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• CuO nanowires were orderly grown on
Cu sheet, which show ultra-low reflec-
tion with the reflectance of 0.078% in
200-700 nm.

• The low reflection of CuO nanowires
can be attributed to multiple reflection
and absorption of incident light.

• These materials can be applied in im-
proving the absorption of the inner-
wall of sensitive optical instruments.
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The ultra-low reflection CuO/Cu material in UV–vis range is successfully designed and achieved, via orderly

growing ultralong CuO nanowires to construct the thick and vertically aligned array. The blackest sample obtains
anultra-low reflectance of 0.078% in 200–700 nm region. The preparation method of the above ultra-low reflec-
tion material is suitable for industrial production.
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Ultra-low reflectance materials are widely applied in the solar energy harvesting, the space instruments, spec-
trometers and terrestrial telescopes. The ultra-low reflection material of CuO/Cu in UV–vis is designed and
achieved via orderly growing ultralong CuO nanowires on copper sheet, constructing the ultra-thick and vertical-
ly aligned array. The reflectance of the resultant samples range from0.078% to 5.31%, via controlling the thickness
and density of CuO nanowire arrays at different growth temperature and time. Among them, the blackest sample
obtains an ultra-low reflectance of 0.078% in 200–700 nm region and 0.0235%within the 500 nm–600 nm range.
The ultra-low reflectivity of CuO nanowire arrays come from the following reasons: 1. the array is so thick and
dense that the light can be multiply reflected and absorbed while propagates deep into the interspace of the
nanowires, leading to an excellent light trapping. 2. The array can be regarded as air-filled gradient refractive
index medium, which is also in favor of the low reflection. The CuO nanowire array represents a new-family of
ultra-low reflection material in UV–vis. It will improve the sensitivity of optical instruments efficiently by black-
ening the inner-wall of drawtube or sample compartment for reducing stray light.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

The ultra-low reflectionmaterials are valuable inmany applications.
A good choice is for solar energy collector efficiently converting light to
heat [1,2]. As these materials almost have no light reflection and astig-
matism and contribute to blackening the inner-wall of drawtube or
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sample compartment, therefore it is potential to improve the detect
ability of infrared optical systems [3–5], increase the sensitivity of astro-
nomical telescope, and calibrate the astronomical camera.

Recently, many nanostructures were designed to increase the
multiple reflection (or absorption) and obtain the low-reflection by
different ways such as chemical treatment (nickel-phosphorus
black surfaces) [6], spin-casting (nanoporous latex film) [7], electro-
chemistry (black nickel-cobalt plating) [8], and electron cyclotron
resonance plasma etching (aligned SiNTs arrays) [9], wet etching
(nanowire arrays) [10], Femtosecond-laser treatment (penguin-
like silicon microstructures) [11]. For instance, porous-pyramid
structured Si surface, which was prepared by electrochemical etch-
ing and texturization, had an average reflectance of about 1.9%
(400–800 nm) due to its gradient-index multilayer structure [12].
The Si nanopillars, which were fabricated by dry etching on the
SiO2-covered Si substrate, acquired an ultra-low reflectance of
0.88% (435 nm) on account of its air/Si mixed structure and highly
roughened surface [13]. Single-walled carbon nanotube forest,
which was synthesized by water-assisted CVD on silicon substrate,
obtained the reflectance of 1%–2% (0.2–200 μm), owing to multiple
reflection and absorption from the structure. Although such nano-
structures are inconvenient, expensive or not environmental to be
constructed, these structures, especially the nanoarrays, still have a
lot of inspiration for designing the low-reflectivity material.

CuO nanowires have been widely used in many areas such as in cat-
alysts [14], sensors [15,16], electrode material [17,18], memristors [19],
since they were synthesized by heating copper substrate in air fromXia
et al. [20]. Recently, Fan et al. [21] prepared CuO/Cu infrared antireflec-
tion structure which was constructed by microcone arrays with CuO
nanowires via ultrafast laser and thermal oxidation process on Cu sur-
face. The material achieved ultralow total reflectance of about 0.6% at
the infrared wavelength around 17 μm and kept steadily below 3%
over a broad band of 14–18 μm. On the basis of the previous experience
of the solar selective absorber [22], in this work, the ultra-low reflection
material of CuO/Cu in UV–vis range is successfully achieved, via design-
ing the ultra-thick and vertically aligned CuO nanowire array. The above
array is to be constructed by ultralong CuO nanowires using thermal ox-
idation method [20]. The experimental process not only does not re-
quire any template, corrodent, catalyst, but also does not need
ultrafast laser method, etching measure, and electrochemical tech-
nique. Even the copper sheet does not need chemical polishing which
was previously described by other researchers [23,24]. In this work,
the CuO nanowire arrays with different density and thickness are re-
ceived by varying the reaction temperature and growth time, accord-
ingly their reflectance vary from 0.078% to 5.31%. The array of sample
is so thick and dense that the light can be multiply reflected and
absorbed while propagates deep into interspace of the nanowires [2,
25], leading to an excellent light trapping. Moreover, the method is fac-
ile, low-cost, non-toxic and easy for large-scale industrial production.
Herein, the CuO nanowire array represents a new-family of ultra-low
reflection material in UV–vis range. It will have a good prospect in har-
vesting solar energy and improving the sensitivity of optical instru-
ments efficiently.
2. Experimental details

