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Widely tunable optical properties via oxygen
manipulation in an amorphous alloy

Ying-qi Zhang', Li-ying Zhou™’, Sheng-ye Tao', Yu-zhang Jiao', Jin-feng Li*, Kai-ming Zheng',
Yuan-chao Hu’, Kai-xuan Fang', Cheng Song’, Xiao-yan Zhong'*, Limei Xu™”’, Ke-Fu Yao',

Zheng-jun Zhang’ and Na Chen'

ABSTRACT The ability to widely tune the optical properties
of amorphous alloys is highly desirable especially for their
potential applications in optoelectronic devices. In this work,
we demonstrate that introducing oxygen into an amorphous
alloy system of Co-Fe-Ta-B enables the formation of various
amorphous derivatives ranging from metals to semi-
conductors, and eventually to insulators. These oxygen-
containing amorphous derivatives gradually become trans-
parent with the opened bandgaps, leading to a continuous
increase in their optical transmittance. Furthermore, the re-
flective metal-type amorphous alloy and transparent in-
sulator-type amorphous oxide of the system can be integrated
together to realize the full-color tuning over the entire visible
spectral range. This provides a new way to develop large-area
color coatings with high design flexibility and full-color tun-
ability. We envisage that the design concept proposed in this
work is also applicable to many other amorphous alloy sys-
tems, from which all types of amorphous materials including
alloys, semiconductors and insulators may be developed to
show unprecedented optical functionalities.

Keywords: amorphous alloy, oxygen manipulation, amorphous
oxide, optical properties

INTRODUCTION
Unlike crystals with periodic lattice structures, amor-
phous thin films possess long-range disordered structures

[1-4]. They are very useful in various fields including
optics, electronics and catalysis due to their fruitful kinds
ranging from metals to insulators [5-11]. Nevertheless, it
is difficult to widely tune their properties via the amor-
phous structural manipulation [12-16].

Previous studies reported that a ferromagnetic amor-
phous alloy (AA) was converted into a single-phase
amorphous oxide (AO) ferromagnetic semiconductor
with a bandgap of ~2.4 eV through severe oxidization
[17,18]. It was because the AA was mainly characterized
by the metallic bonds. Such non-directional and non-
saturated atomic bonding could allow a large amount of
oxygen to be continuously added into the AA. As a result,
the developed AOs may become optically transparent
wide-bandgap semiconductors at sufficiently high oxygen
contents. In fact, transparent AOs are thought to meet the
demands for developing transparent and flexible opto-
electronic devices such as rolled-up displays and solar
cells [19-23]. Therefore, developing transparent AOs
from AAs may offer an opportunity to generate combi-
national functionalities including high hardness and high
strength inherited from the AA hosts, which are useful for
enhancing the service reliability of the optoelectronic
devices.

In the present work, we showed that the structures and
optical properties of the AA Co-Fe-Ta-B system were
widely tuned via oxygen manipulation in a controlled
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manner. At high oxygen content levels over 50.6 at.%,
transparent AOs were developed from the AA host.
Furthermore, the reflective AA and transparent AO of the
system were combined to form bilayer color coatings with
the full-color tunability.

EXPERIMENTAL SECTION

The Co-Fe-Ta-B-O, (CFTBO,) thin films were fabricated
at room temperature by magnetron sputter deposition
from an alloy target with a nominal composition of
CoysFe; Ta;oBy, (at.%) in a gas mixture of argon and
oxygen. The base pressure before deposition was
~3 % 10 ° Pa. The oxygen content level of the as-deposited
thin film was adjusted by varying the oxygen partial
pressure in the working gas mixture. The substrate was
rotated during the sputtering to ensure the compositional
uniformity.

