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ABSTRACT

Atomic layer deposition (ALD) was used to coat a porous matrix of carbon fibers known as FiberForm with Al2O3 to improve oxidation
resistance. Static trimethylaluminum (TMA) and H2O exposures for Al2O3 ALD were used to obtain the uniform coating of this high poros-
ity material. The carbon surfaces were initially functionalized for Al2O3 ALD by exposure to sequential exposures of nitrogen dioxide and
TMA. A gravimetric model was developed to predict the mass gain per cycle under conditions when the ALD reactions reached saturation
during each reactant exposure. The uniformity of the Al2O3 ALD coating on FiberForm was confirmed by scanning electron microscopy
(SEM) and energy dispersive x-ray spectroscopy (EDS) analysis. The SEM, EDS, and gravimetric models were all consistent with a uniform
Al2O3 ALD coating on the porous carbon fiber network when the ALD reactions reached saturation on the entire surface area. In contrast,
the profile of the Al2O3 ALD coating on the FiberForm was also characterized using undersaturation conditions when the ALD reactions
did not reach saturation throughout the FiberForm sample. Based on comparisons with results from models for ALD in porous substrates,
these Al2O3 coverage profiles were consistent with diffusion-limited Al2O3 ALD. Oxidation of the FiberForm and the Al2O3 ALD-coated
FiberForm was also investigated by thermogravimetric analysis (TGA). TGA revealed that a 50 nm thick Al2O3 coating deposited using 400
Al2O3 ALD cycles enhanced the oxidation resistance. The Al2O3 ALD coating increased the oxidation onset temperature by ∼200 °C from
500 to 700 °C. The oxidation of the FiberForm removed carbon and left the Al2O3 ALD coating behind as a white “skeleton” that preserved
the shape of the original FiberForm sample. The Al2O3 ALD coating also decreased the oxidation rate of the FiberForm by ∼30%. The oxi-
dation rate of the Al2O3 ALD-coated FiberForm samples was constant and independent of the thickness of the Al2O3 ALD coating. This
behavior suggested that the oxidation is dependent on the competing O2 diffusion into the FiberForm and CO2 diffusion out of the
FiberForm.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0003085

I. INTRODUCTION

Thermal protection is required to protect spacecraft from the
harsh environment that vehicles encounter during atmospheric
entry. The temperature at the outer surface of the spacecraft can be
as high as 3000 K during atmospheric entry.1 Single-use missions,
such as the 2021 Mars Perseverance mission by the National
Aeronautics Space Administration (NASA), make use of a light-
weight ablative thermal protection system (TPS). Ablative TPS
materials are designed to pyrolyze during re-entry.2–4 Blocks of
ablative TPS are layered on the outer surface of the spacecraft. This

ablative TBS protects the underlying material by absorbing thermal
energy via the pyrolysis phase change. Thermal energy is removed
as the evolved gases leave the spacecraft.2,5,6

Carbon fiber composites have been used for thermal protec-
tion for over half a century.7 These carbon composites can main-
tain their mechanical properties at very high temperatures in inert
atmospheres.8,9 Carbon is also extremely susceptible to oxidation in
the presence of oxygen. Consequently, oxidation barriers are
needed for carbon fiber composites to perform in oxygen environ-
ments.10 Uncoated carbon fibers can begin to oxidize at tempera-
tures as low as 300 °C.11 Other studies report slightly higher
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oxidation threshold temperatures of 40012 or 500 °C.8,9,13 One abla-
tive TPS carbon fiber composite is known as the
phenolic-impregnated carbon ablator (PICA). PICA consists of a
porous carbon fiber matrix called FiberForm that has been filled
with a phenolic resin.3

Atmospheric entry to planets with dense or corrosive atmo-
spheres will require TPS carbon fiber composite materials that are
able to withstand higher thermal loads and harsh oxidative envi-
ronments. Carbon fiber composite materials covered with an inor-
ganic barrier coating could provide enhanced oxidation resistance.
One method that could deposit a uniform inorganic coating on
porous carbon fiber composite is atomic layer deposition (ALD).
ALD is a chemical vapor deposition (CVD) process based on
sequential self-limiting gas-solid reactions.14 The self-limiting
surface reactions deposit extremely conformal, uniform, and
pinhole-free films. In addition, ALD can be performed at low tem-
peratures <100 °C, if necessary to avoid damaging thermally sensi-
tive material.15

