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Tunable structural color of anodic tantalum oxide films*
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Tantalum (Ta) oxide films with tunable structural color were fabricated easily using anodic oxidation. The struc-

ture, components, and surface valence states of the oxide films were investigated by using gazing incidence X-ray

diffractometry, X-ray photoelectron microscopy, and surface analytical techniques. Their thickness and optical prop-

erties were studied by using spectroscopic ellipsometry and total reflectance spectrum. Color was accurately defined

using L*a*b* scale. The thickness of compact TazOs films was linearly dependent on anodizing voltage. The film color

was tunable by adjusting the anodic voltage. The difference in color appearance resulted from the interference behavior

between the interfaces of air-oxide and oxide—metal.
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1. Introduction

Structural colors are produced by interference ef-
fects rather than created from pigments. Examples of
these are feathers of birds and wings of insects, which
do not only offer visual aesthetics, but also provide
mental entertainment. The colors of structurally col-
ored films shift according to Bragg’s law, which states
that optical path length is a function of film thickness
and index of refraction. Light being reflected from
the air—film surface undergoes constructive and de-
constructive interferences with light reflected on the
underlying polymer—substrate interface. This results
in selective wavelength reflection. In the past years, a
number of man-made colored structures,! =4 such as
porous silicon and porous aluminum, have been inves-
tigated for potential applications in sensing and dis-
plays.

Several valve metals, including titanium, alu-
minum, zirconium, and niobium are known to pro-
duce colored passive layers upon undergoing anodic
oxidation in a variety of acid- and salt-type elec-
trolytes with the application of direct or alternating
voltage.®~9 Tantalum (Ta) oxide has been widely

studied because of its outstanding properties, such
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as chemical resistance, good conductivity, high melt-
ing point, ductility, and mechanical strength.['0—12
Anodization of Ta with all kinds of structures, such
as nanoporous, nanotubes, and dimples structures,

has been investigated.['3—15]

However, only minimal
knowledge on structural color changes of uniform and
compact anodic Ta oxide films is available.

In the present study, we demonstrate that uni-
form and compact amorphous TasOs5 films created by
the simple anodic oxidation of Ta sheets with varied
voltages can present abundant and tunable structural
colors. L*a*b* scale, total reflectance, and spectro-
scopic ellipsometry were used to investigate optical
constants and thicknesses of films. Relationships be-
tween color, thickness, and applied voltage are dis-

cussed.

2. Experimental procedure

Prior to the anodic oxidation experiment, high-
purity Ta metal sheets (99.99%), with a thickness of
0.25 mm, were separately degreased by sonication in
acetone and alcohol. Subsequently, the sheets were

rinsed with distilled water, and dried in air naturally.
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To obtain a smooth surface, the sheets were electropol-
ished in a mixture of concentrated HySO4 and 48%
aqueous hydrogen fluoride (HF) solution with a 9:1
volumetric ratio for 20 min. To grow oxide films, an-
odic oxidation was conducted in a 1-M H5SO4 solution
with different voltage designs for 20 min at room tem-
perature. A large graphite plate was used as counter
electrode. After anodic oxidation treatment, the spec-
imens were thoroughly washed with distilled water
and dried in an air stream.

Optical photographs of samples made with the
application of different constant voltages, from 40 V
to 110 V and a step width of 10 V, were taken by us-
ing a digital camera at a shooting angle of about 90°.
The surface morphology of the films was investigated
by using a field-emission scanning electron microscope
(FE-SEM) (Sirion 200). Compositional analyses were
performed using gazing incidence X-ray diffratome-
try (GIXRD) with X'Pert (Cu Ka, A = 1.54059 A,
1 A = 0.1 nm). Surface valent states of anodic ox-
ide films were analyzed by X-ray photoelectron mi-
croscopy (XPS), using Al Ko source. All binding en-
ergy values were calibrated using contaminated carbon
(284.6 eV) as reference.

To characterize the color and the optical prop-
erties of the samples, the L*a*b* scale was utilized,
according to the 1976 norm of the Commission In-
ternationale d’Eclairage (CIE). The reflectance spec-
tra in the 400 nm-700 nm range were obtained by
ColorQuest@XE (HunterLab Company) using an in-
cidence angle of 8°. Refractive index and thickness of
the transparent oxide surface layers were determined
by simulation with a simple model on a UVISEL ER

[16,17

spectroscopic ellipsometer. I'A clean Ta foil was

used as the standard for reference.