2.1. Preparation

CuO nanowires were synthesized by using the thermal oxidation
method [20]. Copper sheets (0.3 mm thick) were used as substrates.
They were cut into standard sizes of 3 cm × 5 cm. As for film prepara-
tion, the Cu sheets were wiped with alcohol swabs and were not sub-
jected to either chemical or mechanical polishing at first. Then they
were placed inside an electric box furnace. The oxidation was carried
out at 410 °C and 450 °C in air, respectively.
2.2. Characterization method

X-ray diffraction (XRD) data were collected by a Rigaku D/Max 2550
diffractometer with a monochromator using CuKα radiation (λ =
1.5418 Å), which was operated at 50 kV and 200 mA at a scanning
rate of 6° min−1 in the 2θ range of 30–70° to identify the crystal struc-
tures of the films. The EDX, cross sections andmorphologies of the sam-
ples were examined using field emission scanning electron microscopy
(SEM) on a Helios NanoLab 600 I from FEI Company. EDX results for
each point of thefilmweremeasured for 6 times, and the average inten-
sity was counted. Transmission electron microscope (TEM) were mea-
sured using a Tecnai G2 S-Twin F20 with 200 kV accelerating voltage
of electron beam. Reflectance with normal incident light in the wave-
length interval 0.2–0.7 μm were measured by a Perkin-Elmer Lambda
950 UV/vis/NIR double beam spectrophotometer equipped with an in-
tegrating sphere (150 mm).

3. Results and discussion

3.1. TEM results

Fig. 1a shows the TEM image of an individual nanowire whose mid-
dle is divided by a twin plane along the longitudinal axis. Fig. 1b displays
a high-resolution TEM image, further confirming the bicrystallinity of
this nanowire (The lattice fringes in the center are not very clear).
Each side of this wire is a single crystal with a well-defined fringe
space pattern. The interplanar spacings for each side are 2.51 and
2.33 Å, respectively. These two values correspond well with the spac-
ings calculated for {111} and {111} planes in monoclinic CuO (cell =
4.69 Å × 3.43 Å× 5.13 Å, β=99.55°) [20,26–28]. Fig. 1c shows a diffrac-
tion patternwhichwould be typically observedwhen the electron beam
is focused on an individual nanowire along the [110] direction. Themir-
ror image relationship between the two sets of diffraction spots con-
firms the formation of a bicrystallinity structure within each nanowire.

3.2. XRD results

Figs. 2 and 3 show the XRDpatterns of the samples (a–l) after oxida-
tion at 410 °C and 450 °C for 2 h, 5 h, 10 h, 1 d, 4 d, 7 d, respectively. The
XRD results show that the monoclinic CuO is the main oxidation prod-
uct in each sample, with some Cu2O after the oxidation in the air [20,
28]. With the increasing of the reaction time at 410 °C or 450 °C from
sample a to sample l, the peaks of Cu become weaker, while the (202),
(202), (311) and (220) planes gradually become stronger [29]. The
XRD patterns also reveal that the growth planes of the above samples
are mostly along the (111) and (111) planes, which are in agreement
with the TEM results. Especially, the samples (e, f, k, l) represent the
strong peaks on the (111) and (111) planes in virtue of their long nano-
wires and thick array. The apparent orientation growth along the [111]
and [111] planes contributes to forming vertical nanowire arrays.