Al2O3 ALD films are known to form excellent gas diffusion
barriers.16–19 Al2O3 ALD films have been used as barrier coatings
for packaging materials.20,21 Al2O3 ALD films have been demon-
strated to improve the resistance of polymers to erosion by atomic
oxygen.22 Al2O3 ALD coatings also increase the oxidation tempera-
ture of Fe powders.23 In addition, Al2O3 ALD films have served as
oxidation barriers on carbon fibers.11,24 A 30 nm thick coating of
Al2O3 was shown to increase the oxidation temperature of the
carbon fibers to 600 °C. A 120 nm thick Al2O3 ALD coating further
increased the oxidation temperature of the carbon fibers to 660 °
C.11 A multilayer coating consisting of 30 nm of Al2O3 on top of
20 nm of TiO2 provided an additional improvement of the oxida-
tion onset temperature to 750 °C.24

ALD is uniquely suited to uniformly and conformally coat
porous three-dimensional structures.25 Al2O3 ALD has previously
been shown to provide excellent conformal deposition on anodic
aluminum oxide (AAO) membranes with high-aspect ratios.26 ALD
has also been used to uniformly coat porous and high-aspect ratio
materials used in lithium-ion batteries,27 as well as fuel cells and
catalysis.28–30 ALD should be ideal for coating the high surface area
porous matrix of carbon fibers in the FiberForm.

Uniform and conformal coatings are possible because the
gaseous precursors employed during ALD can diffuse through the
porous network and react with the surface sites.25,26,28,31–33 In con-
trast, film growth occurs preferentially on the outer surfaces of the
material during chemical vapor deposition (CVD) or physical
vapor deposition (PVD). Coating the outer surfaces of a porous
material would then limit the ability of the reactants to reach the
surface area inside the porous material. The self-limiting nature of
the ALD surface reactions also ensures that the film thickness is
uniform throughout the entirety of the substrate.14,25,26,28,31

In this work, Al2O3 ALD was employed to deposit Al2O3

barrier coatings on the FiberForm. A gravimetric model was devel-
oped to predict the mass gain per cycle under reaction conditions
when the Al2O3 ALD reactions reached saturation during every
reactant exposure. To confirm Al2O3 ALD on the porous carbon
network, scanning electron microscopy (SEM) and energy disper-
sive x-ray spectroscopy (EDS) analysis were also employed to
profile the Al2O3 ALD coating versus the number of Al2O3 ALD

cycles. These SEM and EDS studies as well as the gravimetric
model were all consistent with a uniform Al2O3 ALD coating
on the porous carbon fiber network when the ALD reactions were
in saturation. Thermogravimetric analysis (TGA) also showed
that the uniform Al2O3 ALD coating on the FiberForm increased
the threshold temperature for oxidation and lowered the oxidation
rate.

II. EXPERIMENT

A. Fiberform samples and Al2O3 ALD reaction
conditions

The initial FiberForm samples were provided by NASA Ames
Laboratory. This material consists of ∼10 μm carbon fibers bound
into a porous matrix to form a low density solid. The fibers are
arranged isotropically as observed in the secondary electron
microscopy (SEM) image shown in Fig. 1. The approximate dis-
tance between the carbon fibers was 20 μm. The porosity of the
FiberForm sample was ∼90%. The FiberForm samples were cut
into cylindrical samples that were ∼1 cm in radius and ∼2.5 cm
tall, with a mass of ∼1.3 g.

ALD was performed in a hot wall reactor as described previ-
ously.34 Al2O3 ALD was conducted at a temperature of 200 °C
where Al2O3 ALD is near its highest thickness gain per ALD
cycle.35 FiberForm substrates were placed one at a time in the
reactor along with a silicon witness wafer. The FiberForm substrate
was suspended between two set screws to minimize contact with
the sample holder. Base pressure in the reactor under vacuum with
pumping by a dual-stage rotary vane pump (Pfeiffer Vacuum,
Pascal 2010 C1) was ∼30 mTorr.

Trimethyl aluminum (TMA) (97%, Sigma-Aldrich) and water
(H2O) (Water ChomAR, Macron Fine Chemicals) were used as the
reactants for Al2O3 ALD. TMA and H2O react to form Al2O3 ALD

FIG. 1. Scanning electron microscopy (SEM) image of the initial FiberForm
sample.
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in separate reactions as follows:35,36

(A) Al� OH*þ Al(CH3)3 ! Al�O� Al(CH3)
*
2þCH4,

(B) Al� CH*
3þH2O ! Al� OH*þCH4,

where the asterisks identify the surface species. Monte Carlo mod-
eling was performed to estimate the reactant exposure times and
pressures needed for the TMA and H2O reactions to reach satura-
tion on the entire surface area of the FiberForm sample.26

For these estimations, the substrate was simplified by assum-
ing parallel fibers with a length of ∼1 cm along the radius of the
FiberForm sample a diameter of 10 μm, and a center-to-center dis-
tance of 30 μm. This arrangement of pores is consistent with an
aspect ratio of ∼500. Modeling suggested that a minimum exposure
time of ∼1.5 s should be sufficient for the saturation of the surface
reactions.26 Given the additional tortuosity of the isotropic arrange-
ment of the carbon fibers as illustrated in Fig. 1, the exposure dura-
tions were extended to 12 s.

