O; film thicknesses of 48 nm deposited at 135 °C, no cracks were observed for
alucone interlayer thicknesses >60 nm on 50 ym thick Teflon FEP substrates. For thinner Al,O; film thicknesses of 21 nm
deposited at 135 °C, no cracks were observed for alucone interlayer thicknesses >40 nm on 50 ym thick Teflon FEP substrates.
Slightly higher alucone interlayer thicknesses were required to prevent cracking on thicker Teflon FEP substrates with a thickness
of 125 pm. The alucone interlayer linearly reduced the compressive stress on the Al,O; film caused by the thermal expansion
mismatch between the Al,O; coating and the Teflon FEP substrate. The average compressive stress reduction per thickness of
the alucone interlayer was determined to be 8.5 + 2.3 MPa/nm. Comparison of critical tensile strains for alucone films on Teflon
FEP and HSPEN substrates revealed that residual compressive stress in the alucone film on Teflon FEP could help offset applied

tensile stress and lead to the attainment of much higher critical tensile strains.
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I. INTRODUCTION

AL O; coatings grown by atomic layer deposition (ALD) are
excellent gas diffusion barriers on polymers.' > Recent
measurements of the water vapor transmission rate (WVTR)
for AL,O; ALD on polyethylene naphthalate (PEN) at 38 °C/
85% RH using the Ca test have yielded an upper limit for the
WVTR of ~§ X 107 g/m*/day for Al,O, film thicknesses of
>10 nm." The WVTR is an upper limit because the AL,O; ALD
barriers give equivalent performance to the glass lid controls."
These small WVTR values are important as gas diffusion
barriers for organic li§ht-emitting diodes (OLED:s) or thin film
photovoltaic devices.*

One problem facing AlL,O; ALD barriers on polymer
substrates is the mismatch between the coefficient of thermal
expansion (CTE) of the polymer substrate and the Al,O,
coating.”® This problem is particularly severe for Al,O, barriers
on fluoropolymers, such as Teflon FEP, that have large CTEs.”
Teflon FEP and other fluoropolymer substrates are important
for thin film solar devices because of their ability to withstand
outdoor conditions in the sun without degradation.”

Our earlier studies demonstrated that the thermal expansion
mismatch between the Al,O; ALD film and the Teflon FEP
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substrate could lead to film cracking resulting from compressive
strain upon cooling after ALO; ALD at 100—160 °C.* The
critical compressive strain was determined by characterizing the
cracks in the ALO; film versus compressive strain. The
compressive stress on the ALO; films could be varied by
changing the temperature difference, AT, between the
deposition temperature and room temperature.® The measure-
ments revealed that the threshold compressive strain for
cracking is higher for the thinner Al,O4 coatings.8 Measure-
ments of cracking versus tensile strain also revealed that the
critical tensile strains were higher for thinner Al,O; coatings.8

Interlayer materials are needed at the interface between the
ALO; film and the underlying Teflon FEP substrate to
minimize the compressive stress caused by CTE mismatch.
The interlayer is a compensating compliant layer that can
reduce the stress caused by CTE mismatch.'® The interlayer
can have an intermediate value for the CTE between the
deposited film and the underlying substrate. The interlayer can
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also be a functionally graded material that makes a continuous
transition between the low CTE of the film to the high CTE of
the underlying substrate. Calculations have been performed
that evaluate various interlayer geometries and suggest
interlayer architectures that produce the lowest residual stress
and minimize the CTE mismatch.'""

In this study, an alucone interlayer grown by molecular layer
deposition (MLD) was used as a compliant interlayer to reduce
the stress applied on the AL,O; film by the Teflon FEP
substrate resulting from thermal expansion mismatch. The
cracking density in the Al,O; ALD film was examined versus
the thickness of the alucone interlayer. The alucone interlayer
was able to eliminate the cracking of the Al,O; film. Smaller
thicknesses of the alucone interlayer were required to prevent
the cracking of the AL, O; films for both thinner Al,O; film
thicknesses and thinner Teflon FEP substrate thicknesses. The
characterization of cracking density versus compressive stress
allowed a quantification of the ability of the alucone interlayer
to reduce compressive stress.

