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Niobium oxide films prepared via anodic oxidation are known to exhibit various colors. These colors are affected
by the voltage during anodizing treatment to produce such thick film. The anodic oxidation reaction stops when
the applied voltage reaches its saturation value. At this point the film stops growing, its thickness of the internal
oxide layer being proportional to the applied voltage. Therefore, this study aims to clarify the relationship be-
tween the oxidation state inside the anodized film and its thickness.

We also attempted to anodize a polyimide (PI) film, which is a flexible resin material. Because such a PI film is

nonconductive, it was sputter-coated with an intermediate layer of niobium before anodization. To enable
adhesion to the PI film, the Nb-sputtered film was subjected to surface modification via oxygen plasma treat-
ment. Finally, the Nb-coated PI film was subjected to anodization. Detailed optical comparison was performed
between the anodized Nb-coated PI substrate and anodized Nb plate substrate.

1. Introduction

Oxide films of metals such as titanium, cobalt, zirconium, tantalum,
and niobium (Nb) exhibit various colors related to interference phe-
nomena [1-11]. Niobium oxide (NbyOs) films have been prepared via
various chemical and physical approaches [12-17]. A simple technique
for fabricating Nb,Os is anodization, in which a stable oxide layer is
formed on the surface. This method also aids resistance to corrosion and
abrasion and enables uniform processing over a large area at low costs
[18]. Anodization converts Nb into Nb,Os, a highly refractive material
that exhibits chemical and thermal stability and vivid coloration. The
thickness of such a film is typically on the order of visible-light wave-
lengths and determines its color. Coloring by means of structures with
dimensions of visible-light wavelengths or finer, also known as “struc-
tural color”, differs from coloring by pigments. Structural color is
particularly energy efficient because it achieves color without losing
light energy. Moreover, unlike dye coloring, it is not discolored by ul-
traviolet rays. NbyOs is a highly refractive material (refractive index =
2.45) that shows vivid colors and exhibits excellent chemical and
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thermal stability. Therefore, NboOs has prospects in future decorative
applications [19]. Films formed on Nb are expected to realize NbyOsg
film materials with a high refractive index.

Previous studies demonstrated that the thickness of NbyOs layer
prepared via anodization depends on applied voltage. Further, the
anodization process stops automatically, producing film thickness that is
proportional to the applied voltage. Komatsu et al. reported that the
color shade of anodized Nb films was related to the thickness of pro-
duced NbyOs layers [20].

However, the chemical state of the film providing the color shade has
not yet been analyzed.

Therefore, we examined the internal structure of the thin film and
analyzed the relation between the chemical state of the thin film and its
color.

Recently, technologies delivering ultrathin and miniaturized elec-
tronic devices have advanced remarkably. Polymer materials are often
preferable owing to their low weight and high flexibility [21]. Polyimide
(PI) films are particularly used as flexible substrates and parts of elec-
tronic equipment because of their flexibility, heat resistance, chemical
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resistance, and low coefficient of linear expansion [22-24]. However, PI
films are hydrophobic and possess low adhesion to metals [18,24-26].
To address this problem, the surfaces of metal materials are oxidized,
typically via anodic oxidation, which easily forms an oxide layer on their
surface. However, fabricating a curved-colored workpiece from Nb is
difficult because Nb, similar to Ta and Mo, is a material that is difficult to
cut. Therefore, to prepare a thin Nb film with high adhesion on a flexible
material, normally sputtering method is used followed by an anodizing
treatment. Initially, we considered Nb,Os films with high adhesion to a
flexible material (PI) fabricated using this approach.

However, Nb films deposited on non-modified PI substrates tend to
peel off, which is why oxygen plasma treatment was chosen as a con-
ventional surface modification approach. Plasma etching increases the
surface roughness and provides hydrophilic functional groups that
improve adhesion to as-processed surface [27-29].