The thickness of the thin films was measured by an
atomic force microscope (AFM, Cypher ES, OXFORD
INSTRUMENTS of UK). The compositions of the as-
deposited thin films were examined by an auger electron
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spectroscopy (AES, PHI 710, ULVAC-PHI of Japan). The
structures of the thin films were investigated by using X-
ray diffractometer (XRD, D/max 2500H, RIGAKU
CORPORATION of Japan) and high-resolution trans-
mission electron microscopy (HRTEM, JEM-2100, JEOL
of Japan). The optical properties were measured by using
a UV/VIS spectrophotometer (Lambda 950, PerkinElmer
of USA) and an ellipsometer (VASE, J. A. Woollam of
USA), respectively.

RESULTS AND DISCUSSION

Based on the alloy system of Co-Fe-Ta-B (CFTB), the
compositions and corresponding structures of the devel-
oped (CFTB),(,O, (abbreviated as CFTBO,, 0 < x <
60.0) thin films were tuned in a well-controlled manner.
Note that the highest oxygen content accessed in the
present study was 60.0 at.%, likely due to the technical
limitation or the existence of the upper limit for the
oxygen content to be involved in the system. Fig. la
shows the XRD patterns of the CFTBO, thin films. As x
increases, the structures of these thin films evolved from a
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Figure 1 Structural characterization of the CFTBO, thin films. (a) XRD patterns of the thin films with different oxygen contents. (b-d) HRTEM
images taken for the thin films at the oxygen contents of 16.0 at.%, 36.2 at.% and 48.0 at.%. The SAED patterns and their digitized intensity profiles are

shown in the upper parts of (b-d), respectively.
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single-phase AA to dual-phase structures consisting of
the AA and AO, and eventually to a single-phase AO
(Fig. la). With x no larger than 16.0, the CFTBO, pos-
sessed a single-phase AA structure as further confirmed
by its HRTEM image (Fig. 1b). Increasing x to above 16.0
enabled the formation of an AO phase, whose volume
fraction increased with x. As a result, supra-nanometer-
sized dual-phase composites were formed, exhibiting the
structures of ultrafine AA nano-granules embedded in the
AO matrix (AA-in-AQ, Fig. 1¢). Eventually, the AA phase
transferred into single-phase AOs with x > 48.0 (Fig. 1d).
The upper parts of Fig. 1b-d are the selected area electron
diffraction (SAED) patterns and their digitized intensity
profiles, which confirmed the structural evolution from
the single AA phase to the dual-phase nanocomposite,
and to the single AO phase in these CFTBO, thin films.

The structural characterization of these CFTBO, thin
films indicated that increasing x enabled the CFTBO,
system to be gradually oxidized. Hence, the continuous
oxidization localized more and more freely movable
charge carriers, leading to a gradual decrease in the
number of the charge carriers per mole (n,.). This altered
the amorphous system’s electronic band structures from
the metal-type for the AAs to the insulator-type for the
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AOs. Therefore, the optical bandgap (E,) of this system
would be opened with the changes in n, as shown below.

X X
Ny = [1 =700 1"« ~ “Natoo
= n0=(nd+aN, )55 (1)
1
E, x o 2)

where 7, denotes the number of charge carriers per mole

for the AA host without oxygen, a denotes the average
valence electron number localized by an oxygen atom, N,
denotes the Avogadro constant. According to the above
equations, the optical transparency of the system should
increase with x because of the opened optical bandgap.
As shown in Fig. 2a, the CFTBO, thin films indeed
became more and more transparent with increasing x up
to 60.0. Their appearance varied from opaque metal luster
to high transparency. Correspondingly, the transmittance
in the visible light range for the as-prepared thin films
increased with x (0 < x < 60.0) as shown in Fig. 2b. The
normal sighted human eye is most sensitive to the visible
light at the wavelength of 555 nm. Based on Fig. 2b, the
derived optical transmittance at 555 nm for the CFTBO,
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Figure 2 Optical properties of the CFTBO, thin films. (a) The appearance of the thin films at different oxygen contents. (b) The optical trans-
mittance (T) varying with the wavelength in the visible light range. (c) The optical transmittance at the wavelength of 550 nm and (d) the optical
bandgap varying with different oxygen contents.
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thin films increased with x (0 < x < 60.0) as well (Fig. 2¢).
The CFTBOq,, thin film showed the transmittance of
about 90%, the highest value among the as-deposited thin
films with the oxygen contents no more than 60.0 at.%.
As predicted by Equation (2), the E, for the single-phase
AO thin films with x > 48.0 increased from ~2.7 to
~4.5 eV with x (Fig. 2d).

