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Structure evolution and SERS activation of cuprous
oxide microcrystals via chemical etchingt

Chao Qiu, Ying Bao, Nathan L. Netzer and Chaoyang Jiang*

The morphology, composition, and structure of semiconductor nanomaterials play important roles in
tuning their unique physical and chemical properties for a variety of applications. We report a facile
chemical method to etch cuprous oxide microcrystals which resulted in excellent performance in
surface-enhanced Raman scattering (SERS). Microscopic and spectroscopic tools were utilized to
investigate the cuprous oxide structures with the chemical etching, as well as the assessment of the
SERS sensitivity. The increasing SERS sensitivity can be attributed to the generation of Raman hot spots
related to the etching-induced rough surface, sharp tips and edges, as well as the strong chemical
interactions between the probe molecules and the SERS substrates. Our work introduced a simple
method to modify the semiconductor nanomaterials and induce SERS activity, thus expanding the
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Introduction

Semiconductor materials have demonstrated an increasing
interest in both fundamental studies and practical applications;
especially those related to tunable band gaps and optical
properties when their dimensions are on the scale of nanome-
ters. As a typical semiconductor with a bulk band gap of 2.2 eV,
cuprous oxide (Cu,0) is a multi-functional material that can be
utilized in broad applications such as low-cost photovoltaics,'
photocatalysis,** and gas sensors.*” The properties of Cu,O are
largely dependent on their nano- or microstructures. Cu,O with
well controlled morphologies have been synthesized, ranging
from cubic,®® octahedral,* truncated octahedral** to truncated
rhombic dodecahedral,”™ nanowires,” and porous nano-
structures.'>* Such various morphologies result in interesting
catalytic, electrical, photocatalytic, optical, and molecular
adsorption properties. For example, Wang and Zhang studied
structure-dependent optical responses by tailoring the radii of
Cu,O nanoshells.” Dai and co-workers reported a photo-
degradation of dye molecules using Cu,O microcrystals with
well-formed facets.’® Furthermore, post-synthetic chemical
modifications are considered important alternatives to tune the
micro- and nanostructures.*”*®* Cu,O nanocubes were oxidized
to urchin-like particles and an excellent electrochemical
performance was revealed, which is critical for lithium battery
application.” The Cu,0O nanocubes can also be used as
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application area of cuprous oxide microcrystals.

nanotemplates to prepare other nanomaterials for improving
the lithium storage capability.”® Overall, post-synthesis modifi-
cation provides a new means to tune structures of semi-
conductor nanomaterials, which offers additional opportunities
for multi-step structural optimizations and performance
improvements.*

Surface-enhanced Raman scattering (SERS) has attracted
increasing attention due to its broad applications ranging from
ultrasensitive chemical identification,”**” biological sensing,**>*
environmental analysis** to space exploration and homeland
security.*® The current on-going SERS study includes substrate
design,**?* experimental fabrication,** and theoretical
modelling.***> Among various SERS substrates, noble metal
based nanostructures**** have received much attention since
their surface plasmon resonance can largely enhance the local
electromagnetic field and SERS signals. Recently, SERS-active
substrates composed of transition metals*® and semiconducting
materials**®* have been explored. The SPRs of semiconductors
and quantum dots have been discovered in the near infrared
range.*>*® A systematic study of the semiconductor SERS
substrates will not only facilitate an insightful understanding of
SERS, but also extend the selection of SERS substrates, broaden
the range of SERS applications, and create new applications for
semiconductor nanomaterials.

The SERS capability of cuprous oxide was first investigated by
Dolata and co-workers.** The SERS activity of nanoscale cuprous
oxide was recently reported and its enhancement mechanism
was tentatively elucidated.*®*** For instance, plasma-etched
Cu,O porous nanowires,” Cu,O nanospheres,*® and Cu,O
related nanodendrites® were reported for the enhanced SERS
abilities. Besides that, SERS-active substrates also include Cu,O
nano-structural materials, and Cu related materials, such as
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Ag-CuO thin films® and Cu nanoparticle colloidals.*® In our
previous study, we reported that Cu,O porous nanostructures
exhibited excellent SERS sensitivity, which can be attributed to
both electromagnetic (EM) field enhancement and photo-
induced charge transfer (CT) enhancement.*® On the other hand,
a variety of studies on Cu,O submicro- or microparticles have
been conducted, ranging from their various tunable structures to
their structure-dependent properties. Cu,O microstructures
have the potential to be utilized as SERS substrates. As far as we
know, so far there has been no report on the SERS activity
obtained directly from Cu,O microcrystals.