Static exposures were employed for efficient precursor utiliza-
tion to penetrate the porous structure of the FiberForm and coat
the individual fibers. Static ALD experiments employed a timing
sequence expressed as t1–t2–t3–t4–t5–t6. This sequence describes
the duration in seconds of the dose A hold (t1), purge (t2), pump-
down after half-cycle A (t3), dose B hold (t4), purge (t5), and
pump-down after half-cycle B (t6). The dose hold is the time for
the precursor dose in the chamber containing the substrate. The
purge is conducted by flowing nitrogen (N2) gas to evacuate excess
reactants and products. The pump-down is required to bring the
reaction chamber down to the base pressure of 30 mTorr.

Most of the ALD experiments on FiberForm employed a
timing sequence of 12–10–15–12–10–15. The timing sequence was
changed to 3–5–15–3–5–15 for smaller FiberForm samples. The
TMA and H2O reactants were dosed at 300 mTorr. N2 flowed at
200 SCCM during the purge steps. This N2 gas flow initially spiked
to a pressure of 3 Torr before reducing to a steady 1 Torr in the
reactor.

Nucleation difficulties are observed for Al2O3 ALD on carbon
nanotubes. The sp2 carbon surfaces are relatively chemically inert
to the TMA and H2O reactants.37–39 The same nucleation difficul-
ties were observed during Al2O3 ALD on the carbon fibers in the
FiberForm. Consequently, a nucleation layer was formed on the
FiberForm prior to conducting TMA and H2O reactant exposures.
The carbon surface can be functionalized for Al2O3 ALD by expo-
sure to sequential exposures of nitrogen dioxide (NO2) and TMA.
NO2 adsorbs to the carbon surface and creates reaction sites for
TMA. This adsorbed NO2 adlayer forms an adhesion layer that
facilitates the nucleation of Al2O3 ALD.

38,39

These experiments employed a functionalization process con-
sisting of ten cycles of NO2 and TMA at similar deposition param-
eters as the Al2O3 ALD process. NO2 exposures were conducted for
10 s at a pressure of 500 mTorr. TMA exposures were performed
for 10 s at a pressure of 300 mTorr. This sequence of ten cycles is
believed to form an adhesion layer that is one layer thick because
NO2 does not react with the methyl-terminated surface after TMA
exposures.38,39

B. Gravimetric analysis of Al2O3 ALD on the FiberForm

Gravimetric analysis was used to monitor Al2O3 ALD on the
FiberForm sample. This analysis involved weighing the FiberForm
sample after Al2O3 ALD. The mass gain was then analyzed based
on a gravimetric model. This gravimetric model allowed Al2O3

ALD to be nondestructively monitored on the FiberForm substrate.
The gravimetric model assumed that the mass, m, deposited

by the Al2O3 ALD process can be determined by the following
equation:

m ¼ n� GPC� SA� ρ,

where n is the number of Al2O3 ALD cycles, GPC is the film
growth per Al2O3 ALD cycle, SA is the surface area of the
FiberForm sample, and ρ is the density of the deposited Al2O3

ALD material. The GPC for Al2O3 ALD determined via spectro-
scopic ellipsometry (J. A. Woolam Co., Inc., M-2000 UI EC-400)
on a silicon witness wafer was 1.25 Å/cycle. The surface area was
treated as constant during the Al2O3 ALD cycles because the
change of surface area with the Al2O3 ALD film thickness is negli-
gible when the carbon fiber radius is much larger than the Al2O3

ALD film thickness. For the carbon fibers with a radius of 5 μm,
the error in surface area between the constant surface area and
expanding surface area resulting from Al2O3 ALD is only 0.01%
per nanometer of the Al2O3 ALD thickness.

The surface area of the FiberForm samples could be estimated
by the specific surface area of the FiberForm that ranges between
0.2 and 0.4 m2/g.40 The density of the Al2O3 ALD films is 3.0 g/
cm3.15 The specific surface area range gives upper and lower
bounds for the amount of mass the FiberForm sample should gain
per Al2O3 ALD cycle. The mass gain per Al2O3 ALD cycle for reac-
tions that reach saturation over the entire surface area should be
between 0.0075% and 0.015% of the initial FiberForm sample mass
per cycle. The mass of the FiberForm samples was recorded before
and after Al2O3 ALD with an electronic mass balance (RADWAG
AS60/220 R2). The majority of deposition experiments used
FiberForm samples with a starting mass of about 1.3 g. TGA
required much smaller samples. The samples for TGA had initial
masses between 40 and 80 mg.

