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Disordered Cu,0 nanowires (NWs) were prepared by a two-
step growth method. Photoluminescence properties of Cu,O
NWs have been investigated in detail. The excitonic optical
properties from the Cu,O NWs are temperature sensitive. At
room temperature, a longitudinal optical (LO) phonon
replica and visible light emission from exciton recombination
were observed for the first time.

Introduction

In recent years, semiconductor nanostructures have attracted more
and more research interests. As a typical p-type direct band gap
semiconductor within 2.0-2.2 eV [1-3], cuprous oxide (Cu,O)
nanostructures have been regarded as ideal candidates in solar
energy conversion [4,5]. Furthermore, due to its large exciton
binding energy with 150 meV [6] and long-lived exciton lifetime of
~10 microseconds [3], it is also an excellent candidate to realize
excitonic devices [7]. A series of methods of the Cu,O
nanostructures fabrication with well morphologies, such as cages,
cubes, wires and yolk-shell structures, have been presented [8-11].
Among these nanostructures, Cu,O nanowires(NWs) extraordinarily
appeals to researchers due to their one dimensional architecture for
promising applications as photocatalysis, optoelectronics, and power
strorage [10,12,13]. However, to the best of our knowledge, few
studies about the optical properties of band edge exciton in Cu,O
NWs have been reported. Furthermore, the emission from the lowest
direct bandgap exciton in Cu,O thin films is hardly observed due to
its dipole-forbidden, and the signal from the dipole-allowed exciton
is too weak to be measured [ 14]. Therefore, the studies of the exciton
emission with dipole-allowed or dipole-forbidden in Cu,0O NWs are
seldom reported. Thus the advance in nanowire-based cuprous
oxides has attracted much interest in exploiting their direct
recombination from near band edge exciton or exciton emission with
phonon-assisted. In this work, a two-step growth method for
synthesizing pod-like Cu,0O NWs is presented. And the excitonic
optical properties near band edge of Cu,0 NWs sample are
investigated systematically. Weak exciton emission lines are
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observed in low temperature photoluminescence (PL) spectra, and
the first-order longitudinal optical (LO) phonon replica appears on
room temperature PL spectra. More importantly, an obvious visible
light emission is observed in this work. Our study would advance the
understanding of exciton-related emission in Cu,0O NWs. Since
phonon anticipated exciton emission can be used to tailor the
exciton—phonon coupling strength of nanoscale excitons, it would
large extent optimize the optical properties of exciton related devices
(such as charge carrier mobility, exciton relaxation and lifetimes).
Therefore, the structure of Cu,0 NWs should have great potential
applications in the development of NW-based optoelectronic
devices.

Results and discussion

The synthesis of Cu,O NWs includes two steps. The first step
involves the fabrication process of Cu(OH), NWs: First, 25 ml 0.125
M ammonium persulfate ((NH,),S,05) and 25 ml 2.5 M sodium
hydroxide (NaOH) was mixed and stirred at room temperature. A
copper foil was cleaned followed by the method of our previous
work [15]. Then the cleaned copper foil substrate was placed into the
mixture with NaOH and(NH,),S,05. After 30 minutes, Cu(OH),
NW arrays were obtained on the surface of the copper substrate. In
the second step, Cu(OH), NW arrays were annealed using muffle
furnace in two different temperatures. After 1 hour, Cu,0 NWs were
obtained from the prepared Cu(OH), NWs. The detailed fabricated
process of Cu,O NWs is reported in our recent work [16].

In a typical experiment, Cu,0O NWs are obtained using the
method mentioned above. Top view scanning electron microscopy
(SEM) images of typical Cu,0 NWs are shown in Figure la and b.
In Figure 1a, the diameter of NWs is in the range of 95-190 nm, the
length of them range from 10 to 25 um. It is noted that the NWs
show slight curved and the bulges appear on the cylinder surface of
them. A magnified SEM image of Cu,O NWs is displayed in Figure
1b. A marked single Cu,0 NW has a straight shape, and a rough
surface with the diameter about 123 nm. A low-magnification
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transmission electron microscope (TEM) image of a typical Cu,O
NW is shown in Figure 1c. As seen from Figure 1c, a single Cu,O
NW shows a light roughness on its top side, which agrees with the
surface of Cu,0 NWs displayed in the SEM image. Its average
diameter is ~95 nm. The corresponding high-resolution TEM
(HRTEM) image marked with the white dashed line and the
corresponding selected area electron diffraction (SAED) pattern are
shown in Figure 1d. As seen from HRTEM image, the distance
between two adjacent crystal planes is 0.214 nm. The SAED pattern
also suggests a good crystalline quality of Cu,0O NW.