In the present study, we established oxygen plasma treatment con-
ditions that ensure a good adhesion of sputtered Nb films to PI substrate
and guarantee a high adhesion strength. Additionally, after anodizing,
the adhesiveness of the NbyOs films was mechanically and optically
evaluated. This way, excellent coloring properties of NbyOs were easily
imparted to materials that are difficult to dye or paint. Furthermore, the
effect of the internal structure of anodic Nb,Os film on its color was
carefully investigated. Among other goals, this study aimed to develop a
methodology to accomplish this task, with Fig. 1 showing the structure
of a studied sample.
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Fig. 1. (A) Experimental process; (B) Anodizing; (C) Schematic of film layers.
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2. Experimental method
2.1. Anodizing conditions

Metal Nb films were sputter-deposited on PI films at the anode side of
a DC power supply. Platinum (Pt) was connected to the cathode side as
electrode. The structure was immersed in 5% citric acid prepared in pure
water and subjected to voltages of 20, 60, or 100 V for 5 min. Under the
voltage application, an oxide film (thickness of approximately 50-250
nm) was formed on the metallic Nb film. For comparison, a metal Nb
substrate was also subjected to anodic oxidation treatment. The anod-
izing conditions are presented in Table 1. The anodized Nb films formed
on the PI film and metal Nb are referred to as samples on PI substrate and
samples on Nb substrate, respectively. XRD and XPS were used to
analyze the inside of as-prepared anodized films. Upon anodizing
treatment, the sample surface was studied using XRD (XRD-DS8,
DISCOVER Bruker) to determine the surface and internal conditions of
the anodized film. After oxygen plasma treatment, the PI substrate
surface was analyzed using XPS (PHI Quantera II; ULVAC-PHI). Because
some points must be considered when performing XPS analysis [30-33],
the following conditions were established to conduct the analysis. The
pressure in the chamber was confirmed to be 1.4 x 10—6 Pa or more,
and Al Ka was used as X-ray source at an angle of 45°. Further, C 1s and
O 1s XPS spectra of the PI surface were obtained under the condition of
1.00-V Neuralizer Energy with 20-pA charge neutralizer Current.
Photoelectron spectroscopy software (PHI Multi PakTM Version9,
ULVAC-PHI Inc.) was used for spectrum analysis. The size of prepared
samples was ~6 mm.

Surfaces were also analyzed after testing the adhesion strength of
NbyOs layer formed on both PI and anodized Nb substrates. Further-
more, the state of the anodized Nb substrate was analyzed.

2.2. Surface modification conditions

The PI film (Kapton® 200H, thickness 0.05 mm, manufactured by
Toray DuPont) was cut into dimensions of 50 mm x 40 mm and soni-
cated with ethanol (99.5%, Wako Pure Chemical Industries). After
cleaning for 5 min, the film was sputter-coated with Nb, then treated
with oxygen plasma and anodized at different voltages and for different
times. As a result, optimal anodizing conditions were determined in a
comparative study. The oxygen plasma treatment was applied using a
plasma device (RFS-200 from ULVAC). Previously, we reported on the
effect of etching [34], and the presence of CO+ and CO2+ was confirmed
when etching was high. In this study, the pressure was reduced during
surface modification. Fig. 1(A)-(C) show the experimental procedures
and film layers. Experimental conditions for oxygen plasma treatment
are provided in Table 2. Subsequently, a 500-nm Nb-sputtered film was
fabricated.

2.3. Evaluation of wettability

Wettability measurements confirmed the surface modification effect
on PI substrates after their treatment with oxygen plasma. The wetta-
bility was evaluated using a contact angle goniometer (LSE-ME3). For
such measurements, 5 pL of pure water was dropped from a height of 10
mm above the sample and the contact angle of the drop was photo-
graphed. Next, diameter d and height h of the photographed water

Table 1

Anodizing conditions.
Anode Nb
Cathode Pt

Electrolytic solution Citric acid aqueous solution (5%)
Voltage (V) 10-100
Deposition time (min.) 5
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Table 2
Experimental conditions of oxygen plasma treatment.