In this article, we introduce a facile chemical approach to
create Raman hot spots on Cu,O microcrystals, which can
consequently generate impressive SERS activities. The Cu,O
microcrystals were chemically etched using an ammonia solu-
tion. During the etching process, the morphologies of those
Cu,O microcrystals were altered; their optical properties were
widely tuned; and the SERS capabilities were largely improved.
SERS signals were obtained from chemically modified Cu,O
microcrystals, and the enhancements were largely related to the
reaction time and pH values of the etchants. Our results provide
a new opportunity to use SERS to explore the molecule-semi-
conductor interaction, a fundamental but essential question for
designing novel devices.

Methods

Synthesis of Cu,O microcrystals

The Cu,O microcrystals were synthesized according to a previ-
ously reported method.?” Typically, 0.825 g of copper chloride
dihydrate (Acros 99%) was first dissolved in 50 mL of deionized
water under constant stirring. 10 mL of NaOH (6.0 mol L")
aqueous solution was added dropwise to the copper chloride
solution. The resulting mixture was continuously stirred for five
minutes at a constant temperature of 70 °C. Then, 0.200 g of p-
glucose powder was added to the mixture, and the reaction
mixture was kept at 70 °C and stirred for 15 minutes. During
this process, the precipitate gradually changed its color from
blue to brick red. The reaction mixture was then naturally
cooled down to room temperature and the precipitates were
centrifuged and washed several times using deionized water
and methanol. The resulting microcrystals were finally
dispersed in methanol for further experiments.

Thin film fabrication and etching

Two types of thin films of cuprous oxide microcrystals were
prepared in our experiments. The Langmuir-Blodgett (LB)
technique was employed to fabricate uniform Cu,O micro-
crystal thin films. More information about LB film preparation
can be found in the ESL.¥ A drop casting method was used to
prepare Cu,O thin films with low-density microcrystals. For the
chemical etching process, those thin films were dipped into
ammonia solutions with different pH values for desired times.
In most cases, the microcrystal thin films were treated with
ammonia solution (pH = 11.7), unless otherwise specified
(ranging from 11.2 to 11.9). After etching, the thin films were
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thoroughly washed using deionized water and methanol, and
were dried under nitrogen stream. For enhanced Raman
measurements, 10 pL (0.8 mmol L™ ") of 4-aminothiophenol (4-
ATP) solution was well spread on the prepared Cu,O micro-
crystal thin films and dried naturally.

Characterizations

The structural evolution of microcrystals in the thin films was
studied using scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). SEM images, obtained
from a Zeiss Supra40VP variable-pressure field-emission SEM,
were employed to investigate the morphologies of Cu,O
microcrystals. Furthermore, microstructures were examined
using TEM on a FEI Tecnai electron microscope with an accel-
eration voltage of 120 kV. We also utilized an X-ray photoelec-
tron spectrometer (XPS) to study the variation of the chemical
composition during the etching process. The XPS (ESCA SSX-
100) was equipped with a monochromated Al K,, X-ray source, a
hemispherical sector analyzer (HSA) and a resistive anode
detector. The base pressure of the XPS system was 5.0 x 10~ *°
Torr. During the data collection, the pressure was ca. 5 x 10~°
Torr. The X-ray spot size was 1 x 1 mm?, which corresponded to
an X-ray power of 200 W. Absorbance spectra of Cu,O micro-
crystals and their thin films were measured using a Cary 50 UV-
Vis spectrophotometer.

