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ABSTRACT Polymers in space may be subjected to a barrage of incident atoms, photons, and/or ions. Atomic layer deposition (ALD)
techniques can produce films that mitigate many of the current challenges for space polymers. We have studied the efficacy of various
ALD coatings to protect Kapton polyimide, FEP Teflon, and poly(methyl methacrylate) films from atomic-oxygen and vacuum ultraviolet
(VUV) attack. Atomic-oxygen and VUV studies were conducted with the use of a laser-detonation source for hyperthermal O atoms
and a D2 lamp as a source of VUV light. These studies used a quartz crystal microbalance (QCM) to monitor mass loss in situ, as well
as surface profilometry and scanning electron microscopy to study the surface recession and morphology changes ex situ. Al2O3 ALD
coatings protected the underlying substrates from atomic-oxygen attack, and the addition of TiO2 coatings protected the substrates
from VUV-induced damage. The results indicate that ALD coatings can simultaneously protect polymers from oxygen-atom erosion
and VUV radiation damage.
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INTRODUCTION

Spacecraft in low Earth orbit (LEO) are subject to a
number of damaging phenomena including atomic
oxygen, electromagnetic radiation, ions, and electrons

(1, 2). LEO altitude environments, which range from 200 to
700 km, contain predominantly atomic oxygen and molec-
ular nitrogen, which collide with spacecraft surfaces at
relative velocities of ∼7.4 km s-1 (3). These high velocities
lead to high energy gas-surface collisions equivalent to O
atoms with ∼450 kJ mol-1 of translational energy colliding
with the surface (4). Structural and thermal-control materials
consisting of organic polymers are particularly susceptible
to oxygen-atom attack. High-energy collisions lead to the
production of volatile products that carry mass away from
the polymer surface and leave a roughened surface that
scatters light (5). Polymeric materials on spacecraft in LEO
are also susceptible to high fluxes of vacuum ultraviolet
(VUV) radiation, which may promote their degradation
through multiple photochemical processes. Photons might
act either alone or in combination with oxygen atoms to
degrade polymers and paints and thus limit their usefulness
(6). Given the harsh environment in LEO, steps must be
taken to protect polymers that are to be used on spacecraft
that operate in this environment.

The most common method employed for protection of
polymeric materials from the harsh environment of LEO has
been the application of a protective inorganic coating, such
as SiO2, which is relatively unreactive to atomic oxygen (7).
These protective coatings are usually deposited by plasma
enhanced chemical vapor deposition (PECVD). PECVD meth-
ods are limited to line-of-sight targets. In addition, films
produced by PECVD are found to have large defect densities
because of their columnar nature, thus leaving the underly-
ing polymer vulnerable to atomic-oxygen attack. Therefore,
relatively thick coatings must be used to reduce the defect
density. SiO2-coated Kapton polyimide surfaces with a thick-
ness of 1300 Å have demonstrated erosion yields as low as
∼0.1-0.2% of unprotected Kapton (8).

Alternative solutions to inorganic coatings have been
explored through the development of inorganic/organic
copolymers that utilize the reaction of atomic oxygen with
the inorganic component to form a protective oxide layer.
Possible replacement of Kapton by copolymers containing
polyoligomeric silsequioxane has been suggested (9). How-
ever, these polymers still exhibit finite levels of erosion by
atomic oxygen and their stability with respect to VUV
radiation has not been studied. Another proposed solution
is to imbed Si containing groups into the polymer up to 1
µm via the Photosil process. The modified surface is con-
verted to a silica layer when exposed to an oxidizing
environment (10). This process has shown promise, espe-
cially for flat substrates, but this process is still mainly a line-
of-sight method.

