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atomic layer depositiont
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Polyimide (Pl) coated with atomic layer deposition (ALD) thin films shows promising potential for
applications in extreme environments. To achieve a high quality ultrathin ALD coating on the PI surface,
Al-doped ALD-TiO, (ATO) films were deposited on the alkaline hydrothermally activated PI surfaces. The
nucleation and growth of ATO films were studied by XPS monitoring and SEM observation. The
incorporation of aluminum introduced additional active sites that acted as a seed layer, promoting the
adsorption and growth of titanium oxide. This effectively compensated for the defects in the TiO, film,
resulting in the formation of a continuously growing conformal film on the Pl surface. After 200 ALD
cycles, the ATO film deposited on Pl exhibits excellent water vapor barrier properties and significant
resistance to atomic oxygen (AO) erosion. When exposed to an AO flux of 1.4 x 10?2 atom per cm?, the
erosion yield of the Pl coated with 200 ALD cycles of ATO film was as low as 2.4 x 1072% cm? per atom,
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1. Introduction

Spacecraft play a crucial role as carriers during the exploration
of outer space. However, they are extremely susceptible to
environmental factors in low-Earth orbit.”* Among these
factors, atomic oxygen (AO) poses significant risks by causing
erosion and degradation of spacecraft materials.*® Recently,
advances in space exploration technology have led to increased
requirements for spacecraft surface materials. Polyimide (PI) is
a remarkable polymer material that has been widely used in
spacecraft materials due to its excellent dielectric properties,
heat resistance, mechanical properties, and chemical
stability.”'* However, under the complex radiation environment
of low-Earth orbit, the performance of traditional PI film is
significantly reduced, and it is easily corroded and damaged by
high-altitude particles such as atomic oxygen and ultraviolet.
Therefore, higher demands are placed on the barrier properties
and atomic oxygen resistance of polyimide.'**® Modification
and functionalization of conventional polyimides are needed to
enhance their protective properties.

There are various techniques that can be employed to enhance
the performance of PI materials. One such method is surface
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which is two orders less than that of the standard polyimide-ref Kapton® film.

deposition of functional films, which encompasses sol-gel,
physical vapor deposition, and chemical vapor deposition. Inor-
ganic coatings are the most prevalent protective coatings,
including aluminum oxide, titanium oxide, and silicon oxide.**™**
These functional films are deposited on the surface of polymers
such as PI to improve properties and extend service life. Silicone
rubber coatings can be prepared by the sol-gel method to protect
PI from UV and AO corrosion.> An aluminum oxide film was
prepared on the PI surface by ion exchange method to improve
the mechanical properties of PI1.'® Tin oxide films were coated on
the PI surface by liquid phase deposition, exhibiting good AO
resistance.”® A 400 nm silicon oxide coating was coated on the PI
surface by plasma polymerization for protection.”®* A pp-HMDSO
film was deposited on the Kapton surface by PECVD method to
form an AO/UV protective coating.”* While these coatings effec-
tively improve AO resistance, their deposition processes are often
complex and require greater thicknesses to function. The
increase in thickness can lead to film cracking and failure. Atomic
layer deposition (ALD) is a novel film deposition method. Due to
its high film density, it is suitable for different basic applications
and widely used in semiconductor passivation layer, sealing
coating, and corrosion resistance research.?”** Moreover, ALD
can be performed at a lower temperature, which is more suitable
for thin film deposition on polymer surfaces.”

However, for inert polymer substrates such as PI, the lack of
active groups on the surface will hinder the nucleation and
growth of ALD films.*® Therefore, it is necessary to apply an
appropriate activation treatment to the substrate surface,
promoting the growth of ALD films without affecting the inherent

RSC Adv, 2024, 14, 34833-34842 | 34833


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra06464j&domain=pdf&date_stamp=2024-10-31
http://orcid.org/0009-0008-8469-6629
http://orcid.org/0009-0002-7564-7813
https://doi.org/10.1039/d4ra06464j
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06464j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014047