Oxygen plasma Niobium sputtering

Inflow gas 02
Gas flow (ccm) 4
Operating pressure (Pa) 3.5

Inflow gas Ar
Gas flow (ccm) 100
Operating pressure (Pa) 1.6

Back pressure (Pa) 2.0 x 1072 Back pressure (Pa) 8.0 x 107°
RF Power (W) 25, 50, 100 RF Power (W) 100
Deposition time (min.) 1,3,5 Tichness (nm) 100

droplet were analyzed, and the contact angle was measured using the
6/2 method (see formula (1) below). The results were reported as the
average of five measurements.

0 = 2/ tan(2 h/d) (@]

2.4. Adhesion strength test

Anodization was performed after surface modification of the PI film
followed by sputter-deposition of metallic Nb layer. The adhesive
strength between the Nb,Os film and its PI substrate was measured using
a tensile tester (SV-55C-2M, LV-200 N; Imada Seisakusho). The adhesive
used for the tensile tester was araldite rapid-curing-type adhesive. The
adhesive force was measured at a drying temperature of 40 °C and a feed
speed of 10 mm/min for 14 h. Fig. 2 presents schematically both the
apparatus and the sample, while formula (2) was used to evaluate the
adhesion force:

Adhesive force (Pa) = load (N)/specimen area (mz) 2)
The following formula was used for adhesion:

Adhesive force (Pa) = load (N)/specimen area (m2).
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Fig. 2. Schematic of the adhesion test.
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2.5. Reflectance measurements using a spectrophotometer

The reflectance of samples on both PI and Nb substrates was
measured using a spectrophotometer (V-670; JASCO Corporation), after
which their spectra were compared. The measurement conditions were
as follows: visible light range of 250-800 nm and stepping of 1°. The
incidence angle was set using a 5° S wave.

3. Results and discussion
3.1. Anodized films

Fig. 3 shows optical images of anodized Nb films prepared at
different voltage applied to the Nb plate substrate. This observation is
well consistent with our previous work and confirm good reproducibility
of results of the present experiments [19].

XRD gives information on phase composition and can analyze sam-
ples much deeper inside the films. The XRD pattern of a sample prepared
via anodizing Nb substrate at 100 V is shown in Fig. 4. It is clearly seen
that a mixed layer of NbO and NbyOs was formed inside the film, while
no obvious signals of NbOy are seen in the XRD pattern. Therefore, we
conclude that the surface is mainly based on NbyOs, whereas the inside
is a mixed layer of NbO and NbyOs.

To determine the internal state of anodized films, Figs. 5 and 6
exhibit the XPS spectra of a sample prepared via anodization at 100 V.
Spectra in Fig. 5 demonstrate Nb3d peaks whereas Fig. 6 presents O 1s
peaks. Lines with different colors show spectra measured on untreated
surface (blue) and then after 0.1, 0.2, 0.3 and 53.0 min of surface sputter
etching. It is already reported that analyzing the C 1s peak of accidental
carbon is a dangerous procedure [30-33]. Generally, adventitious car-
bon is an unknown compound, which is not an inherent part of the
sample, and it does not make proper electrical contact to the analyzed
sample; moreover, BE of the C 1s peak varies in a wide range. Therefore,
the analyzed data are shown in Figs. 5 and 6 without any adjustment.
From the XPS results, the outermost surface was Nb,Os, and from the
XRD results, the internal compounds were identified Nb,Os and NbO
mixtures. However, there can be observed thin layers different from the
NbyOs and NbO at the 0.1 min of surface sputter etching. As the NbO,
cannot be observed from the XRD spectrum shown in Fig. 4, it is
considered that there is very thin or no NbO, layer between the NbyOs
and NbyOs-NbO mixture layers [35,36].

