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Abstract: The quality of a semiconductor, which strongly affects its performance, can be estimated by
its photoluminescence, which closely relates to the defect and impurity energy levels. In light of this,
it is necessary to have a measurement method for photoluminescence properties with spatial resolu-
tion at the sub-micron or nanoscale. In this study, a mapping method for local photoluminescence
properties was developed using a focused synchrotron radiation X-ray beam to evaluate localized
photoluminescence in bi-layered semiconductors. CuO/Cu2O/ZnO semiconductors were prepared
on F:SnO2/soda-lime glass substrates by means of electrodeposition. The synchrotron radiation
experiment was conducted at the beamline 20XU in the Japanese synchrotron radiation facility,
SPring-8. By mounting the high-sensitivity spectrum analyzer near the edge of the CuO/Cu2O/ZnO
devices, luminescence maps of the semiconductor were obtained with unit sizes of 0.3 µm × 0.3 µm.
The devices were scanned in 2D. Light emission 2D maps were created by classifying the obtained
spectra based on emission energy already reported by M. Izaki, et al. Band-like structures corre-
sponding to the stacking layers of CuO/Cu2O/ZnO were visualized. The intensities of emissions
at different energies at each position can be associated with localized photovoltaic properties. This
result suggests the validity of the method for investigation of localized photoluminescence related to
the semiconductor quality.
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1. Introduction

Multi-layered solar cell devices have been proposed and designed to improve pho-
tovoltaics performance (e.g., [1]). For obtaining good photovoltaics performance, it is
necessary to understand the influences of layered interface mismatches and boundary
segregated impurities on the photovoltaic properties of multi-layered film semiconductor
devices (e.g., [2,3]). To investigate local physical properties, such as photoluminescence
(PL), at complex heterogeneous interfaces and boundaries, an inspection technique that can
be associated with local structure is necessary. However, conventional PL measurements,
which ordinarily cover a wide inspection area, are not suitable for the investigation of
individual film layers and their interfaces. Frazer et al. reported the relationships between
luminescence imaging and lattice defects in Cu2O crystals fabricated by the floating zone
method [4]. Here, luminescence imaging by the excitation of a laser beam was utilized and
mapped onto a region of a few hundred micrometers. However, such resolution is still
insufficient to investigate the local PL within a multi-layered film device with the size of
several tens of micrometers, although the resolution has been improved year after year [5].
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It has been pointed out that photoluminescence and photovoltaic properties are af-
fected by the presence of lattice defects, such as vacancies and impurities in semiconductor
materials and devices [4,6]. Moreover, in multi-layered film semiconductor devices that
possess complex heterogeneous structures, local variations of photovoltaic properties are
expected to accompany heterogeneity and lack of lattice defects. As such, a method to
locally characterize photoluminescence and photovoltaic properties should be developed.
Research to directly link the local physical properties to the local structures of bulk devices
(e.g., vacancies, impurities, crystal boundaries, interfaces and so on) is likely necessary
for finding the best solution of layer structure. Additionally, if the investigation can be
conducted non-destructively, the study of property changes during use and after a long
period of use would also be possible.

A luminescence spectrograph utilizing synchrotron radiation, named SUPERLUMI,
was developed at HASYLAB in the 1990s [7,8] and can measure luminescence properties
at high precision [9,10]. Here, high-brilliance synchrotron radiation improved time reso-
lution [7,8]. However, spatial resolution was limited and deemed insufficient. Currently,
scanning X-ray microscopy at a synchrotron radiation facility is available, with a 65 nm-size
focusing beam [11]. We proposed and applied an imaging technique for local photolumi-
nescence mapping by means of a high-intensity focused X-ray at the undulator beam line
in the Japanese synchrotron radiation facility, SPring-8, in our previous research [12]. The
spatial distribution of localized photoluminescence in a CuO/Cu2O semiconductor was
measured and demonstrated with a grid size of 0.3 µm × 5 µm.

It is noteworthy that Cu2O films have recently gained increased attention in the field
of photoactive devices, such as photovoltaics (e.g., [13–15]), photonic crystals (e.g., [16])
and photocatalysts (e.g., [17]), due to their optical and electrical characteristics (e.g., [18,19]).
The CuO/Cu2O bi-layer is a potential candidate material for high-performance photoactive
material for solar cells, as well as for photocathodes to generate hydrogen by photoelectro-
chemical water splitting. The bi-layer includes two p-type semiconductors with different
bandgap energies, which is a strategy to realize a high-performance photovoltaic layer by
extending the photovoltaic wavelength range and improving the quantum efficiency [6].
Since the photovoltaic performance is highly dependent on its semiconductor quality,
which affects carrier transportation and recombination loss [6], the importance of local
photoluminescence that allows the investigation of local semiconductor quality is evident.