Open Access Article. Published on 31 October 2024. Downloaded on 2/9/2026 5:07:41 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

properties of the substrate. Alkaline hydrothermal treatment of PI
enables the rapid formation of a hydrophilic surface, facilitating
the nucleation and growth of ALD films and improving film
density. Furthermore, in certain applications with stringent
performance requirements, single-layer ALD films are no longer
sufficient. Our previous work has demonstrated that nanometer-
scale ALD-TiO, monolayers can effectively prevent AO erosion.”
However, the nucleation and growth of TiO, are affected by
substrate activity, resulting in slow growth. These deficiencies can
be improved by depositing nano-laminated films. J. Meyer et al.
studied ALD Al,0;/ZrO, nanolaminate to form a high-quality
water vapor shielding layer.”® Gyeong-Beom Lee deposited
Al,O;-doped ZnO (AZO) thin films on PI by ALD. The incorpora-
tion of aluminum produced good mechanical properties for the
original film.*® Therefore, the ALD nano-laminated films will also
have good applications in various fields.

This study introduced the aluminum-doped layer to enhance
the performance of ALD-TiO,. The primary focus was on the
nucleation and growth of the deposited aluminum-doped
titania (ATO) thin films on alkali-activated PI substrates. By
incorporating Al,O; during the deposition of TiO,, additional
surface active sites were provided, which further compensated
for the defects of the TiO, film and accelerated the formation of
a continuously growing conformal film on the PI surface. The
formed ATO film exhibited excellent water vapor barrier prop-
erties, further confirming the compactness of the film. Through
the ground atomic oxygen simulation test, the formed 200 ALD
cycles ATO film has a good atomic oxygen protection effect.

2. Experiment
2.1 Materials and reagents

A commercial polyimide (PI) substrate with a thickness of 150
um, an initial water vapor transmission rate of 3.68 gm~>d ",
and a water contact angle of 76° was used. All relevant reagents
were purchased from Shanghai Boer Chemical Reagent Ltd.,
including ethyl alcohol, NaOH. Titanium tetrachloride (TiCly,
99.9999%, APK GAS), trimethylaluminum (TMA, 99.9999%, APK
GAS), deionized water, and argon (Ar, 99.999%) are used as
titanium precursor, aluminum precursor, oxidants, and carrier
gas for the ALD processes, respectively. All analytical grade
chemicals were used without additional purification.

2.2 PI surface treatment

The PI films were cut to the appropriate size and sequentially
immersed in deionized water and ethanol for ultrasonic
cleaning, followed by drying overnight in an oven at 70 °C.
Alkali-activated treatment was performed under mild condi-
tions (0.2% NaOH at 60 °C for 5 min) to increase hydrophilicity,
ensuring effective ALD modification. The samples were subse-
quently rinsed at least three times with deionized water and
dried with high purity nitrogen (N5, 99.999%).

2.3 ALD-Al,0;/TiO, nano-laminate deposition

Thin films of titanium oxide and aluminum oxide were depos-
ited on activated polyimide using the Optorun ALD system
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(Optorun Semiconductor System Corporation). The system was
operated under a continuous flow of argon carrier gas. Precur-
sors were pulsed using a vapor draw system from the stainless
steel precursor cylinders. For the deposition of titanium oxide,
an ALD cycle was as follows: (A1) TiCl, pulses for 100 ms, argon
purge for 20 s; (B1) H,O pulses for 50 ms, argon purge for 20 s.
For aluminum oxide, one ALD cycle consists of a 50 ms TMA
pulse, followed by an argon purge for 20 s (A2), a H,O pulse for
50 ms and another 20 s argon purge (B2). The following ALD
cycles were referred to as “XAB,” where X is the ALD cycle
number. The deposition temperature was set at 100 °C to
prevent polymer matrix expansion and reduce precursor infil-
tration.*® This ensured a faster growth rate for the deposition of
an amorphous titanium oxide film.*

The ALD supercycle technique was used to grow the ATO
film. The chamber temperature and pressure environment
remained unchanged. In the 10 cycle ALD coating deposition, 2
cycles of Al,O; were pre-deposited, followed by 8 cycles of ALD-
TiO,. This complete sequence is referred to as one supercycle,
and then ATO thin films were deposited in this order. ATO thin
films with 20, 50, 100, and 200 cycles were deposited on the
activated PI surface to study their nucleation and growth.