3.3. EDS results

The cross-sectional SEM image of CuO nanowire array was analyzed
by EDS analysis at three points (a: 2.7 μmunderneath the nanowire bot-
tom surface, b: 0.6 μm underneath the nanowire bottom surface, c:
nanowires at 2.2 μm above the nanowire bottom surface) (Fig. 4). The
EDS analysis of the point a displays ~2/1 (Cu/O) atomic ratio which
matches with Cu2O phase (Fig. 4a) [30], while the point b (Fig. 4b)
shows ~1/1 (Cu/O) atomic ratio which is corresponding to CuO phase.
The point c (Fig. 4c), indicates that the composition of nanowires them-
selves is ~1/1 (Cu/O) atomic ratio which is in accordance with CuO
phase as identified by TEM and XRD results. According to the above re-
sults, we conclude that the nanowire arrays are all composed of CuO
phase. The upper portion of the bottom oxide layer is also constituted



Fig. 1. TEM images of an individual CuO nanowire.
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by CuO, while the root portion of the bottom oxide layer contains Cu2O
phase. The vapor-solid (VS) mechanism seems to be responsible for
above results [20].When copper sheet is oxidized in air, themajor prod-
uct is Cu2O at first. CuO is synthetized through a second step of Cu2O ox-
idation. Thus, Cu2O serves as a precursor to CuO. In this experiment, the
reflectance behavior of sample is mostly dominated by the CuO phase,
especially the CuO nanowire array.
3.4. Morphology of the samples

Fig. 5 shows the surface SEM images of samples (a–l) prepared at
410 °C and 450 °C for 2 h, 5 h, 10 h, 1 d, 4 d, 7 d, respectively. The gray
parts of samples (a, b, c, d, j), which have grown less nanowires on
their surface, are also showed (Supporting information, Fig. S1.). The
CuO nanowires of sample a, with the diameters between 65 nm–
210 nm, are just beginning to come up as the growing time is so short.
Fig. 2. XRD patterns of Cu substrate (black), sample a (red), sample b (blue), sample c
(pink), sample d (green), sample e (mazarine) and sample f (purple).
When theheating timeextends, the nanowires of the samples grow lon-
ger and larger.While the copper sheets are heated beyond 4d, the nano-
wires have diameters of about 78 nm–280 nm, while the top surfaces of
their arrays showsparse and deep. As for samples (g–l) heated at 450 °C,
the CuO nanowires of sample g are the densest among all these samples
and their diameters are only near 45 nm–150nm.With the extending of
heating time, thenanowires, from sample h to sample l, turn to be spars-
er and larger in diameters gradually,with thediameters varying from65
nm–200 nm to 70 nm–247 nm. Especially, the array tops of sample k
and l seem to be deep pointing to long length of their CuO nanowires.
The arrangement of the CuO nanowires which mostly grow along the
[111] and [111], has a great effect on the optical properties of samples.
The deeper and denser nanowire array, brings about the more interac-
tion between the light and CuO nanowire, leading to trap more light
and obtain lower reflectivity in the UV–vis region.
Fig. 3. XRD patterns of Cu substrate (black), sample g (red), sample h (blue), sample i
(pink), sample j (green), sample k (mazarine) and sample l (purple).



Fig. 4.EDS analysis of CuOnanowire array depending on three positions from cross-sectional SEM imageof sample g (a: 2.7 μmunderneath nanowire bottom surface, b: 0.6 μmunderneath
the nanowire bottom surface, c: nanowires at 2.2 μm above the nanowire bottom surface).

Fig. 5. Surface SEM images of samples (a–f) and (g–l), prepared at 410 °C and 450 °C in air for 2 h, 5 h, 10 h, 1 d, 4 d, 7 d, respectively. Scale bar equals 4 μm, respectively.
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Table 1
The average thickness and reflectance of the samples prepared at different conditions.

Sample
number

Preparation
conditions

Average thickness
(μm)

Average
reflectance

Samples a 410 °C, 2 h 2.1 μm 4.58%
Samples b 410 °C, 5 h 4.1 μm 3.01%
Samples c 410 °C, 10 h 4.5 μm 3.58%
Samples d 410 °C, 1 d 3.7 μm 5.31%
Samples e 410 °C, 4 d 20.4 μm 0.63%
Samples f 410 °C, 7 d 28.9 μm 0.35%
Samples g 450 °C, 2 h 6.0 μm 0.82%
Samples h 450 °C, 5 h 5.2 μm 1.01%
Samples i 450 °C, 10 h 6.1 μm 1.29%
Samples j 450 °C, 1 d 5.3 μm 2.30%
Samples k 450 °C, 4 d 28.1 μm 0.34%
Samples l 450 °C, 7 d 40.3 μm 0.078%

301X. Wang et al. / Materials and Design 113 (2017) 297–304
3.5. Cross-sections of the samples