The work described here investigates a new approach to
protect polymers from both atomic oxygen and VUV light
that might have a damaging effect in LEO. This approach is
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based on atomic layer deposition (ALD), which is a variation
of chemical vapor deposition (CVD) that does not rely on
line-of-sight and does not employ the high substrate tem-
peratures that CVD typically requires. ALD is a gas-phase
method based on two sequential, self-limiting surface reac-
tions, producing continuous, Angstrom-level-controlled, de-
fect-free films (11). Al2O3 ALD is a particularly well-defined
system (12, 13) that has been successfully deposited on
polymer substrates (14, 15). Al2O3 ALD coatings are pinhole-
free, as demonstrated by electrical measurements (16). The
Al2O3 ALD coatings have been observed to have excellent
gas diffusion barrier properties on both polyethylene naph-
thalate (PEN) and Kapton polymer substrates ( 17, 18). An
earlier study utilizing Al2O3 ALD coatings for protection of
polyimide substrates against hyperthermal oxygen atoms
conducted in our laboratory determined that coating thick-
nesses of ∼35 Å were successful at preventing erosion (19).
ALD coatings can be tailored for VUV absorption, as well as
atomic-oxygen protection.

Al2O3 ALD can be used to illustrate the basic principles
of ALD. Al2O3 is a binary material. The binary reaction for
Al2O3 is 2Al(CH3)3 + 3H2O f Al2O3 + 6CH4. This binary
reaction can be divided into two reactions to define Al2O3

ALD (12, 13)

where the asterisks indicate the surface species. If each
reaction is self-limiting and self-terminating, then the repeti-
tive application of these reactions in an ABAB... sequence
can produce atomic layer controlled Al2O3 deposition. Al2O3

ALD can be deposited at the low temperatures required for
coating polymers (14, 15).

Other chemistries permit the deposition of a variety of
different coatings, such as ZnO, TiO2, and SiO2, and multi-
layer coatings of different composition are possible. For the
ALD of TiO2 and SiO2 films, the MCl4 + 2H2OfMO2 + 4HCl
reaction for MO2 deposition (where M ) Si or Ti) is divided
into the following two half-reactions (20-22)

We have studied the efficacy of various ALD coatings to
protect Kapton polyimide, FEP Teflon, and poly(methyl
methacrylate) (PMMA) films from atomic-oxygen and VUV
attack in simulated LEO environments. We have found that
such coatings can be highly effective at blocking degradation
of the polymer substrates by these potentially damaging
environmental agents.

EXPERIMENTAL DETAILS
Sample exposures were conducted in the source region of a

molecular beam apparatus (9, 23-25), pictured in Figure 1. A

pulsed, hyperthermal, O-atom beam was produced with the use
of a laser-detonation source. The source produces a beam of
both neutral O atoms (75-90%) and molecular O2 (10-25%)
traveling at velocities of ∼8 km s-1. The average translational
energy of the hyperthermal O atoms was in the 500 - 520 kJ
mol-1 range.

The coated and uncoated control samples were mounted in
a custom, 9-position sample holder described previously (25).
Stainless steel screens were placed over the samples to facilitate
measurement of surface recession. The samples were exposed
to the hyperthermal O-atom beam at a repetition rate of 2 Hz,
for 100 000 pulses. Postexposure step-height measurements
were conducted with the use of a Dektak-3 (Veeco Metrology
Group) surface profiler. The average erosion depth and associ-
ated standard deviation for each sample were calculated from
40-50 different step heights. Uncoated Kapton H control
samples were placed in the center position of the mount for
each exposure, in order to quantify the fluence of O atoms. The
LEO equivalent AO fluences were calculated from recession
measurements by taking the erosion yield of Kapton H to be
3.00 × 10-24 cm3 O-atom-1 (25). The erosion yields of the test
samples were calculated based on their recession relative to that
of the relevant Kapton H control samples. Additional analysis
of surface morphologies was conducted with field-emission
scanning electron microscopy (FE-SEM).