2.4 Characterization

We used a water contact angle tester (WCA, JC2000D1, POWER)
for hydrophilicity characterization. The film structure was
measured by a Fourier transformed infrared spectrometer
(FTIR-Nicolet is50) using an attenuated total reflectance (ATR)
accessory. Thermogravimetric analysis was used to test the
thermal stability of PI (TG209F1, NETZSCH). The surface
compositions and chemical states of elements were character-
ized by X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi,
Thermo Fisher). Field-emission scanning electron microscopy
(FESEM; GeminiSEM 300, Zeiss) was used to observe the surface
morphologies (each specimen surface was sputtered with an
ultrathin Au layer for better conductivity). To detect the
elemental compositions and relative contents, an Xplore spec-
trometer (Oxford Instruments) was attached to the FESEM
equipment in order to perform energy-dispersive spectrometry
(EDS). The 3D morphology and surface roughness of the
samples were measured using a laser scanning confocal
microscope (VK-X100K, Keyence). During ALD film deposition,
4 inch silicon wafers were used as thickness reference samples,
and the growth thickness of the ALD film on the silicon surface
was measured by an ellipsometer (J. A. Woollam Co. M-2000). In
addition, we employed a water vapor transmission rate test
system (WVTR, PERME W3/330, Labthink) to measure the water
vapor blocking performance. The water vapor transmission rate
tests were operated at 38 °C with 90% relative humidity.

2.5 Atomic oxygen radiation test

The AO irradiation experiment was conducted using the coaxial
ground simulation device at the Shanghai Institute of Space
Power Sources to test the film's resistance to AO irradiation in
a space environment. The details of the operation structure
were given in the previous literature.”” An electron cyclotron

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06464j

Open Access Article. Published on 31 October 2024. Downloaded on 2/9/2026 5:07:41 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

resonance (ECR) microwave power source was used to generate
oxygen plasma, which is formed into a beam under the influ-
ence of an electromagnetic field. The plasma beam is acceler-
ated by an electric field produced by a negatively biased metal
plate. Upon acceleration, the plasma beam collides with the
metal plate, forming a neutral AO beam with kinetic impact
energy, which subsequently interacts with the test samples.**
The average energy of the AO produced by this system was 5 €V,
and the flux of AO was determined to be 1.5 x 10'® AO per cm?
per s. In the present study, the sample was irradiated for
a period of 270 h. The samples were dried at 100 °C for 8 h
before the atomic oxygen test. Atomic oxygen fluxes and
cumulative fluxes are calculated according to the mass loss of
commercial standard Kapton samples by the following
formula:*

_ Amk
Axpy Ex

in that equation, F = total AO fluence, atoms per cm?; Amy =
mass loss of PI, g; A, = exposure area of PI, cm?; p, = density of
PI,1.42¢ cm™?; and Ey = erosion yield of Kapton H, 3.0 X 1072
cm® per atom.
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3. Results and discussion
3.1 Alkali activation of polyimide

The polyimide surface was activated before ALD film deposi-
tion. As shown in Fig. 1a, with the increase of NaOH hydro-
thermal treatment time, the water contact angle of PI gradually
decreased to less than 10 degrees. Excessive NaOH activation
time may lead to PI surface damage. The PI surface remained
undamaged and showed good hydrophilicity after a 5 minute
alkaline heat treatment, with some improvement in roughness
(Fig. S1 in ESIf). Following activation treatment, the carbon
content dropped from 79.3% to 74.9%, while the oxygen content
increased from 15.1% to 19.1%, according to the results of the
XPS spectrum analysis (Fig. 1b). The C 1s and O 1s high-
resolution spectra of the PI surface before and after activation
were analyzed. The C 1s spectrum (Fig. 1c) can be fitted into
three peaks at 284.8 eV (C-C), 285.8 eV (C-O/N), and 288.6 eV
(C=0), and the O 1s spectrum (Fig. 1d) can be fitted into two
peaks at 533.0 eV (O-C) and 532.0 = 0.2 eV (O=C). Table 1
shows the proportions of these groups on the PI surface before
and after alkali activation. After activation, the surface of PI
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Fig.1 The characterization analysis of Pl before and after NaOH activation. (a) The water contact angle of Pl after different time NaOH activation.
(b) Surface atomic proportions from the XPS spectra analysis. (c) High-resolution peak fitting of C 1s. (d) High-resolution peak fitting of O 1s.
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Table 1 The relative contents of functional groups of pristine—PI and
activated-PI