Next, the difference in colors was considered by performing anodic
oxidation treatment. Figs. 7 and 8 show the elemental ratios of Nb,Os,
NbO, and Nb in the anodized layer produced at voltages of 60 and 80 V.
The Nb 3d spectrum in Fig. 4 shows that only NbyO5 3d3/2 and Nb2Os
3d5/2 peaks were observed on the outermost surface, and the ratio of
constituent elements on the outermost surface of niobium oxide corre-
sponds to NbyOs. NbO was detected in the anodic layer when the sample
was sputtered using an ion gun for 1 min and analyzed in the depth
direction. Upon removing the topmost layer, the coating showed a
mixture of NboOs and NbO, with the ratio of NbO: Nb,O5 being around
6:4. After sputtering for 1 min, both samples prepared via anodizing Nb
substrate at 60 and 80 V are seen in Figs. 7 and 8 demonstrate a tran-
sition from their topmost Nb,Os layer to a mixture of Nb,Os and NbO
phases. Therefore, we conclude that the topmost NbyOs layer is inde-
pendent of the applied voltage, while changes in color are observed as a
result of different ratios of Nb,Os and NbO phases deep inside the
coating and depend on anodizing voltage, even when the surface layer
exhibits same thickness.

Based on our analyses, the thickness of NbO-containing (mixed)
layer was found to be linearly dependent on anodizing voltage applied,
as well seen in Fig. 9.

Nb oxidation is known to proceed gradually through intermediate
stages as follows: Nb - NbO and Nby;O— Nb,Os. Ion sputtering (Figs. 7
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Fig. 3. Anodized layers prepared on Nb plates at different voltage.
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Fig. 4. XRD pattern of sample prepared via anodizing Nb substrate at 100 V.

=0 min.

0.1 min.

0.2 min.

0.3 min.
: =—53.0 min
=
R7)
“z
5]
ol
=

|
215 210 205 200

Binding Energy(eV)

Fig. 5. XPS spectra of Nb 3d peaks prepared via anodization at applied voltage
of 100 V Lines with different colors correspond to topmost layer (blue) and
layers after surface-sputtering for different times. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)

and 8) was performed every 0.1 min. The thickness of the anodized film
formed at 20 V, 60 V, and 80 V was measured from the cross-sectional
SEM, etched until the metal Nb appeared, and the time and film thick-
ness were plotted to obtain the result, the detection depth was 0.4 nm/
0.1 min. At the same time, Figs. 7-9 show that the anodizing voltage
significantly affected the thickness of mixed NbO- NbyOs layer. As seen
in Fig. 9, it was found to be 52.0, 108.0, and 160.0 nm for samples
anodized at 20, 60, and 80 V, respectively. Thus, the topmost Nb,Os
layer was found to be less than 0.4 nm for all samples analyzed.

The obtained results agreed with the findings of Ono, which
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Fig. 6. XPS O1s spectra of sample prepared at applied voltage of 100 V. Lines
with different colors correspond to topmost layer (blue) and layers after
surface-sputtering for different times. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 7. Composition ratio of Nb,Os prepared at applied voltage of 60 V.
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Fig. 8. Composition ratio of Nb,Os prepared at applied voltage of 80 V.

depended on the electrolytic conditions [37]. The results show that the
NDO film began to grow unstably during the initial stage of film growth
irrespective of anodizing voltage applied, and such a mixed NbO- Nb,Os
layer grew linearly depending on the voltage value. Eventually, the
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g. 9. Effect of anodizing voltage on thickness of NbO-containing mixed layer.