Quartz crystal microbalance (QCM) sensors were used to
study the efficacy of ALD films for VUV radiation protection.
PMMA substrates were prepared using a solution of 20 wt % of
polymer (Scientific Polymer Products Inc. #424 MW ) 15,000)
in chlorobenzene. The solution was then spin-coated at 2000
rpm for 1 min onto 0.5 in. diameter QCM discs. After spin
coating, the samples were allowed to dry in air and then placed
in a vacuum furnace and cured at 120 °C for 10 h. The PMMA
films on the QCM disks were ∼2 µm thick. The PMMA sub-
strates were then coated with varying thicknesses of Al2O3 ALD.
In some cases, an additional ALD coating of TiO2 was deposited.

Table 1 contains a list of the samples used for VUV exposure
studies. One cycle refers to the application of one AB ALD
coating sequence, according to reactions 1 and 2 for Al2O3 ALD
or reactions 3 and 4 for TiO2 ALD. The ALD films were grown
at 90 °C in a hot-wall viscous flow reactor (26). The films were
deposited using a pulse sequence of (t1, t2, t3, t4) ) (1, 30, 1,
30) where t1 is the pulse time for the Al(CH3)3 (or TiCl4), t2 is the
N2 purge time, t3 is the pulse time for the H2O, and t4 is the pulse

(A)AlOH* + Al(CH3)3 f AlOAl(CH3)2* + CH4
(1)

(B)AlCH3* + H2O f AlOH* + CH4 (2)

(A)MOH* + MCl4 f MOMCl3* + HCl (3)

(B)MCl* + H2O f MOH* + HCl (4)

FIGURE 1. Schematic diagram of hyperthermal O-atom apparatus.
A QCM head can be placed in the same position as the sample
mount.
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time for the second N2 purge time. All times are in seconds.
Following the nucleation period, the Al2O3 ALD and TiO2 ALD
growth rates at 90 °C are 1.1 and 0.6 Å/cycle, respectively. The
total film thicknesses were obtained from X-ray reflectivity
(XRR) measurements performed on silicon wafers that were
deposited at the same time as the PMMA samples. The XRR data
were acquired by a high-resolution Bede D1 Diffractometer
(Bede Scientific) using a Cu KR X-ray tube with a wavelength of
1.54 Å. The film thicknesses were extracted using the REFS data
fitting software from Bede Scientific.

VUV radiation was supplied by a 30 W deuterium lamp
(Hamamatsu model L7292) at a distance of ∼40 cm. At this
distance, the intensity of radiation in the wavelength range
115-200 nm is ∼8 solar equivalents (or “suns”) in low Earth
orbit. The mass loss as a result of the VUV exposure was
measured in situ with the use of a Maxtek QCM head (Model
DSH200) and Model RQCM data collection system. The VUV flux
decreased during each exposure, and the relative flux was
measured with a phototube (Hamamatsu R1187). The recorded
VUV relative flux during each exposure was fitted to a function
as shown in Figure 2. The measured mass loss as a function of
time was normalized to the VUV flux by dividing the raw mass
loss measurement by the relative VUV flux (determined by the
fitting function) at a series of exposure times. Before each new
exposure, the window of the D2 lamp was cleaned, and after
each cleaning, the relative flux returned approximately to its
initial value from the previous exposure. Thus, we concluded
that the main cause of the VUV flux reduction during an
exposure was photoinduced contamination on the lamp window.

RESULTS AND DISCUSSION
Two sets of atomic oxygen exposures with Al2O3 ALD

coatings of varying thicknesses were carried out on both

Kapton H and FEP Teflon free-standing films. The first set
included Kapton H coated with 13, 17, 25, 40, 50, and 100
AB cycles of Al2O3, as well as an uncoated Kapton H control
sample. These Al2O3 ALD coatings were performed using a
pulse sequence of (1, 120, 1, 120) at a temperature of 90
°C. Postexposure profilometry measurements recorded step
heights only for the uncoated Kapton H control and the
sample with 13 cycles of Al2O3 ALD. A faint erosion pattern
was observed on the sample with 17 cycles of coating, but
no step height could be measured via profilometry. None of
the samples with 25 cycles of Al2O3 ALD or higher displayed
any erosion.