SERS spectra and confocal Raman mapping were collected
on an Aramis confocal Raman microscope (Horiba Jobin Yvon,
Edison, NJ) equipped with a diode-pump solid state (DSPP) laser
(532 nm). The laser with an intensity of 0.40 mW was focused
using a 50x objective (NA 0.75) onto the samples on the glass
slides, which were mounted onto a 200 x 200 x 200 pm piezo
scanner. The Raman signals were collected with the same
objective lens at a 180° back-scattering configuration and
passed through an edge filter into a monochromator and an
electric-cooled charge-coupled device (CCD) camera. For single
crystal Raman spectrum, the acquisition time was five seconds.
To obtain a Raman map, a selected area of the sample was raster
scanned under the laser beam and an array of the Raman
spectra was recorded with an acquisition time of one second for
each position. The spectra were then mathematically processed,
and the intensity distribution for the Raman peaks of interest
can be revealed.

Results and discussion

Chemical etching with ammonium solutions can be clearly
revealed by the change of colors for Cu,O microcrystals. Fig. 1a
shows the digital photographs of a Cu,O microcrystal thin film
before and after the ammonia solution treatment. The color
change of the thin film was noticeable, which indicates the
occurrence of chemical etching and the possibility of
producing new morphologies and chemical compositions
(Fig. 1a right).

To further investigate the optical properties of Cu,O micro-
crystals in the etching process, in situ UV-Vis spectra were
recorded as shown in Fig. 1b. The spectra were collected with a
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Fig. 1 (a) Photographic images of as-synthesized Cu,0, and that reacted with
ammonia solution; (b) in situ UV-Vis spectra of the Cu,O microcrystal thin film
reacted with NH3-H,O solution. Each spectrum was recorded after every two
minutes; (c) change of the positions of the Cu,O microcrystal thin film extinction
peaks during the reaction.

time interval of two minutes. The Cu,O microcrystals exhibit
four scattering peaks at 508, 564, 677, and 935 nm. Those
scattering peaks originate from the phase-retardation effect as
was discussed in the literature.*®** During the chemical etching,
those scattering peaks showed a trend of significant blue shift,
and eventually exhibited a broad peak at about 625 nm. The
absorption spectra might be partially affected by dissolved
copper ions in ammonia solution, since the color of the reactant
solution changed to light blue after 30 min reaction. The broad
peak can be due to the scattering of numerous irregular Cu,O
microcrystals. Moreover, the absorption intensities gradually
decreased with the progress of the etching reaction. That is
reasonable because some of the Cu,O microcrystals were etched
off from the thin film and, as a result, the amount of Cu,O was
reduced.

Fig. 1c shows the positions of the main scattering peaks for
the Cu,O microcrystals during the etching reaction. It is clear
that the peak positions blue shifted during the etching reaction.
The reaction was eventually finished after 20 min etching.
Similarly, a study on the absorption intensity also gives a
conclusion that there was no obvious decrease in the UV-Vis
extinction spectra for Cu,O microcrystal thin films after 20 min
reaction. For a structural and optical study of the etched Cu,O
microcrystals, the reaction time was kept under 30 minutes
since the etching processes are most likely completed in such a
time period.

The morphology changes of Cu,O microcrystals during the
chemical etching were investigated using scanning electron
microscopy. As shown in Fig. 2a, the as-synthesized Cu,O
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microcrystals display uniform octahedral crystal shapes with
tiny truncated corners. Those crystals with an edge length of
about 1 pm were packed on the glass substrates. The SEM
images showed crystal facets with a smooth surface. Those
microcrystals exhibit uniform size, and are well spread without
any agglomeration during the thin film preparation. When
reacted with NH;-H,O solution, those microcrystals gradually
altered their morphologies upon the on-going etching process.
Several etch pits around 50 nm can be observed on the (111)
facets of the Cu,O microcrystals reacted for five minutes
(Fig. 2b). The dimension, depth, and density of etch pits
increased with a longer etch period, and the roughness of facets
also increased as shown in Fig. 2¢ and d. After 20 min reaction,
some (111) facets were even completely etched off and micro-
crystal octahedron structures were partially broken, which left
irregular hollow structures, a rough surface, and few sharp
edges (Fig. 2e). Most crystal structures eventually broke into
parts with 30 min etching (Fig. 2f), resulting in irregular thin
shells and broken pieces with sharp edges.