Il. EXPERIMENTAL SECTION

A. Al,0; ALD and Alucone MLD Film Deposition. The Al,O,
ALD and alucone MLD films were grown in a hot-wall, viscous flow
reactor similar to reactors that have been described earlier.*'*'* The
films were deposited at a growth temperature of 135 °C on DuPont
Teflon FEP with substrate thicknesses of 50 and 125 ym or HSPEN
(DuPont Teijin, Inc.) with a substrate thickness of 25 um."* The
reactants were alternately injected into an ultrahigh purity N, viscous
flow carrier gas traveling through the reactor. The baseline reactor
pressure was 600 mTorr with N, flowing through the reactor.®"*

ALO; ALD was performed using Al(CH,); (trimethylaluminum
(TMA)) and H,O (water) as the reactants. Al,O; ALD is a model
ALD process and is one of the most well-defined ALD systems.'>™"”
The two sequential, self-limiting reactions for Al,O; ALD are

(A) AIOH* + Al(CH,); — AlOAI(CH,),* + CH, (1)

)

where the asterisks indicate the surface species. For Al,O; ALD film
growth, the substrate is first exposed to TMA. Then after N, purging
to remove residual reactants and reaction products, the substrate is
exposed to water and a second N, purging process. This sequence
defines one AB cycle for Al,O; ALD. The timing for this sequence was
(t, ty ty ;) where ¢, is the TMA exposure time, t, is the N, purging
time, t; is the water exposure time and t, is the second N, purging
time. The timing sequence was (0.8, 75, 0.2, 75) where the times are in
seconds. The reactant pressures were both 250 mTorr. The repetition
of the AB cycles results in an AL,O; ALD film growth of ~1.2 A per AB
cycle at 135 °C."*'517

The alucone MLD films were grown using an ABC reactant
sequence with TMA, HOCH,CH,OH (ethylene glycol (EG)), and
H,O as the reactants. Alucone MLD using TMA and EG in an AB
reactant sequence was reported earlier.'® These alucone films have
some remaining AICH; species that can react with H,O and lead to
some film instability.'® The H,O in the ABC reactant sequence helps
to remove the remaining AICH; species. For this ABC alucone MLD
process, the three sequential, self-limiting reactions are:

(A) AIOH* + AI(CH;); — AIOAI(CH,),* + CH,

(B) AICH,* + H,0 — AIOH* + CH,

()
(B) AICH,* + HOCH,CH,0H — AIOCH,CH,OH* + CH,
(4)
()

For alucone MLD film growth, the timing for the ABC alucone
MLD reactant sequence was (, t,, t3, t4, L, t), where ¢, and t, are the
TMA dosing time and the N, purge time following the TMA exposure,

(C) AICH,* + H,0 — AIOH* + CH,
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t; and t, are the EG dosing time and the N, purge time following the
EG exposure, and t; and t; are the water dosing time and the N, purge
time following the H,O exposure. The timing sequence was (0.6, 75,
0.9, 120, 0.2, 120) where the times are in seconds. The repetition of
the ABC cycles results in an alucone film growth of ~2 A per ABC
cycle at 135 °C.

B. Measurement of Crack Density from Thermal Compres-
sive Stress. For the measurements of critical compressive strain, the
AlLO; ALD films were deposited on Teflon FEP substrates with
dimensions of 1 in. X 1 in. at elevated temperature as shown in Figure
1. When the coated substrate cools to room temperature, the Al,O;

(a)

ALO,
Teflon FEP
ﬂ Buckling
(b)
AlL,Oy
=
Teflon FEP
3 Film Cracking
(c) ——
Al,O,
Teflon FEP

Figure 1. (a) ALO; ALD film grown at elevated temperature on
Teflon FEP substrate. (b) Al,O; film buckles upon cooling from
deposition temperature to room temperature. (c) At threshold
compressive stress, the Al,O; film cracks.

film is placed under compressive stress because the Teflon contracts
more than the ALO; film.® The compressive stress first causes the
Al O; film to buckle during the cooling process as shown in Figure 1b.
After additional cooling and more compressive stress, the Al,O; film
cracks on the ridge of the buckles as shown in Figure lc.

The magnitude of the compressive stress is defined by the thermal
expansion coefficients of Al,O; film and the Teflon FEP substrate. The
thermal expansion coefficient of the ALO; ALD film is 4.2 ppm/K."
The thermal expansion coefficient of the Teflon FEP substrate is
highly temperature dependent as reported in the literature.” The
calculation of the compressive stress applied on AlL,O; films after
growth at different deposition temperatures has been reported
previously.®

The buckles and crack density in the Al,O; ALD film were analyzed
using field-emission scanning electron microscopy (FE-SEM)
measurements (JSM-7401F, JEOL).® The average crack density and
its uncertainty were obtained by analysis of five different FE-SEM
images. The crack density was measured for Al,O; films grown directly
on the Teflon FEP substrate. The crack density was also measured for
Al,Oj; films grown on alucone interlayers of various thicknesses that
were deposited on the Teflon FEP substrate. The measurements
explored Al,O; films with thicknesses of 21 and 48 nm. The Teflon
FEP substrates had thicknesses of 50 and 125 ym.