The Cu2O/CuO bi-layered film utilized in the previous research [12] was prepared
form the electrodeposited Cu2O films by annealing at 673 K for 3.6 ks (1 h) in air [20].
It has been reported that the luminescence properties of the electrodeposited Cu2O and
CuO formed by annealing are different [21]. Currently, hybrid composites such as the bi-
layered film of CuO/Cu2O attract the interest of many, and have been investigated as high-
efficiency photocathodes for photoelectrochemical hydrogen evolution reaction [22,23] and
electrode materials for batteries [24,25]. The Cu2O/CuO bi-layered film, the luminescence
properties of which were reported and established, is very suitable for sample evaluation in
this study to test and develop the improved local mapping method. The FTO film functions
as a transparent conductive layer to make electrodeposition possible, while ZnO plays the
roles of a conductive film and an n-type semiconductor that forms an n-p junction with a
p-type semiconductor of Cu2O.

In this study, the further improvement of spatial resolution was attempted by using a
fine focused X-ray beam set-up (beamline 20XU, Japan Synchrotron Radiation Research
Institute (SPring-8), Sayo, Hyogo, Japan) [11]. Furthermore, the energy detection range
was extended by installing a high-sensitivity PL-detector (Otsuka Electronics Co., Ltd.,
Hirakata-shi, Osaka, Japan). It was noticed that a trade-off relationship between the
resolution and detection exists, because a smaller beam makes PL detection difficult. The
problems that came to light while conducting this experiment and the possibility of an
improved method are discussed.
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2. Materials and Methods
2.1. Samples

The experimental sample for this study is a bi-layer film constituted of cupric oxide
(CuO) and cuprous oxide (Cu2O). The film was prepared on F:SnO2 (FTO)/soda-lime glass
(SLG) substrates (AGC Fabritech Co. Ltd., Minato, Tokyo, Japan) by electrodeposition
in an aqueous solution [26,27]. First, the ZnO layer was prepared by electrodeposition
on the substrate in an aqueous solution containing an 80 mmol/L zinc nitrate hydrate
(Nacalai Tesque Inc., Nakagyo, Kyoto, Japan) at −0.8 V referenced to an Ag/AgCl electrode
and 335 K for an electric charge of 0.5 C cm−2 using a potentiostat (Hokuto Denko, HAL
3000, Megro, Tokyo, Japan) connected to a coulomb meter (Hokuto Denko, HF 301, Megro,
Tokyo, Japan). The solution was prepared using reagent grade chemicals and deionized
water (purified with Milli Pore Ellix-UV-Advantage) (Merck KGaA, Darmstadt, Germany).
Next, an aqueous solution with a pH of 13.0 and containing a 0.3 mol/L copper (II)
sulfate hydrate, 0.3 mol/L tartaric acid, and 1.5 mol/L sodium hydroxide was used for
the electrodeposition of the CuO/Cu2O bi-layer. The CuO/Cu2O bi-layer was fabricated
by automatically switching the potential at 0.4 V for the CuO layer and at −0.4 V for the
Cu2O layer for a total absolute electric charge of 1 C cm−2 at 323 K with a polarization
system (Hokuto Denko, HSV-110, Megro, Tokyo, Japan) under light-irradiation by a high-
pressure mercury lamp (USHIO, OPTICAL-MODULEX, 500W) (Ushio, Inc., Chiyoda,
Tokyo, Japan) [28]. Ag/AgCl and Pt electrodes were used as the reference and counter
electrodes. Subsequently, the samples were cut into smaller specimens with the dimension
of 5 mm square using a glass-cutter for the synchrotron experiment.

Figure 1 shows the SEM (JEOL Ltd., JSM6700F, Akishima, Tokyo, Japan) image of the
cross section of the prepared sample. The stacked layers of ZnO, Cu2O and CuO can be
viewed in this cross-sectional image. The thickness of the upper CuO layer observed here
is thinner than the lower Cu2O layer. The ZnO layer is observed near the FTO substrate.
The thicknesses of ZnO, Cu2O, and CuO were approximated at 0.3 µm, 1.3 µm, and 0.8 µm,
respectively. The total thickness of the film was approximately 3–4 µm. The structures
of the prepared Cu2O and CuO films by a similar process have also been confirmed by
means of XRD (Rigaku Corp., RINT 2500, Akishima, Tokyo, Japan) inspection, as reported
by Izaki et al. [28].

Figure 1. The cross-sectional SEM image for the CuO/Cu2O bi-layered film formed on a ZnO/FTO-
coated substrate.