The morphology and crystal structure of Cu,O microcrystals
were also investigated using TEM, from which the changes in
shape and crystallinity during the etching process are clearly
observed (Fig. 3). While the as-synthesized Cu,O microcrystals
have smooth edges in the TEM image (Fig. 3a), the edges of the
etched microcrystals (10 min) are rougher (Fig. 3b). Such non-
smooth edges can be observed more obviously in Fig. 3¢ where
an individual microcrystal is imaged. The High Resolution TEM
(HRTEM) of the edge portion clearly reveals a crystal lattice
fringe of 0.25 nm, which is corresponding to the d-spacing of
(111) planes of Cu(OH), crystals or (111) planes of CuO crystals.
After a 20 min reaction, sharp tips and irregular features were
observed on the microcrystal surface as shown in Fig. S1,t
which indicated the continuous etching reaction.

The chemical etching process not only altered the shape of
the Cu,O microcrystals, but also changed the chemical
components and produced new copper species. A reaction
mechanism has been proposed by Huang et al. where the
surface of the etched Cu,O microcrystal is converted to a
mixture of Cu,0, CuO and Cu(OH), according to known reac-
tions.*® The chemical composition variations of Cu,O micro-
crystals were further studied via an X-ray photoelectron
spectroscopy technique. XPS is considered to be a powerful

Fig.2 SEM images of Cu,0 microcrystal thin films reacted with ammonia solution (pH = 11.7) under different reaction conditions. (a)—(f) represent the reaction time
differences: 0, 5, 10, 15, 20, 30 min, respectively. The detailed morphology is shown in the higher resolution SEM images in the bottom row. All scale bars are 1 um.
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Fig. 3 TEM micrographs of as-synthesized Cu,O microcrystals (a), and Cu,O crystals
etched 10 min by ammonia solution (pH = 11.7). (c) Magnified TEM image of a Cu,0
microcrystal etched 10 min by ammonia solution (pH = 11.7). (d) HRTEM image
corresponding to the marked area in (c) and its fast Fourier transform pattern (inset).

technique to study the transition metal compounds. As shown
in Fig. 4a, a strong Cu 2p3,, peak at 932.2 eV is observed in the
XPS spectrum of as-synthesized Cu,O microcrystals. This peak
can be attributed to Cu(i) which represents the formation of
Cu,0.°%% A few shake-up satellite peaks were also observed in
the spectra, which are related to the diagnostic features of an
open 3d° shell. Those satellite peaks are corresponding to Cu(n)
states at high binding energies of 934.6, 941.4, and 943.8 eV,
respectively.®” The appearance of shake-up satellite peaks of as-
synthesized Cu,O microcrystals might result from the amor-
phous Cu(u) due to surface oxidation. This phenomenon has
also been reported in the literature.®

The chemically etched Cu,O microcrystals exhibited different
XPS spectral patterns as compared to the as-synthesized ones.
The positions of copper peaks remain unchanged with the on-
going etching process (Fig. 4a). However, the relative intensities
of various copper peaks showed significant changes (Fig. 4b). For
the 10 min etching, the positions of copper peaks remained the
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Fig.4 (a) XPS spectra of Cu,O microcrystals reacted with NH3-H,0 (pH = 11.7)
for different times, from top to bottom: 0, 10, and 20 min. (b) Comparison on
integrated areas of Cu* and Cu?* peaks.
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same while the relative intensity of the peak at 932.2 eV
decreased dramatically. Such a decrease in the peak intensity
was further observed in the samples after 20 min etching. This is
quite reasonable considering the solubility of Cu,O microcrys-
tals in ammonia solution during the etching process. With the
progress of the etching reaction, Cu(i) ions on the microcrystal
facets were further dissolved, and Cu(u) ions were formed. After
20 min etching, the amount of Cu(u) ions on the surface of
microcrystals eventually exceeded the amount of Cu(i). Knowing
the changes in chemical composition can be very helpful in
controlling the structure and morphology of the resulting
particles, which can play important roles in determining their
optical characteristics and applications such as SERS.