C. Calculation of the Thermal Compressive Stress. The
thermal stress, oy for a film on an underlying substrate can be
calculated simply by the following equation:>*°
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In this equation, E; is the elastic modulus for the film and v is the
Poisson ratio for the film. @ and o are the thermal expansion
coefficients for the film and substrate, respectively. This equation
yields accurate thermal stresses for the film if the elastic moduli of the
film and substrate are comparable.

The elastic modulus of the A,O; ALD film has been measured as E
= 180 GPa®' and E = 195 GPa." This elastic modulus is much higher
than the elastic modulus of E = 048 GPa for the Teflon FEP
substrate.”> The higher elastic modulus for the ALO; ALD film will
constrain the shrinkage of the Teflon FEP substrate. The thicker Al,O;
film will constrain shrinkage of the Teflon FEP substrate more than
the thinner Al,O; film. The thicker Teflon FEP substrate will also be
constrained less by the AL,O; film than the thinner Teflon FEP
substrate.

As a result of the different elastic moduli for the film and the
substrate, a more detailed model is needed to calculate the thermal
compressive stress. A model was developed earlier to treat functionally
graded material systems. This model presented by Ravichandran can
handle different elastic moduli and can also treat different film
thicknesses on different substrate thicknesses.'> The Ravichandran
model for the thermal stress will be employed instead of the simple
model given by eq 6.

A full description of the Ravichandran model has been given
carlier.'” This study will utilize equations from the Ravichandran
model that yield the residual thermal stress, 6, in the film:">

A
(42 - 22.)08, - E)
(E1E3 - EZZ)

6) = EAT|ay) - 2t -

7)

A= [ a0)EG) @ -

4= [ a0) EG)y & o)

E = _/:E@) dy (10)

E, = /:E(y)y dy (11)

E, = ‘/_:EO’)J’Z dy (12)

In these equations, the variable y is normal to the surface of the
polymer substrate and parallel to the growth direction of the film
coatings. The variable ¢ is defined such that the total thickness of the
film and substrate is 2c. y varies from —c to +c. —c starts at the bottom
of the Teflon FEP substrate. +c ends at the top of the Al,O; ALD film.
Given the much larger thickness of the polymer substrate compared
with the ALD film coating, the y = 0 point is inside the polymer
substrate. The thermal expansion coefficient and elastic modulus for
each component in the system are given by a(y) and E(y),
respectively. The thermal expansion coeflicients for the Teflon FEP
substrate, alucone interlayer and Al,O; ALD film were 120—170 pgm/
K in the temperature range from room temperature to 160 °C,” 12
ppm/K" and 4.2 ppm/K," respectively. The elastic moduli for the
Teflon FEP substrate, alucone interlayer and Al,O; ALD film were
0.48 GPa,** 36.8 GPa,>> and 180 GPa, > respectively.

The A, and A, terms in eqs 8 and 9 yield the symmetric and
asymmetric stress of the whole system. E, in eq 10 is the symmetrical
term of the elastic modulus. E, and E; in eqs 11 and 12 are the
asymmetric terms of the elastic modulus. A positive residual thermal
stress is a tensile stress. A negative thermal stress is a compressive
stress. Compared with the original equation presented by Ravichan-
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dran,"® note that we have corrected a sign error in front of the third
term in the bracketed expession of eq 7.

D. Critical Tensile Strain of Alucone Films on Teflon FEP and
HSPEN Substrates. The critical tensile strains of alucone films were
measured on Teflon FEP and HSPEN substrates.*** For these
measurements, sheets of Teflon FEP and HSPEN were cut into strips
with dimensions of 100 mm X10 mm (gauge section) using a paper
cutter. The Teflon FEP and HSPEN strips then were loaded into the
reactor for alucone coating. After alucone coating, the Teflon FEP and
HSPEN sample strips were cooled to room temperature.

The method to determine the critical tensile strain test was
described in detail in a previous recent study.® A mechanical tester
(Insight 2, MTS Systems Corp.) was used to stress the samples. The
tensile strain was applied at the displacement controlled strain rate of
0.015 5% The strain was measured with a laser extensometer (LE-05,
Electronic Instrument Research Corp.).*** The cracks from strain on
the alucone thin film were examined with a confocal microscope (LSM
510, Carl Zeiss, Inc.) with optical visualization using light scattering.