FE-SEM images were recorded to probe the surface
recession and morphology in greater detail. Figure 3 displays
FE-SEM images, at low (500×) and high (10 000×) magni-
fication, of exposed samples of uncoated Kapton H and

Table 1. ALD Coatings on PMMA Samples used for
VUV Exposures
sample no. ALD coating total thickness (Å)

1 20 cycles (Al2O3) + 25 cycles (TiO2) 26
2 20 cycles (Al2O3) + 50 cycles (TiO2) 47
3 20 cycles (Al2O3) + 100 cycles (TiO2) 81
4 20 cycles (Al2O3) + 200 cycles (TiO2) 147
5 30 cycles (Al2O3) 23
6 58 cycles (Al2O3) 58
7 73 cycles (Al2O3) 74
8 145 cycles (Al2O3) 152

FIGURE 2. Relative VUV flux from D2 lamp, measured with a
photodiode, as a function of time at the position of the samples
mounted on the QCM head.

FIGURE 3. FE-SEM images of uncoated Kapton H and Kapton H
coated with 13, 17, and 25 Al2O3 ALD AB cycles, after exposure to
atomic oxygen. The left and right columns display images of the
exposed areas of the samples collected with ×500 and ×10 000
magnification, respectively. The images in the left column show
regions where the samples were exposed and where they were
covered by part of a stainless steel screen. The images in the right
column show only exposed regions of the samples. The 13-cycle
sample displays a surface morphology similar to that of the uncoated
sample, indicating that the coating did little to protect the polymer.
The 17-cycle sample displayed an erosion pattern that was visible
to the naked eye, but without a measurable profilometry reading.
The visible pattern was revealed to be several small holes, as seen
in the images. The 25-cycle sample displayed no erosion, indicating
successful protection of the polymer substrate against O-atom
attack.
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samples coated with 13, 17, and 25 AB cycles of Al2O3. The
faint erosion pattern observed on the 17-cycle sample was
determined to be small round defects, similar in nature to
the defects observed in the earlier study in our laboratory
(19). Upon comparison with the earlier study, Al2O3 ALD
appears to protect Kapton H with fewer AB cycles than that
required to protect Kapton-like polyimide (Pyralin) films.
This result suggests faster nucleation of the Al2O3 ALD
coating on commercial Kapton H compared with the lab-
prepared polyimide, despite their sharing the same chemical
repeat unit.

A second series of Al2O3 ALD coatings were deposited on
FEP Teflon, with the same numbers of AB cycles that were
used in the Kapton study: 13, 17, 25, 40, 50, and 100 cycles.
The FEP Teflon surface was not pretreated prior to ALD
deposition. These Al2O3 ALD coatings were also deposited
at 90 °C using a pulse sequence of (1, 120, 1, 120). Unlike
the Kapton H samples, nearly all coated samples displayed
erosion from atomic-oxygen exposure, with only the 100-
cycle sample being free of measurable erosion. An additional
group of Al2O3 ALD FEP Teflon samples (50, 75, 100, and
300 cycles) were exposed to the hyperthermal O-atom
beam. Of this group, only the 50-cycle sample displayed any
measurable erosion. This erosion was similar in depth to the
50-cycle sample from the first set of coated FEP Teflon
samples. The samples coated with 75 and 100 cycles
displayed an erosion pattern that was visible to the naked
eye, but no step height was measurable by profilometry. The
300-cycle sample appeared to be unaffected by the O atoms,
even when examined by FE-SEM.

Figure 4 displays a plot of erosion yield as a function of
number of AB cycles for both Kapton H and FEP Teflon
substrates. The threshold for sufficient O-atom protection is
>15 cycles on Kapton H. In contrast, the threshold for
sufficient O-atom protection is near 100 Al2O3 AB cycles on
FEP Teflon. This difference is probably explained by the
greater number of AB cycles required to nucleate the Al2O3

ALD coating on FEP Teflon. FEP Teflon is more inert and

the Al(CH3)3 and H2O are not expected to diffuse into FEP
Teflon as easily as Kapton H. The initial diffusion of Al(CH3)3
and H2O into the polymer is required for the nucleation of
the Al2O3 ALD coating (14). This initial reactant diffusion is
apparently much less on FEP Teflon than on Kapton H.
Nevertheless, ALD is still able to form a passivating Al2O3

coating on FEP Teflon even with no surface pretreatment.