Fig. 6 shows the cross sections of samples (a–l) prepared at 410 °C
and 450 °C for 2 h, 5 h, 10 h, 1 d, 4 d, 7 d, respectively. The above figure
is corresponding with the surface SEM in Fig. 5. The nanowires, most of
whomhave tilt angles of 0–30°, are nearly perpendicular to the bottom.
Their average thicknesses are showed in Table 1. After the sample is
heated at 410 °C for 2 h, the CuO nanowires of sample a are starting
growing up and their length are relatively short. As for Sample b, its
nanowires grow longer and denser. Then,with the heating timeextend-
ing from 10 h to 1 d, the nanowires become sparse, while only some
nanowires come to be longer. With the prolonging of heating time,
the arrays of sample e and f turn to be very thick. As for samples heated
at 450 °C, the array of sample g is very dense. Similarly,with the extend-
ing of the heating time, there's not enough time for a majority of nano-
wires (from sample h to j) to grow. Therefore, the arrays of those
samples are sparse. While the heating time prolongs to 4 d or 7 d, the
CuO nanowire arrays of sample k and l turn to be very thick. Their lon-
gest nanowires reach to nearly 58.1 μm and 78.8 μm, respectively,
which are longer than that of sample e and f. The vertically thick CuO
nanowire array plays pivotal role in acquiring ultra-low reflection,
owing to that it provides more interaction between the CuO nanowire
and light along the micro-interspace which is approximately perpen-
dicular to the substrate. In addition, the different parts of array have dif-
ferent density of nanowires, namely the nanowires come to be denser
from the top to the bottom, resulting in gradual changing of refraction
index, which is beneficial for trapping light.
Fig. 6. Cross-sectional SEM images of samples (a–f) and (g–l), prepared a
3.6. Reflectance results

Reflectance spectra (Figs. 7 and 8) are measured with normal inci-
dent light at room temperature in UV–vis spectrum range (200–
700 nm), respectively. The photographs of samples (a–l) are shown in
their insets. The average reflectance of above samples are calculated
and showed in Table 1. However, the average reflectance of Cu substrate
is only 44.64% (Supporting information, Fig. S2). The reflectance of the
gray parts for samples (a–d) are all exceeding 6.5% (Supporting infor-
mation, Fig. S3). The surface colors of above samples change due to
their different reflection ability. Sample f, k and l, especially the sample
t 410 °C and 450 °C in air for 2 h, 5 h, 10 h, 1 d, 4 d, 7 d, respectively.



Fig. 7. Reflectance of sample a (black), sample b (red), sample c (blue), sample d (pink),
sample e (green), sample f (mazarine). Insets (a–f) are their photos, respectively.

Fig. 9. The average reflectance in differentwavelength ranges of samples (a–f) prepared at
410 °C in air for 2 h, 5 h, 10 h, 1 d, 4 d, 7 d, respectively.
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l, shows dark black in appearance and implies excellent ultra-low reflec-
tion property, as a result of their thick and dense CuOnanowire arrays. It
is found that the reflectance of samples is greatly affected by the CuO
nanowire arrays on surface. Density and thickness of the nanowire
array, especially the thickness, are essential to obtain this property.

To study the light suppression of CuO nanowire arrays in different
UV–vis spectralwavelength ranges, the various arithmetical average re-
flectance of samples (a–l) are concluded and showed in Fig. 9 and
Fig. 10. Even from the perspective of the entire spectrum range from
200 nm to 700 nm, the broadband low-reflection properties maintain
effectiveness. As for samples heated at 410 °C for less than 4 d, owing
to that the nanowires have not grown long anddense all round the sam-
ples, therefore the resultant average reflectance of above samples
(Fig. 9a) is the hybrid performance of the CuO nanowire arrays and
the gray parts which have less nanowires on surface. Hence the change
trends of the average reflectance for above samples at different wave-
length bands are influenced by those of the gray parts (Supporting in-
formation, Fig. S4). Besides, sample e is also partially affected by
Fig. 8. Reflectance of sample g (black), sample h (red), sample i (blue), sample j (pink),
sample k (green), sample l (mazarine). Insets (g–l) are their photos, respectively.
exposed copper substrate as its surface CuO nanowire array has partly
been ruptured (Fig. 9b; Supporting information, Fig. S5). Based on sam-
ple f to sample l (Fig. 10), especially the sample f, k and l, accordingly it
can be found that the CuO nanowire arrays have more influence on
Fig. 10. The average reflectance in different wavelength ranges of samples (g–l) prepared
at 450 °C in air for 2 h, 5 h, 10 h, 1 d, 4 d, 7 d, respectively.
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suppressing the reflectionwithin the 400–500 nm and 500 nm–600 nm
ranges, with the lowest values of 0.0478% and 0.0235% being reached
from sample l within above ranges. This indicates that nearly 99.95%
of the surface reflection has been successfully eliminated and trapped
via the vertically aligned CuO nanowire array.