To detect cracks easily with the confocal microscope, the samples
were soaked in 0.0IN HCI solution for 90 min to etch ~50 nm of
alucone film after stressing to a particular tensile strain. The samples
were washed with distilled and deionized water to remove the residue
HCI solution and then dried using ultrahigh purity N, gas. An argon
ion laser with the wavelength of 458 nm was then used to examine the
cracking of the alucone film. The cracking density was determined
from the number of cracks along the direction of the tensile strain over
a length of 90 um.® The crack density and uncertainty were averaged
for 5 different images.

lll. RESULTS AND DISCUSSION

A. Al,O; ALD Film Cracking on Teflon FEP Substrates.
A FE-SEM image of Al,O; ALD films that have buckled and
cracked on Teflon FEP is shown at low magnification in Figure
2. This image is for an Al,O; film with a thickness of 48 nm.

Figure 2. FE-SEM image of an Al,O3; ALD film with a thickness 48 nm
deposited at 135 °C on a Teflon FEP substrate with a thickness of 125
pum and then cooled to room temperature.

The Al,O; film was deposited at 135 °C on a Teflon FEP
substrate with a thickness of 125 pm. The compressive stress
on this Al,O; film was 1.58 GPa. This compressive stress was
calculated using the Ravichandran model given by eq 7. The
FE-SEM image observed in Figure 2 is very similar to the FE-
SEM images observed in previous studies of Al,O; ALD film
cracking on Teflon FEP.* The FE-SEM image of one of the
buckles that has cracked is displayed at high magnification in
Figure 3.

The crack density in Al,O; ALD films was measured after
deposition at different temperatures on Teflon FEP substrates
with thicknesses of 50 and 125 ym. The thickness of the Al,O,
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Figure 3. Magnification of section of FE-SEM image in Figure 2
showing cracking at the ridge of one of the buckles in the Al,O; ALD
film.

film was 48 nm. Figure 4 shows the cracking density in the
ALO; film on the Teflon FEP substrates versus deposition

-~ 50

'E 48 nm Al,O,
£ 409 e 125um
530_ m 50 um
w

& 20

Q

S 10-
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Q 0-! T T

80 100 120 140 160
Deposition Temperature (OC)

Figure 4. Cracking density versus deposition temperature for Al,O;
ALD film with a thickness of 48 nm deposited at different
temperatures on Teflon FEP substrates with thicknesses of 50 and
125 pm.

temperature. The solid lines show the fit to an exponential
expression with the form y = y, (1 — exp[—a(T — T,)]) where
a is an adjustable parameter.® The threshold deposition
temperatures, Ty, for cracking are ~78 °C and ~95 °C for
the Teflon FEP substrates with thicknesses of 125 and 50 ym,
respectively. These different threshold deposition temperatures
for different Teflon FEP substrate thicknesses can not be
explained using the simple model for thermal stress given by eq
6.

The Ravichandran model for the thermal stress is needed
because the deposition temperatures apply different compres-
sive stresses to the Al,O; ALD film depending on the thickness
of the Teflon FEP substrate. The thicker Teflon FEP substrate
is constrained less by the Al,O; film than the thinner Teflon
FEP substrate. Conversely, the thicker Teflon FEP substrate
applies larger compressive stress to the Al,O; films. This larger
compressive stress leads to a cracking threshold at a lower
deposition temperature of ~78 °C for the Teflon FEP substrate
with a thickness of 125 pym. Higher deposition temperatures
produce higher compressive strains and larger crack densities.

The Ravichandran model given by eq 7 can be used to
calculate the residual thermal stress in the Al,O; ALD film after
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different deposition temperatures on Teflon FEP substrates
with thicknesses of 50 and 125 um. The cracking density versus
deposition temperature in Figure 4 can be replotted as cracking
density versus compressive stress in Figure Sa. When the
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Figure S. Cracking density versus thermal compressive stress for Al,O;
ALD films with thicknesses of (a) 48 nm and (b) 21 nm deposited on
Teflon FEP substrates with thicknesses of 50 and 125 ym.

Ravichandran model is employed, the Al,O; film with a
thickness of 48 nm is observed to crack at the same critical
compressive stress for both Teflon FEP substrate thicknesses of
50 and 125 pm. The identical critical compressive stress for the
two Teflon FEP substrate thicknesses argues for the validity of
the Ravichandran model.