C. SEM and EDS analysis of Al2O3 ALD on the
FiberForm

Further characterization of Al2O3 ALD on the FiberForm was
performed using scanning electron microscopy (SEM) and energy
dispersive x-ray spectroscopy (EDS) (Hitachi SU3500). FiberForm
samples were cross-sectioned with a razor blade to expose the inte-
rior. Axial cross sections were along the axis of the FiberForm cyl-
inders. Radial cross sections were along the radius of the
FiberForm cylinders. EDS was used to measure the atomic concen-
tration of aluminum across the width of the sample at accelerating
voltages of 10 and 30 keV.

D. Thermogravimetric analysis of Al2O3 on FiberForm

Thermogravimetric analysis was performed in air at atmo-
spheric pressure using a Netzsch STA 449 F1 Thermal Analyzer
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TGA. This TGA evaluated the effect of the Al2O3 ALD coating on
the oxidation of the FiberForm. TGA determined the oxidation
temperature and oxidation rate of virgin FiberForm and FiberForm
substrates with Al2O3 ALD barrier coatings with thicknesses of 25,
50, 75, and 100 nm. The temperature program was set to increase
to 1000 °C at a rate of 20 °C/min. The temperature then was held
for 30 min at 1000 °C.

III. RESULTS AND DISCUSSION

A. Gravimetric analysis of Al2O3 ALD on FiberForm

Al2O3 ALD films were deposited on the FiberForm at 200 °C
using 100–800 Al2O3 ALD cycles in 100 cycle increments following
10 cycles of NO2/TMA. The timing sequence during Al2O3 ALD
was 12–10–15–12–10–15. The reactant exposures were 300 mTorr.
At an Al2O3 ALD growth rate of 1.25 Å/cycle, these Al2O3 ALD
cycles produced samples with coating thicknesses that should range
from 12.5 to 100 nm in 12.5 nm increments. Gravimetric analysis
was used to measure the mass of the FiberForm samples versus the
number of Al2O3 ALD cycles.

The percent mass gain versus the number of ALD cycles is
plotted in Fig. 2 and compared with the upper and lower bounds
from the gravimetric model. A linear relationship is observed
between the percent mass gain and the number of cycles. The
slope of this relationship yields a mass gain of 0.0135% per cycle.
This mass gain % is equal to ∼0.175 mg per cycle for samples
with an initial mass of 1.3 g. This mass gain of 0.0135% per cycle
is within the upper and lower bounds of the gravimetric model.
The linear relationship and the percent mass gain suggest that the
Al2O3 ALD reaction parameters were sufficient to fully saturate

both TMA and H2O reactions over the entire surface area during
Al2O3 ALD.

In addition, this observed percent mass gain of 0.0135% per
cycle can be used to calculate a more precise value for the specific
surface area of the FiberForm. This calculation assumes that the
TMA and H2O reactions are both completing to saturation on the
entire surface area of the FiberForm. This calculation yields a spe-
cific surface area of 0.36 m2/g for the FiberForm sample.

Al2O3 ALD on the FiberForm also led to color changes in the
coated FiberForm sample. Figure 3 compares pictures of axial cross
sections of an uncoated sample of FiberForm and a FiberForm
sample coated with 100 nm of Al2O3 ALD. The sample coated with
100 nm of Al2O3 ALD developed a blue tinge. Additionally, this
coloring is uniform throughout the sample both on the exterior
and in the interior revealed by the cross section. This uniform
color indicates that the Al2O3 ALD film was deposited uniformly
throughout the sample.

B. SEM and EDS analysis of Al2O3 ALD on FiberForm

Figure 4(a) shows an SEM image in the secondary electron
mode of individual carbon fibers in the cross-sectioned surface of a
FiberForm sample coated with 100 nm of Al2O3 ALD. Figure 4(b)
displays the corresponding EDS map for the same SEM image in
Fig. 4(a). In the EDS map, green denotes aluminum, yellow repre-
sents oxygen, and red designates carbon. There is a yellow-green
coating of Al2O3 on the red carbon fibers that conforms to the
geometry of the fiber. The exposed carbon that is observed in the
image is likely the result of the film delaminating during the cross-
sectioning process. Fragments of the delaminated Al2O3 ALD film
can be discerned near the top left and bottom right of the images.
Electron imaging of the exterior of the FiberForm samples does not
exhibit the same delamination and exposed carbon that is clearly
observed in the cross sections.

