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Abstract

Thin films of Al2O3 grown using atomic layer deposition (ALD) techniques can protect polymers from erosion by oxygen atoms. To quantify
this protection, polyimide substrates with the same chemical repeat unit as Kapton® were applied to quartz crystal microbalance (QCM) sensors.
Al2O3 ALD films with varying thicknesses were grown on the polyimide substrates. The ALD-coated polyimide materials were then exposed to a
hyperthermal atomic-oxygen beam. The mass loss versus oxygen-atom exposure time was measured in situ by the QCM. Al2O3 ALD film
thicknesses of ∼35 Å were found to protect the polymer from erosion.
© 2007 Elsevier B.V. All rights reserved.
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Spacecraft in low Earth orbit collide with ambient oxygen
atoms with relative velocities of ∼7.4 km s−1 and fluxes in the
range of 1013 to 1015 atoms cm−2 s−1. These high-energy
collisions cause oxidation and erosion of materials. Organic
polymers used on the external surfaces of spacecraft as
structural and thermal-control materials are particularly vulner-
able to atomic oxygen [1–4]. Coatings of inorganic oxides, such
as SiO2, have been used to provide protection from atomic
oxygen. These coatings are generally applied by plasma
enhanced chemical vapor deposition (PECVD).

PECVD is known to produce films that tend to be columnar
with a large defect density. Because of the large number of defects,
relatively thick coatings have been used to reduce the defect
density.Kapton® polyimide surfaces that have SiO2 coatingswith a
1300Å thickness have been shown to exhibit erosion yields as low
as ∼0.1–0.2% of the erosion yield of unprotected Kapton® [5,6].
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However, handling and thermal cycling of these thick coatings are
likely to produce cracks in the coatings and expose the substrate to
potential O-atom attack. Atomic oxygen that reaches the substrate
through defects may erode large cavities underneath the coating in
the vicinity of the defect [6,7].

The PECVD coating technique also requires line-of-sight to
the substrate. This requirement may be impractical for shadowed
or high-aspect-ratio structures. An approach that is an
improvement over PECVD is to attach silicon-containing
moieties to the surface through a photochemical reaction. The
modified surface may then react with atomic oxygen to form a
continuous layer of SiO2. Although this technique has
demonstrated a one hundred-fold reduction in erosion yield for
flat samples, there are still line-of-sight limitations when the
technique is applied to non-planar surfaces [8].

In addition to protecting existing polymers with inorganic
coatings, inorganic/organic copolymers are being developed
that take advantage of the reaction of the inorganic component
with atomic oxygen to form a passivating oxide layer. This
protection strategy has the advantage that the oxide layer can
reform after the degradation of the initial oxide layer. An earlier
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Fig. 1. Experimental apparatus used to measure the mass loss of spin-coated
polyimide layers on QCM sensors during exposure to a hyperthermal atomic-
oxygen beam.
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class of self-passivating polymers was based on phosphine
oxide [9]. More recently, copolymers that include polyoligo-
meric silsesquioxane have shown great promise as a replace-
ment for Kapton® [10]. However, these polymers exhibit finite
erosion by atomic oxygen and may experience damage under
vacuum ultraviolet (VUV) radiation in space.

Earlier studies indicate that an ultrathin and flexible inorganic
oxide coating may provide an effective barrier. Exposure of a
silicon surface to a beam of hyperthermal atomic oxygen leads to
the growth of an SiO2 film with a terminal thickness of ∼50 Å
[11–13]. The native thickness of aluminum oxide (Al2O3) on
aluminum has also been measured to be only 30–40 Å [14].
Anecdotal evidence from space flight experiments exists that an
Al2O3 coating with a nominal thickness of 50 Å protects a
reactive substrate [15]. If such thin and flexible oxide coatings
can be applied to polymer substrates without line-of-sight
restrictions and without defects, then they should be able to
protect the substrate even after handling and thermal cycling.

Chemical vapor deposition (CVD) is a well characterized thin
film deposition method that does not depend on line-of-sight.
However, CVD methods typically require elevated substrate
temperatures to grow the desired films. A variation on CVD is
atomic layer deposition (ALD). ALD can usually employ more
reactive precursor gases than CVD and achieve lower deposition
temperatures. ALD techniques can also produce continuous,
Angstrom-level-controlled, and defect-free films [16]. ALD is a
gas-phase method based on two sequential, self-limiting surface
reactions [17]. Each surface reaction allows only ∼1 monolayer
of deposition.

Al2O3 ALD is a particularly robust and well-defined ALD
system [18,19]. Al2O3 ALD films can be pinhole-free as
demonstrated by electrical measurements [20], and they can be
deposited on polymer substrates [21,22]. Excellent gas diffusion
barrier properties are observed for Al2O3 ALD films on
polyethylene naphthalate (PEN) and Kapton® polymer sub-
strates [23,24]. Consequently, Al2O3 ALD should provide an
ideal model system for the systematic investigation of thin-film
coatings to protect a polymer from hyperthermal atomic oxygen.