The solid lines in Figure 5a are based on the exponential
fitting form: y = yo(1 — exp[—b(c — 6,)]).® In this expression, y
is the crack density, y, is the saturation crack density, o is the
compressive stress, ¢, is the critical compressive stress, and b is
an adjustable parameter. The fitting closely approximates the
measured crack density versus compressive stress and
determines the critical compressive stress, 6, when ¢ — o, =
0. The critical compressive stresses for the Al,O; film with a
thickness of 48 nm on Teflon FEP substrates with thicknesses
of 50 and 125 um were 0.74 + 0.04 GPa and 0.73 + 0.29 GPa,
respectively.

Figure S5b shows the cracking density for Al,O; films with a
thickness of 21 nm on Teflon FEP substrates with thicknesses
of 50 and 125 ym. The Ravichandran model again predicts the
same critical compressive stress for both Teflon FEP substrate
thicknesses. The identical critical compressive stress for the two
Teflon FEP substrate thicknesses further indicates that the
Ravichandran model is correctly accounting for the compres-

dx.doi.org/10.1021/am303077x | ACS Appl. Mater. Interfaces 2013, 5, 1165—-1173
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sive stress on the AL,O; films. The solid lines based on the
exponential form reveal that the critical compressive stresses for
the AL,O; film with a thickness of 21 nm on Teflon FEP
substrates with thicknesses of 50 and 125 ym, were 1.18 + 0.09
GPa and 1.16 + 0.02 GPa, respectively.

Earlier studies measured the critical compressive stresses
(strain) of ALLO; ALD films on Teflon FEP substrates.® These
measurements employed eq 6 to determine the thermal
compressive stress (strain). The Ravichandran model can also
be employed to determine the thermal compressive stress
(strain).'* The critical compressive stresses (strains) can then
be reevaluated for all the Al,O; ALD film thicknesses from 19
to 48 nm. A summary of the critical compressive stresses and
strains versus Al,O; film thickness is shown in Figure 6.
Compared with the earlier critical compressive stresses
(strains), the Ravichandran model yields smaller critical
compressive stresses (strains) than determined using eq 6.

g 2-5- 1 L 2 1 1 ;\;
1 o 125um [1? c
g 2.0 m 50um  t10 £
0

o 1517 & 0.8 2
= %)
@ - - -0.6 £
e UA |

3 . - 0.4 §
O 0.51 =
2 0.2 §
200+ 100 S
< 20 30 40 50

Al,O5 Thickness (nm)

Figure 6. Critical compressive stresses and critical compressive strains
for Al,O; ALD films versus film thickness on Teflon FEP substrates
with thicknesses of 50 and 125 pm.

B. No Cracking for Alucone Films on Teflon FEP
Substrates. Alucone films were used as interlayers to minimize
the stress caused by thermal expansion mismatch between the
AL,O; ALD films and the Teflon FEP substrates. The alucone
interlayer serves as a compensating compliant layer that reduces
the stress caused by CTE mismatch. The alucone layer may be
ideal as a compensating compliant layer because the alucone
film has mechanical properties that are intermediate between
AL,O; ALD films and Teflon FEP substrates.

Experiments were first conducted to determine if there was
any cracking in the alucone films by themselves on the Teflon
FEP substrates. There was no evidence of any cracking or
buckling in the alucone films on the Teflon FEP substrates over
the entire range of deposition temperatures and compressive
stresses. Figure 7 shows FE-SEM images for alucone films
deposited at 135 °C and then cooled down to room
temperature on Teflon FEP substrates with a thickness of
125 um. The alucone films with thicknesses of 100 and 200 nm
are shown in Figures 7a and 7b, respectively.

The thermal compressive stress applied to the alucone films
with a thickness of 100 nm in Figure 7a is calculated to be ¢ =
0.39 GPa using the Ravichandran model. This calculation used
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(a) 100 nm Alucone

(b) 200 nm Alucone

Figure 7. FE-SEM images of alucone films with thicknesses of (a) 100
nm and (b) 200 nm that were deposited at 135 °C on Teflon FEP
substrates with a thickness of 125 pym and then cooled to room
temperature.

an elastic modulus of E; = 36.8 GPa and a constant thermal
expansion coefficient of @ = 12 ppm/K for the alucone film.**
Using the relationship E = o/¢, the compressive stress of 6 =
0.39 GPa is equivalent to a compressive strain of € = —1.06%.
For comparison, the thermal compressive stress applied to the
alucone film with a thickness of 200 nm in Figure 7b is
calculated to be ¢ = 0.32 GPa using the Ravichandran model.

Alucone films with thicknesses of 20, 40, and 60 nm were
also deposited at 135 °C and then cooled to room temperature
and examined by FE-SEM. None of the FE-SEM images
showed any buckling or cracking. The alucone films with
thicknesses of 100 and 200 nm were also deposited at 135 °C
and then cooled down to —78 °C using a mixed dry ice and
methanol solution. The FE-SEM images of these films also
displayed no evidence of any buckling or cracking. The alucone
films are able to withstand high compressive strains without
cracking.