EDS scans were also recorded versus the number of Al2O3

ALD cycles at regular spatial intervals across the axial length of the

FIG. 2. Percent mass gain of FiberForm samples vs number of Al2O3 ALD
cycles at 200 °C. Red solid circles indicate observed mass change. Dashed and
dotted lines represent upper and lower bounds for the predicted percent mass
gain based on specific surface areas for FiberForm of 0.2 and 0.4 m2/g.

FIG. 3. Picture of an axial cross section of FiberForm (a) before and (b) after
800 Al2O3 ALD cycles at 200 °C. Al2O3 ALD-coated sample has blue tint result-
ing from optical interference effects in the Al2O3 film with a thickness of
∼100 nm.
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FiberForm sample. These EDS scans measured the atomic concen-
tration of aluminum. Al concentrations versus spatial position are
plotted in Fig. 5 for the FiberForm samples coated with 200, 400,
600, and 800 cycles of Al2O3 ALD. Along the axis of the
FiberForm sample, the Al concentration does not vary widely from
one end to the center and to the opposite end. The aluminum con-
centration is also approximately proportional to the number of
Al2O3 ALD cycles. These results demonstrate that the Al2O3 ALD
coating is conformally covering the surface area of the entire
FiberForm sample.

C. Characterizing undersaturation reaction conditions

Confidence in the gravimetric model and characterization
methods is strengthened by intentionally creating reaction condi-
tions where Al2O3 ALD does not coat the entire surface area of
the FiberForm sample. To probe these undersaturation conditions,
four experiments on FiberForm were performed at reactant pres-
sures of 100, 150, 250, and 300 mTorr using a timing sequence of
12–10–15–12–10–15 for 800 ALD cycles at 200 °C. The observed
mass gain, predicted mass gain assuming saturation conditions,
and film thickness on the witness wafer from these experiments are
presented in Fig. 6.

The Al2O3 ALD thickness on the witness wafers decreases
slightly as the dose pressure is decreased from 300 to 100 mTorr.
The predicted mass gain was also calculated by the gravimetric
model assuming saturation conditions with the more precise value
for the specific surface area of the FiberForm. These predicted mass
gains are proportional to the Al2O3 ALD thicknesses on the
witness wafers. In contrast, the observed mass gain falls well below
the mass gain predicted by the gravimetric model assuming satura-
tion conditions at lower dose pressures. Al2O3 ALD is in undersa-
turation for dose pressures less than 250 mTorr.

Cross sections of the FiberForm were also inspected after reac-
tant pressures of 100, 150, 250, and 300 mTorr using a timing
sequence of 12–10–15–12–10–15 for 800 ALD cycles at 200 °C.
Figure 7 compares the cross sections of these FiberForm samples for
the various reaction conditions. For the images in Figs. 7(a)–7(d),

FIG. 4. (a) SEM image of carbon fibers in the interior of the FiberForm sample
after coating with 800 Al2O3 ALD cycles at 200 °C. (b) EDS elemental map cor-
responding to Fig. 4(a). Green denotes aluminum, yellow represents oxygen,
and red designates carbon.

FIG. 5. Aluminum concentration vs position along the axis on axial cross sec-
tions of the FiberForm samples coated with varying numbers of Al2O3 ALD
cycles at 200 °C. Aluminum concentration increases with the number of Al2O3

ALD cycles and is uniform across the sample.
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the left side of each image is from the exterior surface. Axial cross
sections in the middle of each image display the deposition pene-
tration into the interior of the FiberForm sample. Radial cross sec-
tions on the right of each image show the radial progression of the
deposition.

For the samples dosed at 300 and 250 mTorr in Figs. 7(a)
and 7(b), respectively, blue coloring is uniform throughout the
exterior and cross sections similar to Fig. 3. For the sample dosed
at 150 mTorr in Fig. 7(c), the portions of the image that show
deposited material exhibit a blacker shade of blue. That coloring is
only observed ∼3 mm into the sample. The color returns to the
gray observed in virgin FiberForm near the center of the FiberForm
sample. There is even less penetration of the deposition into the
sample dosed at 100 mTorr in Fig. 7(d). This optical examination
indicates that Al2O3 ALD did not coat the FiberForm substrates
uniformly at these lower pressures.

EDS analysis confirmed that the reaction conditions were in
undersaturation at lower dose pressures. Figure 8 shows that the
aluminum concentration is constant across the axial cross section
of the FiberForm sample for Al2O3 ALD at larger dose pressures of
300 and 250 mTorr at 200 °C. Al2O3 ALD is in saturation at these
higher dose pressures. In contrast, there is significant undersatura-
tion at lower dose pressures of 150 and 100 mTorr.