Quartz crystal microbalance (QCM) sensors were used to
study the efficacy of thin Al2O3 ALD films to protect a polymer.
Polyimide substrates were prepared on 0.5-inch-diameter QCM
disc sensors. The precursor to the polyimide was Pyralin®

PI5878G from HD Microsystems. This polyamic acid as pur-
chased was dissolved in 1-methyl-2-pyrrolidinone. The polya-
mic acid was diluted and then spin-coated onto gold-coated
QCM sensors. Before spin-coating, the QCM sensors were
modified by applying an adhesion promoter (HD Microsystems
VM651) and heating the substrates in an air oven to 80 °C to
remove any residual water. After spin-coating, the samples were
allowed to dry in air under a watch glass for two days. The
samples were then placed in a vacuum furnace (Centurion VPM)
and cured with the following schedule: 2 h at 50 °C, 2 h at 80 °C,
1 h at 200 °C, and 2 h at 270 °C. The chemical repeat unit of
the resulting polyimide is equivalent to that of DuPont Kapton®.
The polyimide layers on the QCM disc sensors were determined
by profilometry to have thicknesses in the range of 800–
1000 nm.
Aluminum oxide (Al2O3) ALD coatings with various
thicknesses were applied to the polyimide substrates using
sequential, self-limiting exposures to trimethylaluminum
(TMA) (Aldrich) and water (Fisher HPLC-grade). The Al2O3

ALD was performed at 177 °C in a viscous flow, hot-wall ALD
flow reactor [25]. The TMA and H2O yield Al2O3 ALD
according to the following two reactions [18,19]:

ðAÞAl–OH⁎ þ AlðCH3Þ3→Al–O–AlðCH3Þ⁎2 þ CH4 ð1Þ

ðBÞAl–CH⁎3 þ H2O→Al–OH⁎ þ CH4 ð2Þ

where the asterisks denote the surface species. When performed
in an ABAB… reaction sequence, these sequential reactions
produce linear, atomic-layer-controlled Al2O3 growth. The
steady-state Al2O3 ALD growth rate after nucleation is
∼1.2 Å per AB cycle [19,26]. The polyimide substrates were
coated with Al2O3 ALD films resulting from 8, 13, 17, 21, 25
and 50 AB cycles, respectively. The reactant exposure sequence
was TMA (1.0 s), purge (20 s), H2O (1.0 s), and purge (10 s). The
polyimide surfaces were coated without any prior surface
treatment or functionalization.

The coated QCM sensors were exposed to a beam containing
hyperthermal atomic oxygen. Mass loss was measured in situ
versus time using a Maxtek QCM head (Model DSH-200) and a
Model RQCM data collection system. The QCM head accom-
modated two discs, allowing each atomic-oxygen exposure to be
conducted with an Al2O3-coated polyimide test sample and a
polyimide control sample without an Al2O3 coating. For each
exposure, the atomic-oxygen flux was determined from the mass-
loss rate of the polyimide control sample. The oxygen-atom flux
did not vary by more than a few percent from one exposure to
another. Test and control samples were always placed in the same
locations to ensure consistency between the various exposures.

A pictorial diagram of the atomic-oxygen source and
experimental apparatus is shown in Fig. 1. This apparatus has



Fig. 2. Mass change of polyimide substrates coated with varying numbers of
Al2O3 ALD AB cycles versus exposure time to atomic oxygen.

Fig. 3. SEM images of polyimide substrates coated with 17, 21, and 50 Al2O3

ALD AB cycles after exposure to atomic oxygen. The left and right columns
display images collected with ×20 and ×1000 magnification, respectively.
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been described in detail previously [1,10,27,28]. Sample
exposures were performed with a pulsed beam operating at a
repetition rate of 2 Hz. The pulsed beam contained hyperthermal
O(3P) atoms and O2 molecules that were generated with a laser-
breakdown source [28,29]. Average translational energies for
atomic and molecular oxygen were ∼5.4 and ∼9.3 eV,
respectively. The energy widths (full width at half maximum) of
the atomic and molecular oxygen components were ∼2.0 and
∼5.3 eV, respectively. The average mole fraction of atomic
oxygen in the beam was ∼90%.

The hyperthermal O-atom beam was directed at the polymer
samples on QCM sensors that were positioned about 40 cm
from the apex of the conical nozzle. Mass loss as a function of
time for both the test and control samples was recorded for at
least 500 min. This time corresponds to 60,000 pulses of the
hyperthermal beam for each atomic-oxygen exposure. Based on
the erosion yield of a Kapton® H polyimide [27], the atomic-
oxygen flux was ∼2×1015 O atoms cm−2 pulse−1.