2.2. Synchrotron Experiment

PL mapping was carried out at the first experimental hutch of BL20XU in the Japanese
synchrotron facility, SPring-8. A schematic illustration of the experimental set-up used in
this study is shown in Figure 2. The monochromatic X-ray energy of 10 keV was chosen
by using an (111) Si double crystal monochromator (standard type of SPring-8, Japan).
A probe beam was generated by using a Fresnel zone plate (FZP) as a focal beam [11]. The
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sample was set at the focal plane of the FZP. The FZP’s zone material was made of tantalum
with 1 µm thickness and a diameter of 310 µm, as well as an outermost zone width of
50 nm and a focal length of 625 mm at 10 keV. Vertical and horizontal slits were installed to
cut off scattering beams. The size of the focused beam can be estimated at 0.3 µm in width
and 0.3 µm in height of the sample position. The width of the beam used in this study was
approximately 16 times smaller than the beam used in the previous research [12].

Figure 2. The experimental set-up used in this study.

A small piece of the deposited CuO/Cu2O/ZnO substrate was mounted horizontally
on a stage, and a focused X-ray beam was irradiated at the square corner of the sample,
as shown in Figure 2. The sample stage had high-precision drive mechanisms for the
horizontal, vertical, and rotational movement. Initially, the sample position was roughly
adjusted based on the camera image for sample alignment. The detailed position was
further calibrated using a 2D X-ray-to-visible light converter-type detector, which consisted
of a scintillator, an optical lens, and a CMOS camera (Hamamatsu Photonics K.K., ORCA-
Flash4.0, Hamamatsu, Shizuoka, Japan), which was placed 150 mm behind the sample (see
Figure 3).

Figure 3. Radiograph obtained by the 2D X-ray detector.

A light-receiving fiber for the PL emission and an array spectrometer MCPD-9800 (Ot-
suka Electronics Co., Ltd., Hirakata-shi, Osaka, Japan) were placed roughly perpendicular
to the X-ray beam. The spectrometer consisted of flexible optical fiber, slits, grating, and
array-detecting elements. It can measure light with wavelengths of 360–1100 nm with high
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sensitivity. The light-receiving fiber was installed at the position where the intensity of light
emission became the maximum. The X-ray beam intensity was sufficient to observe PL
emissions in the sample of this study. Two-dimensional scans of the PL (i.e., 2D mapping)
were performed on the CuO/Cu2O bi-layered film. The emission spectra were collected by
the spectrometer for an exposure time of 10 s at each X-ray irradiation position.

3. Results and Discussion

The photoluminescence spectra obtained by the spectrometer are shown in Figure 4.
In this case, the focused synchrotron radiation beam scanned the CuO/Cu2O film in the
depth direction by steps of 0.3 µm. Peaks around 1.4 eV, 2.4 eV, and 3.3 eV were found in
the spectra, depending on the scanned depth. Very strong peaks around the vicinity of
3.6 eV are found in almost all of the scanned positions.

Figure 4. The photoluminescence spectra obtained by the spectrometer during a depth scan. (a) Three-axis plot of the
emission energy, position (depth), and emission intensity, and (b) intensity vs. energy, in which several peaks can be found.

According to the reported references [20,26,29], 2.0 eV–2.1 eV visible light emitted by
Cu2O can be attributed to the direct recombination of the photon-assisted excitons. Addi-
tionally, Cu2O emitted 1.52 eV-light as a defect-related emission [26,30,31]). With regard to
CuO, it was reported that the light emission at 1.32 eV [32], 1.4 eV [33], and 1.38–1.56 eV [34]
were due to bandgap energies. It was also reported that the (0001)-oriented ZnO layer emits
not only near-band emissions at 3.25 eV –3.3 eV by recombination [35], but also visible
light emissions at 2.28 eV and 2.8 eV [36]. In addition, the substrates possess emission
peaks at 1.9 eV and 2.7 eV [12]. The obtained peaks in Figure 4 are related to the emission
light energies reported for each material constituting the film sample. It was noted that
the intensity of light emission was weak compared to the previous work [12], due to a
smaller-sized X-ray beam. Nonetheless, despite reducing the X-ray beam’s size, the local
measurement of photoluminescence spectra was successful, although a delicate set-up for
the spectrometer was necessary. The light emission spectra obtained at each position were
then converted into intensity maps with individual energies, in order to understand the
detailed relationship between localized luminescence and film structures.