Figure 8 indicates that the aluminum concentration is smaller
at lower dose pressures of 150 and 100 mTorr at the ends of the
FiberForm sample. The aluminum concentration also reduces
versus distance along the axis of the FiberForm sample. The alumi-
num concentration approaches zero at the center of the FiberForm
sample at these lower dose pressures. There are models for ALD in
porous substrates that can be used to determine the type of ALD
growth based on coverage profiles obtained during undersaturation
conditions.25,26,31,41 The aluminum concentration profiles at lower

FIG. 7. Images of the exterior, axial cross section, and radial cross section of
the FiberForm substrates after 800 cycles of Al2O3 ALD at 200 °C. Dose pres-
sures were (a) 300, (b) 250, (c) 150, and (d) 100 mTorr. Substrates dosed with
300 or 250 mTorr exhibit the same blue tint as observed in Fig. 3. Substrates
dosed with less pressure show coloration only at the edges of the cross
sections.

FIG. 8. EDS measurements of aluminum concentration vs relative position
along the axis on axial cross sections for FiberForm substrates after 800 cycles
of Al2O3 ALD for a range of dose pressures at 200 °C. A minimum in the alumi-
num concentration is present at the center of the substrates for reactant pres-
sures of 100 and 150 mTorr. These dose pressures are in undersaturation.

FIG. 6. Observed and predicted percent mass gain vs dose pressure for
FiberForm samples after 800 cycles of Al2O3 ALD at 200 °C. Thicknesses of
the Al2O3 ALD films on witness wafers are shown for comparison. Observed
and predicted percent mass gains are equal for 250 and 300 mTorr dose pres-
sures. Observed percent mass gains are much lower than the predictions for
100 and 150 mTorr dose pressures when the reactant exposures are in
undersaturation.
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dose pressures are consistent with diffusion-limited Al2O3

ALD.25,26,31,41

In diffusion-limited ALD, the coverage profiles decrease with
distance into the porous substrate during undersaturation condi-
tions.25,26,31,41 The integrated ALD in the porous substrate also
increases as t1/2 where t is the exposure time.26 In contrast, the
reactants have time to penetrate the entire porous matrix during
reaction-limited ALD. Under reaction-limited ALD conditions, the
coverage profiles are constant with distance into the porous sub-
strate and the integrated ALD in the porous substrate increases as
t1.26,31 The aluminum concentration profiles in Fig. 8 for the dose
pressures of 150 and 100 mTorr are expected for diffusion-limited
Al2O3 ALD.25,26,31,41 Testing for diffusion-limited ALD based on
the integrated Al2O3 ALD amount in the porous FiberForm sample
increasing as t1/2 was not possible. The dose pressures in Fig. 8
were varied with a fixed exposure time.

Note that the measured aluminum concentrations are higher
for the samples that have reached saturation in Fig. 8 compared
with the saturation aluminum concentrations in Fig. 5. This differ-
ence results from the accelerating voltage of the electron beam. A
lower accelerating voltage of 10 keV was employed for the measure-
ments in Fig. 8. A larger acceleration voltage of 30 keV was used
for the measurements in Fig. 5. The lower energy electrons have a
smaller interaction volume and do not penetrate as far through the
100 nm Al2O3 ALD film. Consequently, these lower energy elec-
trons detect less carbon and there is a higher signal ratio for alumi-
num to carbon.

Additional experiments were also conducted on witness wafers
while decreasing the reactant exposure times from 12 to 1 s at a
dose pressure of 300 mTorr. The GPC for Al2O3 ALD was constant
for all of these reactant exposure times. This behavior indicates that
Al2O3 ALD is in saturation on the witness wafers for this range of
reactant exposure times.

D. Thermogravimetric analysis of Al2O3 ALD on
FiberForm

TGA was employed to determine the effect of the Al2O3 ALD
coating on the threshold temperature for oxidation and the oxida-
tion rate of the FiberForm samples. Smaller FiberForm samples
with masses ranging from 40 to 80 mg were used for the TGA
studies. The smaller sample sizes were required because of the
finite volume of the TGA sample probe. These samples were coated
with 200, 400, 600, and 750 cycles of Al2O3 ALD at 200 °C. These
Al2O3 ALD cycle numbers correspond to film thicknesses of 25,
50, 75, and 100 nm, respectively. The timing sequence during
Al2O3 ALD for these smaller samples was 3–5–15–3–5–15. The
reactant exposures were 300 mTorr.