Utilizing the significantly different optical properties of
the metallic AA (CFTBOy,) and insulating AO
(CFTBOs;,) thin films, full-color coatings were formed.
The insulating AO thin film showed high optical trans-
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mittance within the visible light range and thus func-
tioned as a dielectric medium for the light to transmit
(Fig. 2a, b). The AA thin film showed high optical re-
flectivity in the visible light range and thus behaved as a
light reflector (see Fig. 3a). A schematic diagram for this
bilayer structure of the AA and AO thin films is shown in
the inset of Fig. 3a. The incidence light was reflected and
refracted at the surface of the AO thin film, respectively.
The refracted light wave entered the AO thin film and
was then reflected from the AA surface. The reflected
light was refracted once more at the surface of the AO
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Figure 3 (a) The resistivity spectrum measured for the AA thin film. Inset is a schematic diagram for a bilayer structure consisting of the AA and
AO thin films. (b) Rainbow colors observed on the sodium glass and various colors observed on the Al,O; ceramic plates, respectively. (c) The optical
reflectivity spectra measured for the different color coatings. (d) The wavelength (1) of the resistivity minimum almost linearly correlated with the
thickness (t). (e) Various colors observed on the stainless steel and flexible PET film substrates.
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thin film as shown in the inset of Fig. 3a. The refracted
light encountered the reflected light at the surface of the
AOQ layer, resulting in the thin film interference effect.

Such effect often results in colorful patterns on soap
bubbles or oil films in our daily life. The presence of
specific colors is mainly determined by the optical path
difference between the reflected and refracted light waves,
which is closely related to the thickness (t) of the AO thin
film. Therefore, adjusting t enabled the observation of
different colors on sodium glass and AL,O; ceramic plates
as shown in Fig. 3b. Rainbow-like colors appeared on the
sodium glass by depositing the bilayer thin films con-
sisting of the AO thin film with continuously varied ¢. In
addition, various colors including dark-grey, yellow and
blue were obtained by depositing the bilayer thin films
comprising the AO thin films with determined t on the
ceramics, respectively. Based on the reflectivity spectra
measured for different colors shown in Fig. 3c, the wa-
velength (1) at the reflectivity minimum can be linearly
correlated with t (Fig. 3d). Accordingly, depositing the
bilayer thin films with the AO thin films at the pre-
determined t enabled the flexible polyester (PET) and
stainless steel substrates to display various colors such as
white, red, blue, orange and green with high resolution
and brightness, respectively (Fig. 3e).

Considering its electronically insulating characteristic,
we also deposited the AO thin films on intrinsic and
n-type/p-type Si substrates, respectively. Similar to the
above bilayer structures, the Si substrates behaved as a

’ ¢| [+
|
—

reflector while the AO thin films functioned as an opti-
cally transmitting layer. Varying ¢ of the top AO thin film
affected the optical path difference and thus enabled the
observation of various colors of blue, white, yellow, red,
purple and green (Fig. 4a, b). Meanwhile, the colorful p-n
and p-p heterojunctions exhibited their corresponding
electrical behaviors such as on/off switching and re-
sistance functionalities, respectively (Fig. 4c—e). Si is one
of the key semiconductor materials in thin-film semi-
conductor devices. The formation of these colorful
p-n/p-p heterojunctions shows their possibility to be in-
tegrated in thin-film optoelectronic devices. Especially,
the colorful p-n heterojunctions combine both switching
and color filtering functionalities. As the switches, they
can control the electrical current to flow or not to realize
the signal processing. Meanwhile, they can exhibit various
colors by tuning the thickness of the AO thin film. In this
way, using only one component based on these colorful
p-n heterojunctions may partially replace the two com-
ponents of the data processing and pixel units currently
used in the flat-panel displays.