3. Results and discussion

We successfully produced anodic oxide films with
tunable colors by anodizing Ta sheets in 1-M H3SO,
solution with different voltages. Figure 1(a) shows
typical optical photographs of colorful films in the
range of blue, indigo, Indian red, golden red, gray,
grayish blue, and so on. Colors of films depend on an-
odic voltages and their coloration is uniform across the

whole surface. This colored passive layer is consider-

ably stable and does not fade with prolonged exposure
to air for several months or years. Figure 1(b) depicts
a typical SEM image for anodic Ta oxides, demon-
strating that the surface morphology of the film is
very flat and smooth. There are no significant changes
in the morphologies of the colorful passive films pre-
pared using 40, 50, 60, 70, 80, 90, 100, and 110 V. As
shown in Fig. 1(b), the films mainly consist of numer-
ous uniform micro-sized particles. No obvious surface
defects were observed, indicating the compactness and
uniformity of these films. It was only with the applica-
tion of very high voltage (approximately 120 V), which
caused electrical breakdown of Ta oxide films, that we
observed numerous large cavities and non-uniform col-

ors on the surface.

o €
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Fig. 1. (colour online) (a) Optical micrographs, viewed
from an angle of about 90°, of colorful Ta-oxide films ob-
tained by anodic oxidation of Ta sheets which were an-
odized for 20 min under different voltages (from 40 V to
110 V); (b) Top view of an FE-SEM image from a typical
anodic oxide film.

GIXRD and XPS measurements were used to in-
vestigate the phase structure of passive oxide films. In
the GIXRD spectrum, aside from metallic Ta diffrac-
tion peaks, no other peaks were observed (not shown).
We conclude that the anodic film formed is predomi-
nant in an amorphous structure. In the XPS spectra
of TaO, films, as shown in Fig. 2, two Ta 4f;/; and
4f;5 /5 peaks are located at binding energies of 26.04 eV
and 27.84 eV. This indicates that Ta in oxide films is
in a valent state of Ta®*. The calculated O/Ta atomic
ratio is greater than the theoretical value of 2.5. Ex-
cess oxygen could have come from absorbed pollutants
during the test. The above analysis demonstrates that
amorphous Tas Oy compact films can be obtained us-

ing a simple anodic oxidation technique.
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Fig. 2. (colour online) The XPS spectra of TaO, films
obtained by anodic oxidation: (a) all-survey XPS spec-
trum of TaO; films; (b) valence band spectrum of Ta and
high resolution XPS 4f7,5 and 4f5,o spectra, with bind-
ing energies (BE) located at 26.04 eV and 27.84 eV; (c)
valence band spectra of O after Gaussian fitting.

Table 1. L*a*b* values of Ta oxide film.

Anodizing voltage/V ~ L* a* b* Chromaticity
40 5743 —54 —21.42 22.09
50 70.056 —2.1 —8.18 8.45
60 7459 1.8 —21.42 22.09
70 70.08 7.8 33.09 34.87
80 65.74 17.65  63.79 66.05
90 53.15 33.98 12.04 64.54
100 35.1 315 —56.02 24.30
110 42.29 —35.38 —53.98 21.67

Color properties can be described accurately us-

ing the L*a*b* scale, and color saturation can be mea-
sured by the chromaticity /(a*)? 4+ (b*)2, which ex-
presses the amount of color. Chromaticity coordinates
were calculated. Results are presented in Table 1.
Chromaticity is very high, with values above 8. These
samples have high color saturation.

As voltage changes, surface color shows obvious
changes. Thickness of the transparent oxide surface
layers, which is obtained through SE measurement, !
is directly dependent on anodic oxidation voltage.
Figure 3 shows that in the measured voltage range,
film thickness growth is a linear function of applied
voltage and is derived by the relation d = kV + a.
From the slope of the linear function, we can ap-
proximate film thickness growth per volt, i.e., d =
1.91 nm/V, which is consistent with the results of

Guntherschulze.9]
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Fig. 3. (colour online) Linear relationship between thick-
ness and anodic voltage.

In addition, different colors can be reflected by
different reflectance spectra. Figures 4(a) and 4(b)
show the different reflectance spectra of samples with
anodizing voltages ranging from 20 V to 65 V and
from 65 V to 120 V, respectively (facing air, n = 1).
Reflectance oscillates between 0% and 60%. The vari-
ation of the reflectance spectrum with the voltage
presents the typical features of the variation along
with the film thickness. Samples with voltages below
65 V show a narrow undulation spread over the full
spectrum. Total reflectance increased as films thick-
ened, which displays the lightness of the films. Inter-
ference phenomena failed to explain this result prob-
ably because the films are too thin to satisfy the in-
terferential condition. However, samples treated with
voltages over 65 V show one broad valley. The cor-
responding wavelength value shows a regular increase
with a change in film thickness. Further, the color
corresponding to the wavelength is a complementary
color of the visual hue of the film. This phenomenon
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can be explained fully by interference behavior. In
our air/oxide/metal system, when light reaches the
surface of an oxide film, some of the light is reflected
on the upper air/oxide film boundary, and some light
travels through the oxide film and is subsequently re-
flected on the lower oxide/metal boundary. In general,
two rays achieve a phase difference as they emerge at
the upper boundary. If the two rays are in phase (the
hump and the valley are together), maximum light
intensity is reflected. If they are out of phase, less
intensity is reflected. Intensity of the reflected light
varies with film thickness. In the reflectance spectra
in Fig. 4(b), the minima comply with the following
formula: nd = (m + 1/2)A\, m = 0,1,2,..., where n
denotes the reflective index of the TasO5 thin film, as
shown in Fig. 5(b), d is the thickness of the film, and
A is the wavelength corresponding to the minima in
the reflectance spectra. Consequently, the thickness
of the layer can be calculated. As shown in Fig. 5(a),
a good accordance is observed between the theo-
retical values from the ellipsometry results and the
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Fig. 4. (colour online) Reflectance oscillations between
0% and 60%. Samples with low voltages (a) show a narrow
undulation spread over the full spectrum, whereas those
with high voltages (b) can be explained by optical inter-
ference.