Figure 5 shows the intensity maps of the measured emissions at (a) 1.4 eV, (b) 2.0 eV,
(c) 3.3 eV, and (d) 3.6 eV. The vertical and horizontal axes of the figure correspond to the
directions parallel to the film’s depth and the substrate’s surface plane, respectively. In
the absence of light emission, we found the film surface placed at the depth position of
about 4 µm. Horizontal bands of high intensities are clearly visible in (a), (c), and (d).
An extremely weak emission was observed for the whole area of the sample in (b). The
high-intensity bands observed in (a), (c), and (d) are not flat. This seems to reflect the film
structures at an improved spatial resolution by using the finer focus beam. However, the
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initial curves of intensity bands observed in the vicinity of zero-position of the horizontal
x-axis may have been due to the initial X-ray beam drift.
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The emissions observed at 1.4 eV can be associated with Cu2O and CuO, as mentioned
earlier in this section. Two separated narrow bands are recognized in (a), although CuO
and Cu2O layers are stacked in the prepared film. The intensity of the band nearer to the
surface is weaker than that of the lower band. Emissions of 2.0 eV shown in (b) are expected
in Cu2O. However, no clear light emission was obtained in this study; only weak light
was observed. Light emissions at 3.3 eV could not be obtained in the previous work [12]
because 3.3 eV was out of range for the spectrometer used in the last experiment. The
emission at 3.3 eV can be related to the ZnO layer. As shown in the map (c), light emissions
were obtained in a depth range from 4 µm to 8 µm. In this study, it was found that not only
spatial resolution but also energy range was extended. When one observes the 3.6 eV map
(d), which would almost reflect the whole sample structure in detail, it is revealed that the
film thickness observed from the light emission map of the X-ray beam is thicker than that
observed by SEM (see Figure 1). The SEM observation of the samples was carried out again
after the synchrotron experiment, to confirm the experimental situation of the X-ray scan.

Figures 6 and 7 show the SEM images of the X-ray scanned sample. Top views are
shown in Figure 6. A missing part of the film is recognized at the corner of the substrate, as
shown in (a). This was due to the pushing and cracking of the substrates with a glass cutter
while the small samples were being prepared to be mounted onto the stage. The shape of
the missing area was arc-shaped. Magnified images at the end of the arc can be seen in (b)
and (c). The bi-layered CuO/Cu2O film seemed to be undamaged by the X-ray irradiation.
The non-flat surface in the targeted area observed in the SEM images corresponds to the
surface characteristic obtained in Figure 5.
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Figure 6. Top views of X-ray scanned sample observed by SEM. Image of the sample corner, which
was scanned by X-ray (indicated by an arrow), in low magnification are shown in (a). The magnified
images within (a) are shown in (b,c).

Figure 7. Side view of the X-ray-scanned sample by SEM.

The sample image observed from the side of X-ray irradiation is shown in Figure 7.
The two arc edges are shown in Figure 6b,c. Since the mounting of the substrate on
sample stages was reproducible for both the X-ray experiment and SEM observation,
this shows that there was a probable difference in film height at different film positions.
The difference of film thickness in the X-ray scan (Figure 5) and SEM image (Figure 1)
can also be explained. Two narrow bands were observed at 1.4 eV separately, as shown
in Figure 5a. These emissions came from the CuO and Cu2O layers. The origin of the
two observed bands is understandable by referring to the SEM image shown in Figure 7;
that is, emissions occurred not only for the front side but also the rear side exposed to
the front view. As the light emission was obtained at 3.3 eV, which corresponds to ZnO
emissions distributed through a depth range from 4 µm to 8 µm, the mounted substrate
might be slightly tilted. The results obtained from the comparison of X-ray scans and SEM
observations strongly point to the importance of sample alignment in order to improve
the spatial resolution of X-ray scanning. The preparation method of the sample pieces
should also be improved. Two-dimensional PL mapping was achieved in this study, but
the utilization of a tomographic technique can be considered to obtain a three-dimensional
PL map. The tomographic method, which reconstructs cross-sections of the sample, could
solve the issues of sample condition and sample alignment, as revealed in this study.



Materials 2021, 14, 5570 8 of 9

4. Conclusions

In this study, the scanning of local photoluminescence was attempted on a CuO/Cu2O
bi-layered film formed on a ZnO/FTO substrate by a size-reduced, focused X-ray beam
in comparison to the previous study. Although there is a trade-off, with the increase in
spectrum collection time due to the decrease in beam intensity, the mapping of photo-
luminescence influenced by microstructures was possible by utilizing a high-sensitivity
spectrometer. Acquisition of the two-dimensional PL maps was successfully accomplished
through 0.3 × 0.3 step scanning by applying a similar set-up, which recorded a 65 nm-size
focusing beam, as reported in [11], although such fine step had only been available for
vertical scan in the previous study [12]. The wavelength range measurable by localized
photoluminescence was also extended to over 3.1 eV by the spectrometer. However, it was
revealed that the utilization of a small beam makes sample alignment difficult. Comparison
of PL maps and SEM images of the scanned sample indicated the importance of sample
alignment to measure localized PL correctly. Proper care should also be taken to prevent the
film from being damaged. These results gave insight for future trials and improvisations
towards a high-resolution localized PL mapping, which are expected in the near future.
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