Furthermore, the optical reflectivity (R) spectra for the
above color coatings on the Si substrates were measured
as shown in Fig. 5a, exhibiting different reflectivity
minimum and maximum in the visible light range, re-
spectively. The wavelength (1) at the reflectivity mini-
mum was determined for different colors as indicated by
the black arrows in Fig. 5a. Similar to the bilayer struc-
tures of the AA and AO thin films, ¢ of the AO thin film
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b) Various color coatings formed by depositing the AO thin films on intrinsic Si and p-type/n-type Si substrates, respectively.

(c) Schematic diagram for measuring I-V curves of the p-n/p-p heterojunctions. (d, ) The I-V curves of the heterojunctions showing the rectification

and resistance behaviors, respectively.
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Figure 5 (a) The reflectivity spectra for different color coatings. (b) The correlation between the thickness (f) and the wavelength (1) of the
reflectivity minimum. (c) The refractive indices (n) and extinction coefficients (k) measured for the AO thin film and the p-type/n-type Si substrates,

respectively.

can be linearly correlated with A as well (Fig. 5b). The
slope of the fitted line is about 0.39.

As shown in Fig. 5c, the refractive indices (1) and ex-
tinction coefficients (k) of the AO thin film, n-type Si and
p-type Si were measured, respectively. Note that both the
n-type and p-type Si substrates showed almost the same n
and k values within the visible-light range. The AO thin
film showed nearly zero-k, indicating that there was al-
most no loss for the visible light waves to transmit
through it. Meanwhile, its n values were almost un-
changed and were smaller than those of the Si substrates.
When an incident light encountered the interface from
the optically thinner medium (air, n, = 1) onto the op-
tically denser AO thin film (n; = 2.08 at A = 550 nm), the
reflected light wave would have a phase shift of m, cor-
responding to a half-wave loss [24]. Similarly, the light
wave would experience the second half-wave loss at the
interface between the AO thin film (n, = 2.08 at A
= 550 nm) and the Si substrate (1, = 4.04 at A = 550 nm).
In this case, a destructive interference effect would occur
for the AO thin films with quarter-wave thickness (t) in

terms of ¢~ %,{ (m =0, 1, 2, 3...) [25], which
1

resulted in the reflectivity minimum at A. Hence, the AO
thin film would present the complementary color of the
visible light wave with A. Taking into account almost
unchanged n; within the visible-light range, ¢t was calcu-
lated to be 0.36, when m = 1 and n, = 2.08 at A = 550 nm
were used. This value is consistent with the obtained
slope of 0.39, further confirming that the surface colors of
these optical coatings could be precisely tuned by con-
trolling t of the AO thin films.

In the present study, the amorphous metals, semi-
conductors and insulators were derived from the same
AA system. On the other hand, AA alloys usually show
high hardness, excellent wear-resistance and corrosion-
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resistance [26-30]. In fact, the bilayer structured coatings
showed a high hardness over 9 GPa, which may be used
as the protective coatings with attractive decorative col-
ors. High hardness means good wear resistant. The pre-
sent colors belong to the category of structural colors.
With the good mechanical properties, the color coatings
are supposed to be stable, whose colors are difficult to
fade with time. In addition, these color coatings usually
work at room temperature. Even taking into account the
heating effects in electronic devices, the working tem-
peratures are normally below 500 K. To evaluate the
thermal stability of these colored coatings, we annealed
the as-deposited golden and dark-grey thin films at 500 K
for 2 h. The reflectivity spectra of these annealed samples
almost completely overlapped with those measured for
the as-deposited bilayer thin films, respectively (Fig. S1).
These results indicate that the colored coatings could
work with high stability when used at temperatures below
500 K in the practical application.

CONCLUSIONS

In this study, adding oxygen into an amorphous metal
was proven to be a simple and effective way for devel-
oping new amorphous materials ranging from metal to
semiconductor, and eventually to insulator. These
amorphous derivatives showed continuously tunable op-
tical properties. Integrating reflective AA and transparent
AO thin films enabled the development of high-resolu-
tion color coatings.
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