In contrast to the absence of cracking at high compressive
strains, earlier studies revealed that the critical tensile strain of
alucone films with a thickness of 100 nm was only & = 0.69%.>
This low critical tensile strain was attributed to the lack of
cross-linking in the alucone films which enables them to be
easily pulled apart.** For compressive strains, this lack of cross-
linking may be a benefit because the polymer chains in the
alucone layer can easily move with respect to each other under
compression without cracking,

C. Cracking of Al,O; ALD films on Teflon FEP
Substrates with Alucone Interlayers. Alucone interlayers
with different thicknesses were deposited between the Al,O;
ALD films and the Teflon FEP substrates as shown in Figure 8.
The crack density in the Al,O; ALD film was then examined
using FE-SEM images. Figure 9 shows the FE-SEM image of an

dx.doi.org/10.1021/am303077x | ACS Appl. Mater. Interfaces 2013, 5, 1165—-1173
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Alucone MLD Interlayer

Figure 8. Schematic of alucone interlayer with variable thickness
between an AL, O; ALD film and a Teflon FEP substrate.

' 48 nm AlL,O,
| 34 nm Alucone

\
\

Figure 9. FE-SEM image of an Al,O; ALD film with a thickness of 48
nm on an alucone MLD interlayer with a thickness of 34 nm on a
Teflon FEP substrate with a thickness of 125 gm. The ALD and MLD
films were deposited at 135 °C and then cooled to room temperature.

Al,O; ALD film with a thickness of 48 nm deposited on an
alucone interlayer with a thickness of 34 nm. The Al,O; ALD
film and alucone interlayer were both deposited at 135 °C on
the Teflon FEP substrate with a thickness of 125 ym. Although
cracks are observed in the FE-SEM image in Figure 9, they are
greatly reduced compared with the results shown in Figure 2
for the Al,O; ALD film without the alucone interlayer.

Alucone films were able to reduce dramatically the cracking
density in the Al,O; ALD films. The reduction of the cracking
density was larger for thicker alucone interlayers. Figure 10
shows the cracking density in the AL,O; ALD film with a
thickness of 48 nm versus the thickness of the alucone
interlayer. The Al,O; ALD films and alucone MLD interlayers
were both deposited at 135 °C on the Teflon FEP substrates
with thicknesses of 50 and 125 um. The cracking density is
reduced with the increasing thickness of the alucone interlayer.
No cracks are measured for alucone interlayer thicknesses of
>50 nm on the 50 ym Teflon FEP substrates and >110 nm on
the 125 pm Teflon FEP substrates.

The reduction of the cracking density was more dramatic for
thinner Al,O; ALD films. Figure 11 shows the cracking density
in the AL, O; film with a thickness of 21 nm versus the thickness
of the alucone interlayer. The AlL,O; films and alucone
interlayers were again both deposited at 135 °C on the Teflon
FEP substrates with thicknesses of 50 and 125 pm. The
cracking density is more rapidly reduced with the thickness of
the alucone interlayer. No cracks are measured for alucone
interlayer thicknesses of >40 nm on the 50 ym Teflon FEP
substrates and >100 nm on the 125 ym Teflon FEP substrates.

The alucone interlayer is able to reduce the stress on the
Al,O; ALD film resulting from thermal expansion mismatch
with the underlying Teflon FEP substrates. The elimination of
cracking in the Al,O; film indicates that the alucone interlayer
is able to reduce the compressive stress to below the critical
compressive stress of the AlL,O; film. Figure 6 shows that
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Figure 10. Cracking density of Al,O; ALD films with a thickness of 48
nm deposited on various alucone interlayer thicknesses on Teflon FEP
substrates with thicknesses of 50 and 125 pm.
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Figure 11. Cracking density of Al,O; ALD films with a thickness of 21
nm deposited on various alucone interlayer thicknesses on Teflon FEP
substrates with thicknesses of 50 and 125 ym.

thinner AlL,O; ALD films have higher critical compressive
stresses.” The results in Figures 10 and 11 are consistent with
higher critical compressive stresses for the thinner Al,O; ALD
films.