TGA could detect the oxidation onset of the FiberForm
samples. The TGA results highlighting the oxidation onset for an
uncoated sample and the coated samples are presented in Fig. 9.
The uncoated FiberForm sample begins losing mass from oxidation
at about 500 °C. The FiberForm sample coated with 200 Al2O3

ALD cycles begins losing mass from oxidation at about 650 °C. The
FiberForm samples coated with 400, 600, and 750 Al2O3 ALD
cycles begin losing mass from oxidation at about 700 °C. The

oxidation onset temperatures versus the number of Al2O3 ALD
cycles are summarized in Fig. 10.

These oxidation onset temperatures versus the number of
Al2O3 ALD cycles can be compared with earlier studies using
Al2O3 ALD to limit the oxidation of carbon fibers. The earlier

FIG. 10. Oxidation onset temperature for uncoated FiberForm and FiberForm
coated with varying numbers of Al2O3 ALD cycles.

FIG. 9. TGA results showing mass percent and temperature vs time for
uncoated FiberForm samples and FiberForm samples coated with varying
numbers of Al2O3 ALD cycles at 200 °C. Black solid line shows the temperature
program. Yellow hashed line represents uncoated FiberForm. FiberForm
samples coated with 200, 400, 600, and 750 Al2O3 ALD cycles are represented
by a blue dashed-dotted line, purple dashed line, green dotted line, and red
solid line, respectively.
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Al2O3 ALD studies showed that the oxidation onset temperature
increased from 300 °C for an uncoated sample to 600 °C for a
30 nm coating of Al2O3 ALD.

11,24 A further increase in the oxida-
tion onset temperature to 660 °C resulted from an Al2O3 ALD
coating with a thickness of 120 nm.11,24

A possible mechanism for the oxidation of the ALD-coated
FiberForm could be dependent on the cracking of the Al2O3 ALD
coating. Al2O3 and the carbon fibers in the FiberForm have differ-
ent coefficients of thermal expansion (CTE). The CTE of Al2O3

ALD has been reported as 2.1 × 10−6 K−1.42 The CTE of carbon
fibers is anisotropic and behaves differently in the radial and longi-
tudinal directions of the fibers. The radial CTE varies between 5
and 10 × 10−6 K−1.43 The longitudinal CTE varies between 1 and
2 × 10−6 K−1 and has also been observed as slightly negative at
lower temperatures.43

Because the radial CTE of carbon fiber is larger than the CTE
of Al2O3 ALD, increasing the temperature of the ALD-coated
FiberForm composite material above 200 °C will lead to tensile
stress in the Al2O3 ALD film. Earlier studies have measured the
critical stresses for cracking Al2O3 ALD films. Al2O3 ALD films
will crack resulting from either tensile or compressive stresses.44,45

The critical stresses for cracking from tensile or compressive
stresses are also dependent on the thickness of the Al2O3 ALD
film.44 Thinner Al2O3 ALD films have higher critical stresses for
cracking.44 Film cracking will expose carbon of the ALD-coated
FiberForm and lead to oxidation.

Another possible cause of oxidation is the crystallization of
the Al2O3 ALD film. Al2O3 ALD films are usually deposited in an
amorphous state.46,47 Depending on the thickness of the films,
Al2O3 ALD films start to crystallize to γ-Al2O3 at ∼800 °C.46,48

Thinner films generally require higher temperatures to crystallize
than thicker films.49,50 Crystallization could create defects and pin-
holes in the Al2O3 ALD coatings that could expose the underlying
carbon to oxidation. However, oxidation is observed in
ALD-coated FiberForm samples at temperatures lower than 800 °C.
The crystallization of the Al2O3 ALD films is probably not the
reason for the oxidation of the ALD-coated FiberForm samples.

E. Al2O3 ALD coating remaining after FiberForm
oxidation

Oxidation removes carbon from the Al2O3 ALD-coated
FiberForm samples. The Al2O3 ALD coating remains behind and
preserves the shape of the original FiberForm sample. Figure 11(a)
displays a picture of an uncoated FiberForm sample. Figure 11(b)
shows a photo of the Al2O3 ALD-coated FiberForm sample after
750 Al2O3 ALD cycles at 200 °C before TGA. Figure 11(c) displays
a picture of the Al2O3 ALD-coated FiberForm sample after TGA.
All the carbon has been removed by oxidation from the
ALD-coated FiberForm sample in Fig. 11(c). The remaining white
sample is the Al2O3 ALD coating that was deposited on the
FiberForm sample using 750 Al2O3 ALD cycles. This FiberForm
sample had a starting mass of ∼55 mg.