reactions stopped when the surface changed to NbyOs, and the growth
stopped at the same time. Therefore, it can be concluded that the pro-
cessing voltage led to a difference in the NbO film thickness, while the
latter thickness affected the color of produced films. As reported by Ono,
because the film thickness is independent of the film formation process,
the thickness of the anodized film remains the same regardless of the
applied voltage. According to the report of Tanaka [38], under a high
electric field, the conduction in the anodized film is primarily ion con-
duction. Therefore, the thickness of the oxide layer increases with the
electrolytic current; furthermore, the voltage applied to both ends of the
film increases. It becomes extremely high and accounts for most of the
bath voltage during alumite anodization. When the voltage reaches its
saturation value, dielectric breakdown occurs. Simultaneously, the
growth of conversion oxide layer stops, and the film formation reaches
its limit [38]. Similar processes are expected in case of anodization on
Nb surface. As shown above, the growth of NbO phase depends on the
processing voltage. It is therefore believed that, similar to anodization of
aluminum, oxidation reactions on niobium surface stop when dielectric
breakdown occurs and the film formation reaches its limit. All the
samples were found to have their topmost layer based on Nb,Os phase
with a thickness of below 0.4 nm, while the internal part of the formed
layer was composed of NbO and NbyOs. Additionally, XPS results
confirmed that the thickness of the part based on mixed NbO and Nb,Osg
increased when higher values of applied voltage were used.

The electrical resistivity of NbO was 2 x 10—7 Qm, indicating that
NDO is a conductive oxide. At the same time, the Nb,Os phase is known
as an insulating oxide, which is why when its pure layer formed on the
outermost surface, the anodic oxidation reactions naturally stopped.

Next, we attempted to anodize the PI film, which is a flexible resin
material. As the PI film is nonconductive, after surface modification
using oxygen plasma treatment, a film of metal Nb was sputter-coated on
its surface, after which the as-prepared structures were anodized.
Finally, the colors of anodic films formed on both Nb and PI film sub-
strates were optically compared.

3.2. Surface modification results

Fig. 10 shows how the wettability of PI film changes after its treat-
ment with oxygen plasma. While the as-suppled PI film demonstrates the
contact angle of water droplet of 61° (panel (A) in Fig. 10), after plasma
treatment at 25 W for 1 min, the wettability was so high that the contact
angle could not be measured (panel (B) in Fig. 10). This demonstrates
that oxygen plasma treatment imparted good hydrophilicity to the PI
surface.

Fig. 11 shows how the surface roughness of PI film changed as a
result of oxygen plasma treatment under different conditions (plasma
power and processing time). The surface roughness, evaluated with
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A (B)

Fig. 10. Optical images of a water droplet on PI film: (A) before treatment
(61°), and (B) after oxygen plasma treatment at 25 W for 1 min (0°).

0.040
0.035
0.030
0.025
0.020
0.015
0.010
0.005
0.000

Sa (um)

Oxygen plasma treatment conditions

Fig. 11. Surface roughness of PI films treated with oxygen plasma.

white interference microscopy, is seen in Fig. 11 to be higher after the
films were plasma treated. It was also found that longer processing with
plasma led to somewhat smoother surfaces irrespective of plasma power
used.

Next, XPS spectra of PI films subjected to plasma treatment were
compared. In general, plasma-treated samples were found to exhibit a
higher oxygen content than their as-suppled (untreated) counterpart,
however, the O/C ratio observed in treated samples depended on plasma
conditions (power and processing time). Fig. 12 shows the oxygen-to-
carbon ratio of the samples after they were plasma treated, implying
that more oxygen was incorporated into surface layer when higher-
energy plasma was applied.

When PI films were treated at 100 W or higher, they were observed
to get discolored. This was believed to be because of heat effect, indi-
cating that the processing power was excessively high. The surface of
such PI films plasma-treated at 100 W was found to be hydrophilized,
become rougher, and enriched in oxygen (Fig. 12).
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Fig. 12. Oxygen content in surface layer of PI films treated with oxy-
gen plasma.
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The effect of plasma treatment of PI substrates (power and time) on
the adhesion strength of Nb film sputter-deposited on their surface was
also evaluated, the results being exhibited in Fig. 13. The as-supplied
untreated PI sample did not adhere to the metal film. The oxygen
plasma treatment is seen in Fig. 13 to impart adhesion which was getting
lower at higher treatment voltages [39].