D. Understanding the Effect of the Alucone Inter-
layer. Figures 10 and 11 show that the alucone interlayer
reduces the crack density in the ALO; ALD films with
thicknesses of 48 and 21 nm, respectively, that were deposited
at 135 °C. The crack densities versus alucone interlayer
thickness in Figures 10 and 11 can be compared with the crack
densities versus compressive stress in Figure 5 for the same
Al,O; ALD film thicknesses without the alucone interlayer.
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Assuming that the measured crack density correlates with a
particular compressive stress, compressive stresses can be
assigned to the crack densities in Figures 10 and 11 using the
measured crack densities versus compressive stress in Figure S.

For example, Figure 10 indicates that the cracking density is
17.6 mm™" for an AL, O, film with a thickness of 48 nm on an
alucone interlayer with the thickness of 29.2 nm on a Teflon
FEP substrate with a thickness of 125 ym. Figure Sa indicates
that a crack density of 17.6 mm™" occurs at a compressive stress
of ~1.06 GPa. This correlation indicates that a compressive
stress of ~1.06 GPa must have been present on the Al,O; film
with a thickness of 48 nm on the alucone interlayer with a
thickness of 29.2 nm on the Teflon FEP substrate with a
thickness of 125 yum.

The cracking densities in Figures 10 and 11 can be redefined
as corresponding compressive stresses using the crack density
versus compressive stress information in Figure S. Using this
correspondence, Figure 12 displays the compressive stress on
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Figure 12. Compressive stress on Al,O; ALD films with thicknesses of
(a) 48 nm and (b) 21 nm versus alucone interlayer thickness on
Teflon FEP substrates with thickness of 50 and 125 ym. The ALD and
MLD films were deposited at 135 °C and then cooled to room
temperature.

the AlL,O; ALD film versus alucone interlayer thickness. The
alucone interlayer progressively reduces the compressive stress
on the AL,O; film as a function of alucone interlayer thickness.
The dashed lines in Figure 12a and 12b show the critical
compressive stresses for the Al,O; films with thicknesses of 21
and 48 nm, respectively. The solid lines in Figure 12 show the
linear fitting of the compressive stress versus the alucone
interlayer thickness.

This compressive stress reduction versus alucone interlayer
thickness can be derived from the linear fits to the data in
Figures 12a and 12b. For the Al,O; film with a thickness of 48
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nm on Teflon FEP substrates with thicknesses of 50 and 125
um, the compressive stress reductions were 6.3 MPa/nm and
8.0 MPa/nm, respectively. For the Al,O; film with a thickness
of 21 nm on Teflon FEP substrates with thicknesses of 50 and
125 pm, the compressive stress reductions were 12.7 MPa/nm
and 7.3 MPa/nm, respectively. The compressive stress
reductions are fairly similar for the various AlL,O; film
thicknesses and Teflon FEP substrate thicknesses. The average
compressive stress reduction per thickness of the alucone
interlayer is 8.5 + 2.3 MPa/nm.

Figure 13 shows a pictorial illustration of the reduction of
compressive stress on the AL,O; ALD film by the alucone

MLD/ALD at 135°C

ALD Film

332323332

Teflon FEP Substrate

Alucone MLD
Interlayer

Cool below
135C
ALD Film

Q22250

Teflon FEP Substrate

Figure 13. Schematic depicting the “spring-like” nature of the alucone
interlayer between the Al,O; ALD film and the Teflon FEP substrate.
Upon cooling from 135 °C, the alucone interlayer minimizes the
compressive thermal stress on the Al,O; ALD film.

interlayer. The alucone MLD and Al,O; ALD are performed at
135 °C. With cooling from 135 °C to room temperature, the
Teflon FEP substrate will contract more than the Al,O5 film.
This mismatch of thermal expansion coeflicients leads to
compressive stress on the AlL,O; film. However, the “spring-
like” alucone interlayer with minimal cross-linking between the
polymer chains absorbs some of the compressive stress and
lowers the compressive stress applied to the ALO; film.
Consequently, the alucone interlayer is able to protect the
Al O; film from buckling and cracking.

E. Critical Tensile Strain of Alucone Films on Teflon
FEP and HSPEN Substrates. The results for the crack density
versus tensile strain for alucone films with a thickness of 100
nm deposited on Teflon FEP and HSPEN substrates at 135 °C
are shown in Figure 14. The critical tensile strain of the alucone
film on the Teflon FEP substrate was much higher than the
critical tensile strain for the alucone film with the same
thickness on the HSPEN substrate. The critical tensile strains
were obtained by fitting the results using an exponential fitting
form.® Critical tensile strains for the alucone film with a
thickness of 100 nm were 1.96 + 0.12% on Teflon FEP and
0.61 + 0.12% on HSPEN.