Figure 1 Electron micrographs of Cu,0 NWs. (a) Top view scanning
electron microscope (SEM) image of the Cu,0 NWs. (b) A high-
magnification SEM image of as-fabricated Cu,0 NWs. (c)
Transmission electron microscope (TEM) image of a single Cu,O
NW. (d) A corresponding high-resolution TEM (HRTEM) image of
the same Cu,0O NW marked by dashed lines in Fig. lc, the inset
shows the corresponding selected area electron diffraction (SAED)
pattern of the Cu,O NW.

Photoluminescence (PL) characterization of Cu,O NWs was
performed using UK Edinburgh Instruments FLS920 Fluorescence
Spectrometer. Figure 2 plots the room temperature PL excitation and
emission spectra of Cu,0 NWs. The room-temperature excitation
spectrum is depicted in Figure 2a. As is seen from the spectrum, the
excitation peak of Cu,O NWs is ~380 nm, and the range of the
optimum excitation wavelength for Cu,0 NWs is from 350 to 390
nm. The excitation wavelength of 360 and 380 nm are chosen in
order to compare the difference of exciton emission in Cu,0 NWs.
Figure 2b shows the room temperature PL spectrum of Cu,0O NWs
under excitation wavelength of 360 and 380 nm. Noted that the PL
intensity is dependent on the excitation wavelength and the
maximum emission peak of PL spectra is at the wavelength of 532
nm (i.e. 2.33 eV, denoted as main line), which is independent on the
excitation wavelength. It almost corresponds with the value of the
Cu,O band-gap energy at the I' point in previous reported work [14].
Thus the result demonstrates the PL peak at the wavelength of 532
nm is due to the near band edge (BE) emission of the sample. The
absence of distinct weak peak in Figure 2b also indicates that the PL
emission is dominated by radiative recombination from BE exciton
located at 2.33 eV at room temperature. To further investigate the PL
emission depended on the time for the Cu,0 NWs, the PL decay
curve collected at the excitation wavelength of 360 nm was
measured at room temperature, as depicted in Figure 2c. The non-
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exponential decay is observed and can be fitted to a multi-
exponential decay function with IRF curve, indicating three lifetime
components (i.e., short lifetime, long lifetime, and longer lifetime).
The three lifetime components illustrate the exciton dynamics of the
Cu,0 NWs, yielding a short lifetime 7, a long lifetime 7, and a
longer lifetime 7;,. The lifetime 7z, 7, and 7, are 0.71, 2.86, and
8.94 ns, respectively. All of which reflect the information of the fine
structure of exciton in Cu,O NW. This subject is beyond the scope
of this work and will be discussed later.

To illustrate the deeper insight of the exciton dynamics of the
Cu,0O NWs at the peak of the PL spectrum, a time-resolved PL
measurement is performed as a function of temperature, as shown in
Figure 2d. Through fitting the decay curves, the result shows the
temperature depended PL decay curves have still three lifetime
components. As shown in Figure 2d, the lifetime z;and 7, are 0.78
and 2.82 ns by fitting the curves using the software of the
instrument, respectively, almost keeping unchanged as the
temperature below 200 K. It is noted that the 7, slightly increase
from 200 to 77 K, rising from 8.70 to 8.79 ns. This implies the
lifetimes 71, component becomes longer by suppressing the
nonradiation decay in Cu,O NWs at low temperature, showing that it
is a temperature-activated process.
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Figure 2 PL spectra of the as-synthesized Cu,0O NWs. (a) PL
excitation spectrum of the Cu,0 NWs at room temperature. (b) PL
spectra of the Cu,0O NWs under the excitation wavelength with 360
and 380 nm at room temperature. (c) PL decay of the Cu,O NWs
recorded at the emission of 2.33 eV at room temperature. (d) PL
decays of the Cu,0 NWs in semi-log y scale as a function of
temperature from 77 to 300 K at the emission of 2.33 eV.