C1s O 1s
Samples C-C C-O/N C=0 0-C O0=C
Pristine-PI 53.34 36.67 9.99 34.47 65.53
Activated-PI 43.23 42.80 13.97 30.38 69.62

exhibited a significant increase in oxygen-containing groups;
the content of C-O/N and C=O functional groups in the
composition of C 1s increased significantly. Additionally, there
was a corresponding enhancement in the intensity of the O 1s
spectral peak. This is mainly attributed to the breaking of amide
bonds and the generation of a large number of carboxyl groups
after surface treatment. Therefore, abundant oxygen-containing
active groups are generated on the surface, which increase the
hydrophilicity of the PI surface. Our previous studies have
confirmed that these active groups can provide sufficient reac-
tion sites for the subsequent growth of ALD films, thereby
facilitating the nucleation and growth of ALD films on the PI
surface.””
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As shown in Fig. S2a,f the FT-IR spectrum shows that the
amide characteristic peak of PI remains stable after alkali
activation.® In TGA analysis, the overall thermal gravimetric
curves of PI before and after activation are basically the same,
and the 95% mass loss temperature does not drop significantly
within 420 + 5 °C (Fig. S2bt). It demonstrates that surface
modification has no effect on the overall structure and prop-
erties of the substrate while improving the hydrophilicity of the
surface.

3.2 ALD-Al,05/TiO, nano-laminate deposition

The chemical composition of the ALD coating on the PI surface
was analyzed by XPS. Fig. S37 illustrates the elemental distri-
bution on the PI surface after varying cycles of TiO, deposition.
During the initial nucleation and growth of TiO,, after 20 ALD-
TiO, cycles, the C content on the PI surface decreases, while the
O content increases, with Ti reaching 6.2%. As the number of
deposition cycles increases, the Ti content rises to 21.8% after
200 cycles and stabilizes. The elemental distribution on the PI
surface during different ATO deposition cycles is shown in
Fig. 2a. Following 20 ALD cycles, compared to the deposition of
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Fig. 2 The characterization analysis of Pl after different ALD cycles. (a) Surface atomic proportions from the XPS spectra analysis. (b) The high-
resolution spectra of O 1s. (c) The high-resolution spectra of Al 2p. (d) The high-resolution spectra of Ti 2p.
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pure TiO,, the C content on the PI surface decreases further,
while the O content increases significantly, and the Ti content
rises to 7.72%. These results suggest that the doping of Al,O;
helps to compensate for the defects in TiO, and provides more
active sites to help the nucleation growth of TiO,. The two pre-
deposited Al cycles can serve as seed layers, providing more
active sites for subsequent TiCl, adsorption and reaction
because of the rapid adsorption growth of TMA on the polymer
surface.*® Due to the low doping concentration of Al, the Al
deposited in the film is mainly employed to fill the defects of
TiO, without any substitution phenomenon.* With the increase
of deposition cycles, the content of Ti gradually increases, and
the corresponding Al element has a certain decrease. The ratio
of each element stayed comparatively constant up to 200 cycles
of deposition, indicating that the PI surface was uniformly
covered by the ATO coating. The high-resolution spectra of O 1s,
Al 2p, and Ti 2p in Fig. 2c and d further prove the formation of
ATO film. As the number of deposition cycles increases, the
intensity of the O 1s peak progressively rises and shifts toward
the low binding energy direction, signifying the formation of O-
Al/Ti bonds.*” The Al 2p spectrum shifts to lower binding energy
while the Ti 2p spectrum moves towards higher binding energy
due to a simultaneous decrease in the Al/Ti element ratio.

As shown in Fig. 3, the high-resolution spectrum of the 20
cycle ATO film was fitted and analyzed. The C 1s high-resolution
spectrum is divided into three single peaks at 284.8 eV, 286 eV,

View Article Online
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and 288.6 eV, which are respectively attributed to C-C, C-O/N,
and C=O0. The O 1s spectrum consists of Ti-O-Ti (530 + 0.1
eV), Ti-OH (531.6 + 0.1 eV), and O=C/O-C (532.7 eV) peaks.*®
The high-resolution spectrum of Ti 2p consists of double peaks
of Ti 2py/, and Ti 2p3,, located at 458.5 and 464.3 eV, respec-
tively. After deconvolution, the prominent peaks at 464.3 eV (Ti
2p1/2) and 458.6 eV (Ti 2ps,) with a separation energy of 5.7 eV
are identified as Ti*" species (TiO, and Ti-OH), while the peaks
at 457.6 and 463.2 eV are assigned to Ti** species (Ti,05).** The
Al 2p spectrum consists of two peaks at 74.3 eV (AlI-OH) and
73.8 eV (Al-0).