ALD-coated PMMA was used to study the efficacy of ALD
coatings for VUV protection. PMMA was chosen as a sub-
strate because of its known propensity to degrade under
VUV radiation (27). PMMA films on QCM discs were coated
with either Al2O3 ALD alone, or with a base layer of Al2O3

ALD followed by an additional coating of TiO2 ALD. The
Al2O3 ALD was needed prior to the TiO2 ALD because
TiO2 ALD did not nucleate well on the PMMA surfaces
without the Al2O3 ALD base layer. As shown in Table 1, there
are eight samples with four nominal total coating thick-
nesses: ∼25, ∼50, ∼75, and ∼150 Å. The total thickness of
sample 1 is less than the thickness expected from the
nominal growth rates of Al2O3 ALD and TiO2 ALD because
of nucleation effects. An attempt was made to produce four
pairs of samples, with each pair having approximately the
same overall coating thickness. For each pair, one sample
has a coating of pure Al2O3, and one sample has an Al2O3

adhesion layer followed by a TiO2 coating. This study was
designed to evaluate the effect of VUV light (from a D2 lamp)
on the PMMA substrate and separate the role of the overall
coating acting as a gas barrier from the role of the TiO2 ALD
coating acting as a VUV filter.

Figure 5 contains the normalized mass-loss data collected
by the QCM when PMMA films with various coatings were
exposed to VUV light from the D2 lamp. The uncoated PMMA
shows significant mass loss with time, presumably because
of the release of methyl formate as PMMA photodegrades

FIGURE 4. Plot of erosion yield of FEP Teflon and Kapton H samples
as a function of number of Al2O3 ALD AB cycles. The FEP Teflon
required many more cycles to protect against O-atom erosion,
indicating a slower coating-nucleation process on FEP Teflon.

FIGURE 5. Mass change of PMMA substrates, coated with varying
numbers of Al2O3 and TiO2 ALD AB cycles, versus exposure time to
VUV radiation from a D2 lamp. The mass loss values presented are
the result of normalizing the raw mass loss measurements to the
relative flux of the D2 lamp. The Al2O3 ALD coated samples displayed
less mass loss than the bare (uncoated) PMMA sample, possibly
because the coatings block the release of volatile products. The
mass-loss curves of the TiO2/Al2O3 coated samples indicate that a
TiO2 layer may protect the substrate from VUV-induced photodeg-
radation.
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under VUV exposure (27-30). The Al2O3 ALD coated samples
displayed a significant reduction in mass loss compared with
the uncoated PMMA. Al2O3 does not absorb significantly in
the VUV region of the spectrum and was therefore not
expected to protect the substrate against VUV radiation. The
reduction in mass loss on Al2O3-coated PMMA suggests that
the Al2O3 coating may be acting as a physical barrier that
blocks the release of gaseous products that are produced by
photodegradation.

As gaseous photoproducts are released from the PMMA
substrate, they would be expected to increase the pressure
underneath the ALD coating. If the coating is very thin, then
the products may escape slowly by diffusing through the
coating, or products may be released if the coating becomes
compromised as gaseous products form at the interface
between the substrate and coating and cause delamination.
Products that do not readily escape might rereact with the
substrate. If the coating is thick enough to block diffusion,
then the pressure may build to the point where the coating
ruptures, in which case the gaseous products will be released
and perhaps will also carry away a portion of the coating.