In order to demonstrate the characteristics of the BE emission
from the sample, the temperature dependent PL experiments are
performed, as reported in Figure 3. First, the PL experiments of the
Cu,0 NWs depended on temperature ranged from 77-300 K are
performed under the excitation wavelength of 360 nm, as shown in
Figure 3a. The intensity of the main emission line increases as the
temperature decrease from 300 to 77 K, and that of the main line
obviously remains unchanged in the temperature range of 77 to 250
K. This is due to its same parity of conduction and valence bands,
the low band-to-band transition efficiency prevents them from high
intensity light emission [17]. Furthermore, the intensity of the main
line at 300 K reaches its minimum within the whole temperature
range. The decrease probably arises from nonradiative
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recombination in the sample. It is also noted that a blue shift of PL
main peak is observed with decreasing temperature to 77 K, reaching
its maximum of 35.9 meV, the blue shift of BE emission mainly
arises from the suppression of the nonradiative recombination.
Specifically, five new emission lines depicted in Figure 3a (denoted
as E,, Ec, Ep, A, and B) include three stronger lines (E,, A, B) and
two weak lines (Ec, Ep) for every curve at the temperature lower
than 250 K. At the temperature below 250 K, a sharp emission line
with 2.36 eV (i.e., the line B) appears. And the sharp emission line
shows the FWHM (Full width at half maximum) of ~9 nm. The
intensity of another emission line E4 at the energy of 1.965 eV (i.e.,
631 nm) almost keeps constant when temperature changes from 100
to 250 K, whereas its intensity reaches the maximum at 77 K. The
line E, is close to the reported exciton peak with 1S of Eg, (2.02
eV) [14], the energy difference between them is 55 meV. It might be
attributed to the first-order longitudinal optical (LO) phonon replica
of 1S of Ega. This would be discussed below. The lines Ec (2.638
eV) and Ep (2.755 eV) are close to the reported exciton peaks with
Eoc and Egp whose value are 2.624 and 2.755 eV [14].
Simultaneously, the high energy line A (3.084 eV) should possibly
be associated with interband transitions rather than the intra-atomic
properties of impurities or defects [14]. Herein, we focus on the
visible part with energy below 3.0 eV, which should reflect the
information on the exciton properties near the band edge. Most
notablely, when the temperature is up to 300 K, the five lines
entirely disappear. Next, the origin of the lines should be discussed
in detail.

a 12000 —— b 1400
310000 1200 =
r-] =, [
S 8000 1900
> s 8001 = =
@ 6000 = £ -
H £ 00} o o & E
T 6 © {2 o,
£ 4000 £ a00[ 9 3
g £ o
2000 200k
ol 0
400 450 500 550 600 650 700 20 30 40 50 60 70 80 90
Wavelength (nm) 20 (degree)
c 25| Cuipmgflev d 500 Excitﬁ‘l’t.iganlmw)
=5 7 - 0.04
-é 20} Cu2p,, 931 eV 35 400 0.02
Ko}
e s
25l P O . =
x 2
Z10] £ 200
o 8
=
g s} =100
i
£ [~ IAEWSIARN b k|

0 il . L " " " i
400 450 500 550 600 650 700 750
Wavelength (nm)

0 L L L I I
0 200 400 600 800 1000
Binding Energy (eV)

Figure 3 (a) PL spectra of the prepared Cu,O NWs as a function of
temperature from 77 to 300 K. (b) XRD spectrum of the Cu,0O NWs.
(c) Wide scan XPS spectrum of the prepared Cu,O NWs. (d) Micro-
region PL spectra of the Cu,0 NWs as a function of pump intensity
of a He-Cd laser with 325 nm at room temperature.

In order to justify the origin of the line B, we propose two
hypotheses to explain the appearance of the sharp emission line.
First, the line probably results from the emission of impurity in
Cu,O NWs. Second, it demonstrates efficient spontaneous emission
of exciton can take place in Cu,0O NWs. In the following, we would
test each of the hypotheses mentioned above.

First, we test the hypothesis of the presence of defects or
impurity in Cu;0 NWs. The X-ray powder diffraction (XRPD)
measurement was firstly carried out by using a Rigaku Corporation
D/Max-2400 to detect the crystalline quality of sample. Figure 3b
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displays the XRPD patterns of the Cu,0O NWs samples. No peaks
from CuO are presented, and no impurity peaks are observed in this
pattern. Besides XRPD spectrum, x-ray photoelectron spectroscopy
(XPS) spectrum of the Cu,0O NWs sample is performed by using a
Kratos AXIS Ultra®® under room temperature, as shown in Figure
3c. The full spectrum indicates that Cu and O are the pure
constituents of the sample, with C as reference. In addition, two
distinct peaks are observed and marked in Figure 3c at 931 and 951
eV, corresponding to the binding energy of Cu 2p;, and Cu 2p),.
The results are in agreement with previous report [18] on Cu,O
NWs. Based on these facts, Cu,0O NWs sample can be assumed to
have no impurity.