Figure 11(d) displays a picture of another Al2O3 ALD-coated
FiberForm sample after TGA. This sample was prepared using 600
Al2O3 ALD cycles and had a larger starting mass of ∼75 mg. A
small amount of carbon remains in this sample after TGA as

shown in Fig. 11(d). The black color remaining on the sample in
Fig. 11(d) was on the side of the FiberForm sample that was in
contact with the bottom of the crucible during TGA. The larger
sample would have required more time above the oxidation onset
temperature to oxidize the entirety of carbon.

The unequal oxidation of carbon illustrated by the picture in
Fig. 11(d) suggests that the oxidation of carbon in the Al2O3

ALD-coated FiberForm sample has a directionality. The white
Al2O3 ALD “skeleton” on the outside of the FiberForm sample and
the remaining black region that was at the bottom of the crucible
are not consistent with uniform oxidation. Instead of oxidizing uni-
formly throughout the entire FiberForm sample, oxidation appears
to occur from the outside to the inside of the Al2O3 ALD-coated
FiberForm sample.

The leftover white Al2O3 ALD framework around the black
region of the Al2O3 ALD-coated FiberForm in Fig. 11(d) suggests a

FIG. 11. Pictures of the FiberForm samples: (a) initial FiberForm sample; (b)
FiberForm coated with 750 Al2O3 ALD cycles at 200 °C; (c) Al2O3 network left
after TGA and complete oxidation of the FiberForm; and (d) Al2O3 network after
TGA and incomplete oxidation of the FiberForm.
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mechanism for oxidation. The oxygen must travel through the
hollowed-out Al2O3 framework and the produced carbon dioxide
must travel out the opposite way to continue the oxidation. The
flux of O2 in and CO2 out may establish a boundary layer that
slowly moves to the interior of the coated FiberForm sample.

Figure 12 shows the mass of the various Al2O3 ALD-coated
FiberForm samples versus time. The rate of oxidation is determined
by the change of mass per change in time. The uncoated
FiberForm sample has the highest oxidation rate. The rate of

oxidation of the other Al2O3 ALD-coated FiberForm samples are
very similar. The mass loss versus time is nearly constant and inde-
pendent of the number of Al2O3 ALD cycles coating the
FiberForm.

The oxidation rates from the mass loss versus time in Fig. 12
are summarized in Fig. 13. The oxidation rate of the uncoated
FiberForm sample is 50% faster higher than the Al2O3 ALD-coated
FiberForm samples. In addition, the oxidation rate is remarkably
similar for all Al2O3 ALD-coated FiberForm samples. This constant
oxidation rate argues that carbon oxidation is dependent on the
inward diffusion of O2 into the coated FiberForm and the outward
diffusion of CO2 from the inside of the FiberForm. The opposing
mass transport of these gases must generate a boundary layer that
slowly moves into the FiberForm versus time.

IV. CONCLUSIONS

A porous matrix of carbon fibers (FiberForm) was coated with
Al2O3 ALD using TMA and H2O at 200 °C to improve oxidation
resistance. Static reactant exposures with sufficient time and pres-
sure were used to obtain uniform Al2O3 coatings on high porosity
samples. The mass gain per cycle was used to monitor Al2O3 ALD
versus the number of ALD cycles. Under conditions where the
ALD reactions reached saturation during each reactant exposure, a
gravimetric model was consistent with the mass gain per cycle.

SEM and EDS analysis were used to confirm the uniformity of
the Al2O3 ALD coating on the FiberForm. When the ALD reac-
tions reached saturation on the entire surface area, SEM, EDS, and
the gravimetric model were all consistent with a uniform Al2O3

ALD coating on the porous carbon fiber network. In contrast,
when the ALD reactions did not reach saturation throughout the
FiberForm sample, the Al2O3 ALD coating on the FiberForm was
not uniform. The Al2O3 coverage profile during these undersatura-
tion conditions corresponded to diffusion-limited Al2O3 ALD.

TGA was employed to study the oxidation of the FiberForm
and the Al2O3 ALD-coated FiberForm. TGA revealed enhanced
oxidation resistance from a 50 nm thick Al2O3 coating deposited
using 400 Al2O3 ALD cycles. The oxidation onset temperature
increased by ∼200 °C from 500 to 700 °C. The oxidation of the
FiberForm removed carbon and left the Al2O3 ALD coating behind
in a framework that preserved the original shape of the FiberForm
sample. The Al2O3 ALD coating decreased the oxidation rate by
∼30%. The oxidation rate of the FiberForm was also nearly inde-
pendent of the thickness of the Al2O3 ALD coating. These results
suggest that FiberForm oxidation is mass transport limited by O2

diffusion into the FiberForm and CO2 diffusion out of the
FiberForm.
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Fig. 12. Rate of mass loss is not dependent on the thickness of the Al2O3 ALD
coatings.
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