Fig. 14 shows the XPS spectra (C 1s, O 1s) of a PI film in which the
surface after the adhesive strength test was treated with 25 W (A, C, E)
and 100 W (B, D, F) oxygen plasma for 1 min and N 1s peak).

Dotted line is the PI substrate, and solid line refers to (A, C, E) 25 W
for 1 min and (B, D, F) 100 W for 1 min.

Asseen in Fig. 14, plasma treatment at 25 W decreased the amount of
surface N-C—=O0 groups and increased that of C=0 groups (531.0 eV).
This can be attributed to increased oxygen content in the treated sample,
which agrees well with its reduced water contact angle. Moreover, the
increase in adhesion strength after the plasma treatment at 25 and 50/
100 W occurred because the C=0 peak providing the hydrophilicity
increased based on the comparison between pristine and these plasma
modified PIs. Furthermore, comparing the spectra of N 1s, it is consid-
ered that the adhesion was reduced because the C-N bond was reduced
at 402.0 eV in the surface modification (F) at 100 W for 1 min. In the
100 W treatment, the surface modification effect was so strong that
C-0O-C bonds in the PI was broken, which suggests that the modified PI
surface was unstable and weakened the adhesion. Especially, the 25 W
treatment considerably increases. Moreover, a large difference can be
observed in the C-O-C bond. At 25 W, the peak amount of C-O-C, which
was the same as the material, however, it increased at 100 W owing to
over oxidation of the PI. Furthermore, the distance between C-C and
C-0-Cis 1.5 eV, asreported in a previous study, and it is considered that
identification is possible. This could be attributed to the debris of the
material owing to the processing power, i.e., the close contact between
the material and the Nb-sputtered film [30-33,40-43]. The surface was
observed, and the difference in adhesion was evaluated. Although the
surface roughness after the treatment did not significantly differ from
that before the treatment, a detailed observation was performed using
interference microscopy.

Fig. 15 shows no large difference was observed between PI film
samples treated at 25 (B), 50 (C) and 100 W (D) for 1 min. However,
under higher magnification, the surface treated at 100 W was found to
have more nano-scaled rough features in comparison with its counter-
part plasma-processed at 25 W. This agrees well with be above
mentioned conclusions drawn from XPS results on higher damage to the
film caused by high-power plasma.

Furthermore, atomic force microscopy (AFM) was also applied to
compare PI surface both before and after processing with oxygen
plasma, with Fig. 16 showing surface images of as-supplied (A) and
treated at 25 W for 1 min (B) samples. The untreated material is seen to

4.00
3.50 -
3.00 +
250
2.00
1.50
1.00 r
0.50
0.00

Adhesion strength (MPa)

Untreated 25W Imin SO0W 1min 100 W 1 min
Oxygen plasma treatment conditions

Fig. 13. Adhesion strength of Nb films sputter-deposited on plasma-treated
PI substrates.

Vacuum 190 (2021) 110265

have a smooth AFM image, while upon plasma treatment nano-scaled
roughness was created (panel (B). The latter roughness is believed to
result in improvement of adhesion when metal Nb film was then sputter-
deposited on the plasma-treated PI substrate.

Altogether, the above observations suggested us to choose plasma
treatment of PI films at 25 W for 1 m, which provides the best adhesion
of sputter-coated metal Nb film that can survive anodizing successfully.
Thus, metal Nb films were deposited on such plasma-pretreated PI films,
which upon anodizing under different conditions gave rise to various
rich colors, similar to those produced via anodizing Nb plates. Fig. 17
presents optical images of anodic Nb films produced at different voltage
on PI film substrates. It is clearly seen that anodic films with a wide
range of colors could be fabricated.