Fig. 3 shows the XPS spectra of the PI film surface after 20
ALD cycles. The results of the curve fitting analysis are shown in
Table 2. It was observed that in the early stage of ATO film
growth, the proportion of Ti/Al-O-Ti has reached 52.72%, Ti/Al-
OH accounts for 28.93%, and the remaining fraction was still
18.35% for C-O/C=0. As the ATO deposition thickness
increases, the O-C/O=C functional group ratio decreases
significantly. Following 200 ALD cycles (Fig. 4), the proportion
of Ti/Al-O-Ti increased to 79.75%, the proportion of Ti/Al-OH
accounted for 15.45%, and the proportion of C-O/C=O0 fell to
4.8%. The measured C-O/C=O0 is attributed to C contamina-
tion on the sample surface. The presence of Ti/Al-OH is mainly
due to thermal ALD, where numerous -OH functional groups
are present and some remain unreacted due to steric hindrance.
The high-resolution spectral analysis of Ti 2p shows that the
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Fig. 3 High-resolution peak fitting of surface C 1s, O 1s, Ti 2p and Al 2p XPS spectra of activated-PI after deposition 20 ALD cycles.
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Table 2 The relative contents of functional groups of activated-PI after deposition 20 and 200 ALD cycles
C1s O1s Ti 2p Al 2p
Samples Cc-C C-O/N C=0 Ti/Al-O-Ti Ti/Al-OH O-C/=C Ti*" TiOy, X < 2 Al-OH Al-O-Al
20AB PI 84.12 11.41 4.47 52.72 28.93 18.35 77.23 22.77 62.63 37.37
200AB PI 76.18 19.31 4.51 79.75 15.45 4.8 84.21 15.79 51.21 48.79
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Fig. 4 High-resolution peak fitting of surface C 1s, O 1s, Ti 2p and Al 2p XPS spectra of activated-PI after deposition 200 ALD cycles.

film is basically dominated by Ti**. The proportion of Ti*" rea-
ches 77.23% after 20 ALD cycles, which further increases to
84.21% after 200 cycles, indicating that tetravalent titanium
dioxide still dominates in the formed ATO film. In addition, the
high-resolution spectrum of Al 2p shows a rise in Al-O-Al
content as the number of cycles increases.

The high-resolution spectra of Al and Ti shift with increasing
deposition cycles. As shown in Fig. 5, after 200 cycles, the high-
resolution spectra of Al and Ti in the ATO thin films showed
a significant chemical shift in the peak positions of Al and Ti
compared to Al,O; and TiO,. The binding energy position of Ti
2p increased by about 0.1 eV, while the binding energy of Al 2p
decreased by 0.4 eV. These changes in binding energy confirm
the existence of Al-O-Ti in ATO coating.’” This is mainly
because the electronegativity of Al is higher than that of Ti. In
the formed Al-O-Ti structure, the presence of Al affects the

34838 | RSC Adv, 2024, 14, 34833-34842

electron cloud distribution of O, increases its electron cloud
density, and then reduces the electron cloud density around Ti,
which is reflected in the change of chemical shift in the XPS test
results.

As shown in Fig. S4,1 the nucleation and growth process of
ALD-TiO, under different deposition cycles was investigated
using FESEM. It was observed that at the initial nucleation
stage, numerous clusters form on the PI surface. These clusters
only coalesce into a dense film after 200 cycles. The nucleation
and growth of the ATO thin film is depicted in Fig. 6. In the early
nucleation stage of the 20 ALD cycles, the growth rate of the ATO
film formed by adding Al to the TiO, deposition increased due
to the higher adsorption reactivity of TMA than Ti. Therefore,
obvious island growth can be observed on the substrate surface,
but smaller nuclei have not yet appeared, and larger condensed
clusters have been formed at this time (Fig. 6a). After 50 ALD

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 High-resolution XPS spectra of single Al,Os, TiO, and ATO films on the activated-PI surface after 200 ALD cycles. (a) Al 2p, (b) Ti 2p.
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Fig. 6 FESEM images and EDS element mapping of Pl surface after different ALD cycles: (a) 20 ALD cycles. (b) 50 ALD cycles. (c) 100 ALD cycles.