Mass loss results for Al2O3 ALD film thicknesses resulting
from 8, 13, 17, 21, 25 and 50 AB cycles are shown in Fig. 2. The
uncoated polyimide control sample eroded away completely
during every experiment. The linear mass loss rate for the control
sample was consistent with a loss of 600 μg cm−2 after 500 min.
Polyimide samples with Al2O3 ALD films after 8 and 13 AB
cycles eroded before 500 min of exposure. The sample with an
Al2O3 ALD film after 17 AB cycles showed a rapid change of
slope after 300min of exposure and probably would have eroded
completely if the exposure had significantly exceeded 500 min.

The samples with Al2O3 ALD films after 21 and 25 AB
cycles showed a very gradual loss of mass during the exposure.
The mass loss for the sample after 25 AB cycles is only slightly
higher than the mass loss expected when oxygen atoms remove
residual contamination from the surface. The polyimide sample
coated with an Al2O3 ALD film after 50 AB cycles did not
exhibit any measurable mass change after more than 500 min of
exposure. This Al2O3 ALD film presumably has no defects or
pinholes where O atoms could attack the polyimide substrate.
The measurements suggest a threshold of ≥25 AB cycles for
Al2O3 ALD coatings to protect a polymer substrate from
erosion by oxygen atoms with ∼5 eV of translational energy.
The erosion of polymer substrates by an oxygen plasma in the
vicinity of coating defects has previously been used to make
defects more visible to SEM and optical inspection [30]. Defects
in the ALD coatings would be expected to be similarly amplified
by exposure to the hyperthermal O-atom beam. Scanning
electron microscope (SEM) images of the exposed surfaces
showed erosion that was consistent with the mass loss
measurements. The SEM images also demonstrated the
sensitivity of the QCM to identify mass loss from erosion at
tiny defects on the surface.

Fig. 3 shows SEM images for exposed surfaces with Al2O3

ALD films after 17, 21 and 50 AB cycles for atomic oxygen
exposure times of 500 min. The left and right columns consist of
images collected with low (×20) and high (×1000) magnifica-
tion, respectively. The number and size of defects decrease as
the number of AB cycles increases. The surface after 17 AB
cycles exhibits numerous large round defects that appear as
regions where the polymer substrate has eroded significantly.
The surface after 21 AB cycles has many small defects scattered
over the surface. The surface after 50 AB cycles does not show
any defects that can be related to the atomic-oxygen exposure.

The Al2O3 ALD films after 8, 13, 17 and 21 AB cycles are
poor protecting barriers against attack by oxygen atoms. Earlier
QCM and X-ray fluorescence measurements revealed that
approximately 10–20 AB cycles are required to nucleate a
continuous Al2O3 film on various polymer substrates [22,31].
Prior to nucleation, the ALD reactants are observed by QCM
measurements to absorb into the polymer [22]. After nucleation,
an Al2O3 ALD film barrier continuously covers the polymer and
blocks any reactant absorption into the polymer.
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The absence of defects on the polyimide sample after 50 AB
cycles of Al2O3 ALD is consistent with the observation of no
mass loss during atomic-oxygen exposure. This Al2O3 ALD
film is an excellent protecting layer for the polyimide substrate.
The thin Al2O3 ALD film after 50 AB cycles should have an
Al2O3 ALD film thickness on top of the polymer surface of
∼35 Å. This estimated thickness assumes that the Al2O3 ALD
film requires 20 AB cycles to nucleate on the polyimide
substrate [22, 31].

The Al2O3 ALD thickness of ∼35 Å required to protect the
polyimide can be compared with the native oxide thickness of
30–40 Å on aluminum nanoparticles [14]. This native oxide
thickness serves as barrier to prevent additional aluminum
oxidation. Earlier measurements of the water vapor transmission
rate through Al2O3 ALD films on PEN and Kapton® also
measured extremely low transmission rates for Al2O3 ALD film
thicknesses N50 Å [24]. The H2O permeability is believed to
be dominated by defects [32]. Analogous behavior may be
occurring for atomic oxygen penetration through the Al2O3

ALD films.
Comparison of the Al2O3 ALD thickness of∼35 Å with the

SiO2 film thickness of∼50 Å formed by oxidation of silicon in
a hyperthermal atomic oxygen beam [11–13] suggests that
Al2O3 is more effective at blocking hyperthermal O atoms.
Al2O3 ALD films can be deposited on polymers of any
geometry. The Al2O3 ALD films should also remain flexible
and uncompromised if the polymer is bent during handling or
if the polymer expands and contracts during thermal cycling.
The Al2O3 ALD films with a thickness of 35 Å were deposited
with 50 AB cycles with each cycle requiring approximately
32 s. The time required to deposit this film could be shortened
considerably with the use of an optimized reactor design. The
ALD method may also be used to apply oxide coatings other
than Al2O3. Multilayer ALD films of Al2O3/TiO2 or Al2O3/
ZnO could protect against both O atoms and VUV light.
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