The AFM observation of the anodized films on PI substrates was also
performed. Panels (A) and (B) in Fig. 18 compare two films anodized at
20 V and 100 V, respectively. The film treated at 20 V, where a thin
anodic layer of Nb oxides formed (Fig. 18 (A)), shows nano-sized ir-
regularities, basically repeating the relief demonstrated by its plasma-
treated PI substrate. Its much thicker anodic counterpart formed at
100 V looks much smoother (see panel (B) in Fig. 18), from which one
can assume that the thicker film filled the irregularities on its PI
substrate.

Fig. 19 shows XPS Nb 3d spectra of the samples produced via
anodizing Nb on PI (orange) and Nb (blue) substrates, both samples
prepared at 100 V. The maximum peak corresponding to Nb,Os bonding
is seen at approximately 207.2-207.8 eV for both samples, their spectral
having basically identical shapes in Fig. 19. This implies that the
outermost surface of both samples was composed of NbyOs, as both
spectra are consistent with previously reported data for NbyOs [44].

Fig. 20 shows reflectance spectra of anodic films produced on Nb
substrates at anodizing voltage of 20, 60, and 100 V, while similar data
for similar samples prepared on PI substrates are presented in Fig. 21.
For comparison, non-anodized Nb surfaces on the same substrates are
also presented in Figs. 20 and 21 (marked as 0 V). It is seen in Figs. 20
and 21 that the prepared anodic films were 20-30% less reflective than
their non-anodized counterparts (a metal Nb sputter-deposited film on
PI film, and a Nb substrate itself). The Nb films sputtered onto PI film
were as thin as 500 nm. After anodization, their reflectance spectra
exhibited similar trends.

Finally, as demonstration of very good adhesion, Fig. 22 shows an
anodized Nb sample deposited on PI film as the whole system is me-
chanically bent. It is thus visually confirmed that the metallic film is very
well adhered to its PI substrate and they both survive the bending test.
Keeping in mind that the color of such anodic Nb oxide films can be
controlled within a wide range of shades, the technology proposed in
this study on preparing thin anodic Nb films on flexible PI substrates
looks promising and can find its applications.

4. Conclusions

This study is focused on how anodic films grow on the surface of both
bulk Nb and thin metal film of Nb pre-deposited onto polyimide (PI)
films as substrates. At first, we show that the overall thickness of anodic
oxide films on Nb is proportional to anodizing voltage, with the topmost
layer always being Nb,Os phase and below ~0.4 nm in thickness, and
the deeper part being a mixture of NbO and NbyOs phases irrespective of
voltage applied.

Then, we deposit a thin layer of Nb (~500 nm) onto commercially
available PI films and show that when anodized, this two-layered
structure demonstrates anodic oxide films with the same characteris-
tics (thickness and phase composition) as those produced on bulk metal
Nb. To impart good adhesion of metal Nb films sputter-deposited on PI
substrates, the latter substrates were pre-treated with oxygen plasma.
When sputter-coated under optimal conditions, such Nb films survived
the bending test even after anodization during which Nb oxide films
with a variety of colors was formed.
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Fig. 14. XPS spectra of PI films after theadhesion strength test. (A) and (B) C 1s spectra, (C) and (D) O 1s spectra, and (E) and (F) N 1s spectra.
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Fig. 15. Microscopic observation of PI samples treated with oxygen plasma: (A) untreated PI film, (B) PI surface treated at 25 W for 1 min, (C) surface treated at 50 W
for 1 min, and (D) PI surface treated at 100 W for 1 min.
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Fig. 16. AFM surface images of non-modified PI surface. (A) and PI surface treated by plasma at 25 W for 1 min (B).
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trum) and Nb substrate (blue spectrum). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 20. Reflectance of anodic films prepared on Nb substrates at different
anodization voltages.

Thus, this work demonstrates a new technology to prepare anodic Nb
oxide films on commercial PI films. The good adhesion between anodic
Nb oxide layer and its flexible PI substrate, as well as a wide variety of
colors provided by anodic films produced at different anodizing volt-
ages, allow us to expect that this promising technology can find indus-
trial applications.
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Fig. 22. Bending test of anodic Nb oxide film on PI film as substrate.
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