(d) 200 ALD cycles.

cycles, it can be observed that the ALD film has completely
covered the PI surface, but its morphology is relatively loose. As
the number of ALD cycles increases, the film density further
improves. After 200 ALD cycles, the film surface becomes rela-
tively smooth, forming a denser ATO film (Fig. 6d). The inset of
Fig. 6 displays the EDS mapping of Ti and Al elements. The
abundance and distribution of the elements scanned by the
EDS further demonstrates the level of ATO film deposition on
the PI surface with the increasing number of cycles. In the
initial stages of nucleation, the weight ratio of Al is greater than
that of Ti, indicating that Al is more likely to adsorb and grow on
the surface in the early stage. The addition of Al,O; cycles helps
promote the adsorption growth of TiO,. The weight ratio of Ti
rises with additional ALD cycles, essentially in line with pure
TiO,. This further demonstrates that aluminum doping plays
a role in filling the gaps and compensating for film defects,
promoting rapid adsorption and deposition of titanium oxide
on the surface.

© 2024 The Author(s). Published by the Royal Society of Chemistry

3.3 Blocking effect

We measured the water vapor transmission rate of PI coated
with ATO film (Table 3). The mechanism of water vapor trans-
mission rate testing has been mentioned in previous litera-
ture.” As shown in Table 3, alkali-activated PI's water vapor
transmission rate was 3.68 gm~>d'. The WVTR test results are
consistent with the growth morphology of the ATO film shown
in Fig. 6. After 100 ALD cycles, a uniform ATO film is formed on
the PI surface, reducing the WVTR to 0.095 g m > d . After 200

Table 3 Water vapor transmission rates of different samples

Water vapor transmission rate (g m~>d ™)

Samples 0 cycles 100 cycles 200 cycles
TiO,-PI 3.68 £ 0.095 0.532 £ 0.088 0.04 + 0.015
ATO-PI 0.095 £ 0.035 0.005 + 0.008

RSC Adv, 2024, 14, 34833-34842 | 34839
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ALD cycles, the thickness and density of the ATO film further
increase, forming an effective shield that extends the water
vapor permeation path and reduces the WVTR to 0.005.

These data are significantly improved compared to a single
layer of pure TiO,. The continuous and conformal ATO film
effectively blocks the permeation of water vapor. Mainly
because the incorporation of aluminum promotes the nucle-
ation and growth of titanium oxide, inhibits its crystallization,
and reduces defects caused by grain boundaries in the film. It is
further indicated that this ATO coating has better water vapor
shielding effect and durability compared with single-layer tita-
nium oxide coatings.**

3.4 Atomic oxygen erosion resistance

The pristine-PI and the PI coated with 200 ALD cycles of ATO
film were placed in an AO simulation device for AO erosion
experiments. The mass loss and erosion rate of the samples
after AO erosion are shown in Table 4. In the previous study, the
mass loss and the erosion rate of the pristine-PI were 9.40 mg
em 2 and 1.74 x 10~2* ecm?® per O atom after 72 hours of AO
exposure. As the AO irradiation time increased to 270 h, the AO
flux reached 1.4 x 10°> atoms per cm?, the pristine-PI was
completely eroded and broken, while the ATO-coated PI
remained intact with the erosion rate of 2.43 x 10~ >°. The mass
loss of 0.45 mg cm ™2 may be attributed to the smaller particles
of the ATO film being lost at the sample's edge due to AO
bombardment. This shows that the ATO coating has a good
effect of resisting AO erosion. The Ti-O-Al inorganic structure
formed on the surface of the PI substrate possesses high
chemical energy and is inert to reactions.*”** Consequently,
ATO films demonstrate enhanced resistance against AO
compared to polymer substrates. The dense coating also blocks
AO penetration and effectively prevents reaction with the
organic substrate.