experimental results. The theoretical values are
slightly higher compared with the experimental ones,
which mostly stem from the neglect of the transition
layer and from the rough laminar between the oxide

and the metal interfaces in the SE fit process.20—22
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Fig. 5. (colour online) (a) The voltage thickness relation-
ship as depicted from ellipsometry spectrum and interfer-
ential calculation data; (b) the refractive index n of the
oxide films.

4. Conclusions

Amorphous TagOs thin films with tunable struc-
tural colors were fabricated successfully by anodic
electrochemical oxidation of Ta metal sheets. The
structure, components, and surface valence states of
the oxide films were investigated systematically by
using various techniques. The optical colors and re-
fractive index of oxides were analyzed based on op-
tical reflectance spectra and thickness measurements.
The color is directly related to the thickness of uni-
form, compact TasOs5 films, and thickness is linearly
dependent on the anodizing voltage, with a formula of
d = 1.91 nm/V. The thickness-dependent color vari-
ation could be reasonably understood by using the
optical interference phenomena. These uniform, com-
pact Ta-oxide films with tunable structural colors are
expected to find practical applications, for example,
as a platform for optics-based chemical or biological
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sensing.

References

Suzuki A 2000 Jpn. J. Appl. Phys. 39 1295

Lezec H J, McMahon J J, Nalamasu O and Ajayan P M
2007 Nano. Lett. 7 2329

Wang B, Fei G T, Wang M, Kong M G and Zhang L. D
2007 Nanotechnology 18 365601

Zhao X L, Meng G W and Xu Q L 2010 Adv. Mater. 22
2637

Quarto F D, Doblhofer K and Gerischer H 1978 Elec-
trochim. Acta 23 195

Munro A, Cunningham M F and Jerkiewicz G 2010 ACS
Appl. Mater. & Inter. 2 3854

Gallant D, Pe’zolet M and Simard S 2006 J. Phys. Chem.
110 6871

Jerkiewicz G, Zhao B D, Hrapovic S and Luan B L 2008
Chem. Mater. 20 1877

Wosu S N 2007 J. Mater. Sci. 42 4087

Fiegna C, Iwai H, Wada T, Saito M, Sangiorgi E and Ricco
B 1994 IEEE Trans. Electron. V. Dev. 41 941

Lee C Q, Danon Y and Mulligan C 2005 Surf. Coat. Tech-
nol. 200 2547

[12]
[13]
[14]
[15]
[16]
[17]
[18]

(19]

20]

(21]

[22]

088101-5

Silva R A, Silva I P and Rondot B 2006 J. Biomater.
Appl. 21 93

Sieber I, Kannan B and Schmuki P 2005 Electrochem.
Solid-State Lett. 8 J10

Allam N K, Feng X J and Grimes C A 2008 Chem. Mater.
20 6477

El-Sayed H, Singh S, Greiner M T and Kruse P 2006 Nano
Lett. 6 2995

Zhang J T, Li Y and Luo Z Y 2010 Acta Phys. Sin. 59
186 (in Chinese)

Liu X M, Li B C, Gao W D and Han Y L 2010 Acta Phys.
Sin. 59 1632 (in Chinese)

Zhou Y, Wu G S, Dai W, Li H B and Wang A Y 2010
Acta Phys. Sin. 59 2356 (in Chinese)

Guntherschulze A and Betz H 2952 Electrolyt-
Kondensatoren. Technischer Verlag Herbert Cram-Berlin
W 35 122

Li XL, GuJ H, Gao H B, Chen Y S, Gao X Y, Yang S
E, Lu J X, Li R and Jiao Y C 2012 Acta Phys. Sin. 61
036802 (in Chinese)

Ding Y L, Zhu Z L, Gu J H, Shi X W, Yang S E, Gao X
Y, Chen Y S and Lu J X 2010 Acta Phys. Sin. 59 1190
(in Chinese)

GuJH,Ding Y L, Yang S E, Gao X Y, Chen Y S and Lu
J X 2009 Acta Phys. Sin. 58 4123 (in Chinese)