This mechanism is supported by the scanning electron
micrograph of the sample with the thickest Al2O3 ALD
coating shown in Figure 6. This figure indicates the forma-
tion of defects, or blisters, in the coating that allow more
gaseous products to escape. The observation of specific
points where the coating ruptured as opposed to general
peeling of the coating suggests that delamination of the
coating was not an important degradation mechanism.
However, evidence of delamination would be more obvious
with the thicker coatings. Delamination could possibly be
occurring, in addition to diffusion through the coating, when
a polymer with a thin coating is exposed to VUV light. Studies
of coating adhesion before and after VUV exposure may lead
to further understanding of the mechanisms of coating
failure when a coated polymer is irradiated with VUV light.

For sample pairs of a given total coating thickness, the
sample that had an additional coating of TiO2 ALD exhibited

substantially less mass loss than the samples coated only
with Al2O3 ALD. The reduced mass loss of the TiO2 ALD
coated samples cannot be attributed to a barrier effect alone,
because TiO2 and Al2O3 ALD coatings had approximately the
same total thickness. Thus, we conclude that the TiO2 ALD
coating reduced the flux of VUV light that reached the
substrate and the consequent release of volatile products.
For TiO2 ALD coatings of 100 and 200 cycles (∼60 and ∼125
Å, respectively), the mass loss was negligible. This behavior
indicates that these coatings provided essentially complete
VUV protection, with respect to mass loss, at the tested flux
and exposure duration.

Given the absorption coefficient of 1.0 × 106 cm-1 (31),
and the assumption of a 125 Å thick coating, we estimate
that ∼30% of the incident VUV radiation would be absorbed
by the 200-cycle TiO2 coating. Therefore, a significant frac-
tion of the incident VUV light should have penetrated the
coating, possibly inducing photochemistry in the polymer
substrate even when no mass loss was observed. If gaseous
photoproducts are trapped by the coating and are able to
rereact before leaving the polymer, then chemical changes
could occur that are undetectable by mass loss measure-
ments. Further spectroscopic studies of the substrate chem-
istry of coated polymers that are exposed to VUV light would
thus be desirable.

Without knowing how the substrate chemistry changes
or the rate of such changes, we cannot be sure what the
performance of a polymer would be in LEO with the thickest
TiO2 coating tested. At the lower VUV fluxes of the LEO
environment, the rate of photoproduct production would be
much less than that of our exposure conditions. The coating
might be able to contain the photoproducts indefinitely while
the underlying polymer undergoes chemical transformation
and degradation of function. Alternatively, the reduction in
VUV light provided even by an optically thin coating in
conjunction with the gaseous-barrier effect provided by the
coating may slow the photodegradation process and allow
the substrate to anneal the photoinduced defects (or “heal”
itself) before products could escape. In this case, even the
tested coatings might significantly enhance the useful life-
time of a polymer in LEO.

Blocking all VUV light from the substrate would be
advantageous. Thicker coatings may be used, but these
might be more prone to cracking. An approach to mitigate
cracking and still produce optically thick coatings would be
to deposit multilayer coatings of TiO2 and a polymer, which
we are currently investigating. Although further work re-
mains to be done, the results presented here demonstrate
the potential of VUV-absorbing ALD coatings to protect a
polymer substrate from photochemical damage.

CONCLUSION
Atomic layer deposition of Al2O3 and TiO2 on polymers

produces coatings that can protect the substrate against both
atomic-oxygen erosion and VUV-induced degradation in a
space environment. While Al2O3 ALD coatings were found
to protect both FEP Teflon and Kapton H, many more ALD
cycles were required to protect FEP Teflon from O-atom

FIGURE 6. FE-SEM image of PMMA substrate coated with 145 cycles
(Al2O3) with total thickness of 152 Å after 14 h exposure to a
deuterium lamp with a flux of ∼8 solar equivalents. Round areas
(“blisters”) where the coating has been removed are evident.
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erosion. This behavior suggests a much more rapid nucle-
ation of the ALD coating on Kapton H. Bilayer Al2O3 and TiO2

ALD coatings were found to be effective in preventing mass
loss in PMMA that was exposed to VUV radiation. The VUV
studies revealed that if any light penetrates the coating, then
the polymer substrate may release volatile products that can
jeopardize the integrity of the coating.
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