The ultra-low reflectivity of CuO nanowire arrays come from the fol-
lowing two reasons (Fig. 11):

1, As shown in the Fig. 6, CuO nanowires are almost vertically
aligned, with tilt angles of 0–45° (most of the nanowires with tilt angles
of 0–30°). Consequently, when the majority of the light proceeds into
the nanowire array, interaction between the light and CuO nanowire
will happen (Fig. 11a). For each interaction, one part of light will be
reflected on the surface, while the other part will be absorbed, due to
the fact that CuO is a good absorber [23,24,31] over the UV–Vis spec-
trum range with the bandgap energy (1.2 eV to 2.1 eV). As the light
propagates further into the deep interspace formed by nanowires, it is
continually interacting with the nanowire and absorbed by the nano-
wire in succession. This interaction repeats until the attenuated light is
almost completely absorbed by the nanowires [2,25]. Therefore, the
thicker and denser the CuO nanowire array is, the more probably the
light will be interacting and absorbed, at last the excellent suppression
of light reflection will be acquired.

2, The gradient refractive index of the array is also in favor of the low
reflection. CuO nanowire array can be treated as an effective medium
which is filled with air as shown in Fig. 11b. The array can be divided
into N layer. The nair and ns represent the refractive indices of air and
substrate, respectively. The ni represents the refractive index of the ith
layer in the structure [32], with nair b n1 b n2 b ⋯ b ni b ⋯ b nN − 2 b

nN− 1 b nN b nS (nair=1). The refractive index of the ith layer is estimat-
ed by.

ni ¼ f i nair þ 1−f ið Þ nCuO

where fi is a filling factor of air [21]. From the surface of array to the bot-
tom, the filling factor gradually reduces to near zero, accordingly the re-
fraction index of each layer is gradually increasing. The relationship
Fig. 11. Schematic diagrams illustrating the ultra-low reflectivity of CuO nanowire arrays:1. Th
propagates deep into the interspace of the nanowires, leading to an excellent light trapping. 2
in favor of the low reflection.
between the reflectance and the refraction index can be described by
the following formula [12,33]:

R ¼ niþ1–nið Þ2= niþ1 þ nið Þ2

where ni and ni + 1 represent the refractive indices of two adjacent
layers, respectively. It can be deduced that, the less value the |ni + 1 −
ni | has, then the lower reflectance the array will obtain. As for the
thicker CuOnanowire array, the refractive index ofwhole array changes
more slowly from the top to the bottom, then the difference of refractive
indices for the two adjacent layers are smaller, easily leading to lower
reflectivity.

4. Conclusion

In summary, the ultra-low reflection material of CuO/Cu in UV–vis
range is successfully designed and achieved in our work, via orderly
growing ultralong CuO nanowires on copper sheet to construct the
ultra-thick and vertically aligned array. Our experimental process is
convenient, low-cost, pollution-free and suitable for bulk production.
It unnecessarily requires any template, corrodent, catalyst, ultrafast
laser method, etching measure, or electrochemical technique. Besides,
the pretreatment of the copper sheet is also very simple. In this experi-
ment, the density and thickness of CuO nanowire array can be tuned by
varying the reaction temperature and growth time. The ultra-low re-
flectivity of CuO nanowire arrays is due to the following reasons: Firstly,
the array is so thick and dense that the light can be multiply reflected
and absorbed when it propagates deeply into the interspace of the
nanowires, leading to an excellent light trapping. Secondly, the array
can be regarded as air-filled gradient refractive index medium, which
is also in favor of the low reflection. In this experiment, the nanowire
array with the lowest reflectivity and dark black appearance among
above samples is obtained at 450 °C for 7 d,with average array thickness
of about 40.5 μm and average reflectance of 0.078% in 200–700 nm re-
gion. Herein, the CuO nanowire array represents a new-family of
ultra-low reflection material in UV–vis range. It will have a good
e array is so thick and dense that the light can be multiply reflected and absorbed while
. The array can be regarded as air-filled gradient refractive index medium, which is also
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industrial-production prospect in harvesting solar energy, and improv-
ing the sensitivity of optical instruments by blackening the inner-wall of
drawtube or sample compartment.
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