As shown in Fig. 7, the morphology of the sample surface
after AO irradiation was analyzed by SEM. It can be observed
that significant damage occurred on the surface of the pristine—
PI sample, resulting in a coral-like morphology. In contrast, the
surface of PI coated with ATO film remained intact after AO
irradiation. The EDS spectrum showed that the content of Ti
and Al elements on the surface decreased to a certain extent
compared with that before irradiation, but was still evenly
distributed, indicating that this nanoscale ATO film on the
surface can resist erosion from AO and provide excellent
protection. The optical 3D morphology further confirmed the
protective effect of the ATO film (Fig. S57). After AO irradiation,
numerous grooves formed on the surface of the pristine-PI,
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Fig. 7 FESEM images and EDS element mapping of Pl and 200 cycles
ATO film coated PI after AO erosion: (a) Pl surface morphology. (b)
ATO@PI surface morphology.

causing denudation of its surface structure and a significant
increase in arithmetic average roughness (R,) to 2.363 pum.
However, the surface of ATO-PI did not change significantly,
and R, remained unchanged at 0.033 um. It is evident that after
AO erosion, the surface of the ATO-coated PI sample remained
smooth and dense, with no cracks or voids observed. The
uniform and compact ATO film can effectively retard or even
prevent the “undercutting” effects of AO erosion. As shown in
Fig. S6,T based on the growth rate of ALD films on silicon
wafers, the estimated thickness of the 200 cycle ATO film is
approximately 15-20 nm. This nanoscale ultrathin film effec-
tively minimizes the formation of defects such as cracks in the
coating. Furthermore, the doping of ALD-Al,O; helps enhance
the mechanical properties of the film, preventing AO diffusion
and erosion through defects.***

As shown in Fig. 8a, FTIR analysis was performed on the
sample after AO exposure. Curve I is the FTIR spectrum of the
pristine-PI before AO exposure, and several typical polyimide
characteristic peaks are clearly visible (imide I to imine IV
bands).>” Curves II and III are the FTIR spectra of pristine-PI
and ATO-PI after AO exposure. After AO exposure, the trans-
mittance of the pristine-PI increased significantly, and the
intensity of these imide bands decreased greatly (curve III),

Table 4 The erosion yield of atomic oxygen on Pl and ATO film coated PI

Sample F (atom per cm?) Amy (mg) A (em?) Amy/A (mg cm ?) E (cm® per atom)
PI* 3.5 x 10% 5.6 0.5960 9.40 1.7 x 107

PI 1.4 x 10** — 0.7382 — -

ATO-PI 1.4 x 10** 0.4 0.8925 0.45 2.4 x 107%°

@ Ref. 27.
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ATO film coated PI after AO erosion.

indicating that the erosion of AO leads to the destruction of the
polyimide molecular chain and structure.*® On the contrary, the
polyimide peak of the infrared spectrum of PI covered with ATO
film was clearly visible and did not change significantly, indi-
cating that the polyimide structure was intact and 200 cycles
ATO film effectively protects PI from atomic oxygen erosion.

XPS spectrum analysis (Fig. 8b) of the sample surface after
AO corrosion showed that there was no obvious change in the
surface element composition after AO corrosion, indicating that
no additional corrosion products were formed, which was
consistent with FTIR. The analysis reveals an increase in the O
element content and a significant decrease in the C element
content of the pristine-PI sample after AO erosion, primarily
due to oxidation of surface groups on PI by AO, resulting in the
formation of volatile products such as CO, and CO.'®* However,
the elemental content of Ti and Al on the surface of ATO-PI after
AO corrosion remains present, although there is some reduc-
tion. It is shown that the 200 cycle ATO film deposited on the PI
surface can effectively resist atomic oxygen attack and provide
protection for polyimide.

4. Conclusion

In summary, a nanoscale ATO film was deposited on the surface
of PI after alkali activation. By incorporating Al during the
deposition of ALD-TiO,, the strong adsorption capacity of TMA
in the early growth stage can serve as a seed layer to provide
more OH groups as active sites, further promoting the nucle-
ation of ALD-TiO,. The incorporation of Al in the subsequent
growth can inhibit the crystallization of TiO,, reduce grain
boundary defects, and form a dense and compact ATO film.
After 200 ALD cycles, the nanoscale ATO film formed exerted
excellent water vapor barrier properties. At the same time, due
to the strong antioxidative properties of the Ti-O-Al bond and
the high density of the ATO film, a nanometer-thick ATO layer
on polyimide can effectively mitigate the undercutting effect of
AO erosion, significantly enhancing AO resistance. After the AO
erosion experiment, the measured AO erosion yield dropped

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) FTIR spectra of (1) Pl before AO erosion, (II) 200 cycles ATO—-PI after AO erosion, (Ill) Pl after AO erosion. (b) XPS of Pl and 200 cycles

significantly, equivalent to only 1.4% of the pristine polyimide,
showing good application potential in outer space.
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