The higher critical tensile strain on the Teflon FEP substrate
can be explained by the higher residual compressive stress in
the alucone films grown on the Teflon FEP substrates. The
compressive stress in the alucone film deposited at 135 °C on
the Teflon FEP substrate and then cooled to room temperature
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ACS Applied Materials & Interfaces

Research Article

‘e 800+

£

. 600+

:5;

S 4001

2 200- 100 nm Alucone
8 ® FEP

6 0 B HSPEN

5 10
Tensile Strain (%)

Figure 14. Crack density versus tensile strain for alucone film with a
thickness of 100 nm on Teflon FEP and HSPEN substrates. The
alucone films were deposited at 135 °C and then cooled to room
temperature prior to the application of the tensile strains.
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is calculated to be ¢ = 0.39 GPa using the Ravichandran model.
This compressive stress equates to a compressive strain of € =
1.06% based on an elastic modulus of E = 36.8 GPa."” This
large residue compressive strain can then help offset the applied
tensile strain.

The tensile strain applied to the alucone film on Teflon FEP
first reduces the residual compressive strain in the alucone film.
After removal of the compressive strain, the applied tensile
strain leads to a net tensile strain in the alucone film. A critical
tensile strain of € = 1.96% is observed for the alucone film on
Teflon FEP. This critical tensile strain is close to the residual
compressive strain of 1.06% added to the critical tensile strain
of 0.61% for cracking of the alucone film on HSPEN. Adding
the two strains assumes that the critical tensile strains for
alucone films on HSPEN are not affected by residual
compressive strains.

The alucone films deposited on HSPEN will have a much
smaller residual thermal stress resulting from the thermal
expansion coeflicient mismatch between the AL,O; ALD film
and the HSPEN substrate. Compared with the thermal
expansion coefficient of 120—160 ppm/K for Teflon FEP,”
the HSPEN has a much smaller thermal expansion coefficient
of 13 ppm/K>* Consequently, the mismatch between the
thermal expansion coeflicients of the Al,O; ALD film and the
HSPEN substrate yields a small residue compressive stress of
5.33 MPa or a compressive strain of only € = 0.014%. The
compressive stress was calculated using the Ravichandran
model after deposition at 135 °C and cooling to 25 °C.

The ability to store residual compressive strain in films may
be very useful for films to achieve large critical tensile strains.
By using substrates with large thermal expansion coefficients,
large thermal compressive stresses can exist in the deposited
films after cooling from the deposition temperature. These
residual compressive stresses can help offset applied tensile
stresses. This strategy may be useful for barrier films deposited
on fluoropolymers such as Teflon FEP that have high thermal
expansion coeflicients. These fluoropolymers are important for
thin film solar devices because of their resistance to
photodegradation.”

IV. CONCLUSIONS

Thermal expansion mismatch between Al,O; ALD films and
Teflon FEP substrates was minimized using alucone interlayer
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films. In the absence of an alucone interlayer, the Al,O; films
can crack resulting from the high thermal expansion coefficient
mismatch between the AL,O; film and the Teflon FEP
substrate. Cracks were observed by FE-SEM images of Al,O;
ALD films with thicknesses of 48 and 21 nm grown directly on
Teflon FEP substrates with thicknesses of 50 and 125 um at
temperatures from 100 to 160 °C and then cooled to room
temperature. The Ravichandran model for residual compressive
stress was used to analyze the results and obtain the correlation
between crack density and thermal compressive stress.

Under identical conditions using an alucone interlayer, the
ALO; ALD film had a crack density that was reduced
progressively versus alucone interlayer thickness. For Al,O,
film thicknesses of 48 nm deposited at 135 °C, no cracks were
observed for alucone interlayer thicknesses >60 nm on 50 ym
thick Teflon FEP substrates. For thinner Al,O; film thicknesses
of 21 nm deposited at 135 °C, no cracks were observed for
alucone interlayer thicknesses >40 nm on 50 ym thick Teflon
FEP substrates. Slightly higher alucone interlayer thicknesses
are required to prevent cracking on thicker Teflon FEP
substrates with a thickness of 125 pm.

The crack density versus alucone interlayer thickness for
AlO; ALD films grown on alucone interlayers on Teflon FEP
was compared with the crack density versus compressive stress
for AL,O; ALD films grown directly on Teflon FEP. This
comparison revealed that the alucone interlayer thickness
linearly reduced the compressive stress on the Al,O; films. The
compressive stress reduction per thickness of the alucone
interlayer was determined to be ~8.5 MPa/nm. Comparison of
the critical tensile strains for alucone films on Teflon FEP and
HSPEN substrates demonstrated that residual compressive
stress can help offset applied tensile stress and produce much
higher critical tensile strains.
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