Then the pump intensity dependent micro-region PL spectra of
the Cu,0 NWs were conducted using a HORIBA LabRAMHRS800
Raman spectrometer for testing the efficient spontaneous emission of
exciton. The sample was optically pumped by a He-Cd laser with
325 nm at room temperature. We adjusted the excitation power by
~1 order of magnitude, and the corresponding PL spectra are shown
in Figure 3d. It is noted that, under different excitation densities, the
shape and the position of main emission peak with 2.36 eV almost
remain unchanged. Besides, the FWHM of the main emission peak
shows almost linear relationship with excitation power, as shown in
the inset of Figure 3d. According the previous investigations on the
exciton emission in Cu,O [14], the main emission peak with 2.36 eV
is close to the lowest direct bandgap peaks of Egg (2.43 V) in Cu,O
thin film. So it arises from the radiative recombination of Egg.
Furthermore, the high energy side and low energy side of the PL
spectra have a different response as the excitation power increased.
When excitation power is larger than 0.02 mW, two weak emission
lines of A" and E," with 2.85 and 1.96 ¢V occur. Arising from the
weak exciton states, the two lines are possibly related with the Eqp
and the 1S of Eg, in the previous report [14]. In this work, the line
of Ep has been recorded in Figure 3a. Compared with the Ep of
2.755 eV at low temperature, there is slightly blue-shifted for A" at
room temperature. One possible explanation for that is the line A"
reflects the emission information of a few Cu,O NW, which
manifest the optical feature in the reduced dimensionality. We
estimate the number of Cu,O NW in the area with ca. 3 umz (i.e., the
area of lighting spot recorded by the micro-region PL spectrometer),
the value is approximately 7. So we conclude the lines Ep, and A"
arise from the same exciton states. In order to demonstrate the
emission from Cu,O NWs, a PL microscope image from the same
sample is shown in Figure 4. A white light spot with the diameter of
~2 um is clearly observed, indicating efficient radiation can take
place in Cu,0 NWs. The white light assigns to the mixture of three
emission lines, which is the main line, the line A", and the line
E,".The three emission lines just correspond to green, blue, and red
lights.
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Figure 4 A optical image of the emitted light spot from the prepared
Cu,O NWs recorded by a Micro-region Raman spectrometer.

In Figure 3d, the energy of the line E,” is the same as that of the
E, in Figure 3a. We conclude the low energy line E," is highly
related with phonon-assisted emission. In order to further justify the
line E,” attributing to the direct exciton combination with or without
phonons participation, or defect related emission. The PL decay
experiment for the line E.", B, and main line is first performed at 77
K, as depicted in Figure 5. In Figure 5, the lifetime of the sample
demonstrates the discrepancy for the three emission lines (i.e. B, E,,
and the main line) at the temperature of 77 K. Most strikingly, the
lifetime 7,7 1, and 71, of the main line is the longest among the three
lines, reaching 0.78, 2.82, and 8.79 ns, respectively. While the
lifetime of lines B and E, show distinctly shorter than that of the
main line. It implies the other two peaks aren’t from the defect
related emission. Because defects have longer fluorescence lifetimes
than band edge recombinations [19]. Thus, the lifetime 7,7, and
71, represent the radiative recombination of exciton in the Cu,O
NWs.
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Figure 5 PL decays of Cu,O NWs with the emission of 2.36, 2.33,
and 1.965 eV (i.e., 520, 532, 631 nm) at the temperature of 77 K,
%,71, and 7, characterize the three lifetime components of the
Cu,O NWs.

According to the report by Dawson et al.[20], the LO phonon
with energy 78.7 meV was obtained for Cu,O. The line E," is close
to the peak from 1S of Eg,. But the recombination from the Eg, is
dipole-forbidden [14], thus we conclude the appearance of the line
E," arises from direct band edge emission with phonon-assisted. In
order to test the hypothesis that the line E," could be the exciton
recombination with phonon-assisted. A general relationship of the
emission line involving phonons and the exciton emission should be
given as, E.,= EgnhootAE [21], E., denotes the energy of
emission peak,E, is the excitonic absorption peak energy. LO
phonon energy is denoted /iw o and AE is the thermal energy. At
room temperature, AE= k7T/2 ~13 meV. Therefore, the exciton peak
from the 1S of Ep, is about 2.02 eV, the calculated value of 1S of
Eo4 with phonon replicas is ~1.954 eV, which is in good agreement
with our experiment observation of 1.96 eV mentioned above.
Therefore, we conclude the line EA* can be attributed to the first-
order LO phonon replica of 1S of Eqa.

Conclusions

In conclusion, we have fabricated Cu,O NWs with the bulges
on the surface of them. The exciton optical properties near the
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band edge of the Cu,0O NWs have been characterized by
detailed analysis of temperature and excitation intensity-
dependent PL spectra. Different exciton emission lines of Cu,O
NWs are observed. Furthermore, the emission from the first-
order LO phonon replica of exciton with dipole forbidden can
be observed for the first time. The experimental result about the
LO phonon replica is in good agreement with calculated value.
Notably, we can observe a visible light emission from the Cu,O
NWs at room temperature. These results will be potentially
helpful to optimize the exciton emission efficiency by tailor
exciton—phonon coupling strength, and further improve phonon
anticipated exciton thansport process. Our study would not only
advance the understanding of exciton optical properties in Cu,O
NWs, but will pave the way for efficient excitonic emission
devices based on Cu,0O NWs at room temperature.
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