SERS spectra and maps of Cu,O microcrystals with different
etching times were measured to study the impact of chemical
etching on their SERS activities. As we know, quantitative
studies of the enhancement factor (EF) of designed SERS
substrates, as well as their uniformity and reproducibility, have
become tremendously critical in developing new materials for
ultra-sensitive SERS detection. In our case, we employed 4-ATP
as probe molecules to assess the SERS activities of the as-
synthesized Cu,O microcrystals (1.0 mol L™ 4-ATP) and etched
Cu,O microcrystals (4 x 107> mol L™' 4-ATP). Three photo-
graphs shown in Fig. 5 were taken after the deposition of probe
molecules on the microcrystal substrates. In the sample of as-
synthesized Cu,O microcrystals, a grey area was observed
around the scattered microcrystals which can be due to the high
concentration of the 4-ATP solution. In the corresponding
Raman map (Fig. 5d), a weak Raman intensity domain can be
observed and the domain shape is very similar to that in the
photograph, confirming the existence of the 4-ATP molecules.
Furthermore, the presence of Cu,O microcrystals did not
promote strong Raman signals. Even with a high 4-ATP
concentration, only infinitesimal Raman signals can be recog-
nized from those as-synthesized Cu,O microcrystals. This result
is consistent with our previous report on the size dependent
SERS activities of cuprous oxide materials.>®

800 1600
Vaverumber (cni)

Fig. 5 Bright field optical photographs (a—c) of as-synthesized Cu,O microcrys-
tals, etched by NH3-H,0 solution (pH = 11.9) for 5 and 10 min, respectively. Sizes
of the area shown in the photographs: 40 x 40 pm. Raman maps (d—f) represent
the corresponding area in optical images. Inset: the SERS spectra acquired from
the positions that were pointed out by the colored arrows, respectively.
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On the other hand, the chemically etched Cu,O microcrys-
tals exhibit excellent SERS performance with absorption of 4-
ATP at fairly low concentrations. As shown in Fig. 5, these strong
SERS signals originated from those Cu,O microcrystals after
ammonium etching. Distinctive SERS signals from individual
microcrystals can be easily observed in the Raman map. The
distinct Raman signals, acquired from those individual micro-
crystals, appear at positions of 1004, 1079, 1141, 1189, 1389,
1435, and 1576 cm ™', which are consistent with Raman spectra
of adsorbed 4-ATP molecules.®**® The peaks at 1141, 1389, and
1435 cm™ ' were originally assigned to the b, modes due to the
photo-induced charge transfer mechanism.?***% However, it
has also been reported that those peaks originated from the a,
modes of the dimerized products that were formed due to
surface chemical transformation.***” Even though controversial
mechanisms still exist for those peak assignments, the SERS
sensitivity of etched Cu,O microcrystals was clearly demon-
strated. It should be noted that the enhancement of the SERS
signals could be a combination of more adsorption on a larger
surface of modified microcrystals, a strong physical enhance-
ment, and chemical interactions between the probe molecules
and modified microcrystals. The first factor related to a larger
surface area is not an intrinsic property. Although such a
mechanism cannot be excluded, we believe that physical
enhancement and chemical interaction would play more
significant roles in the enhancement of the SERS signals, as
discussed in our previous work.*® Numerical simulations clearly
indicated that the intensity of a localized electromagnetic field
can be much higher in the vicinity of the Cu,O materials.
Furthermore, the chemical interactions between the probe
molecules and the Cu,O surface were evidenced by the addi-
tional Raman peaks which were absent in the normal Raman
spectrum of bulk probe molecules. Actually, the strong SERS
signals obtained on the etched Cu,O microcrystals again
confirmed those enhancement mechanisms.

A longer etching time makes Cu,O microcrystals more
sensitive in SERS experiments. For samples with 10 min
etching, although the scattering in the optical micrograph is
weak and the microcrystals look much smaller, the SERS
intensities obtained from those microcrystals are even higher
than those etched for 5 min. The insets of Fig. 5d-f show three
typical SERS spectra obtained from Cu,O microcrystals under
the above-mentioned conditions, where locations were indi-
cated by corresponding colored arrows in a, b, and c, respec-
tively. We selected two distinct Raman peaks for the EF
calculation: 1074 cm ™" and 1435 cm™". To simplify the calcu-
lation, we assume that the volumes of probe molecules under
the laser spots were equal. The EF of Cu,O microcrystals reacted
with ammonium solution (pH = 11.9) for 10 min is 6.66 x 10°
(Raman peak at 1074 cm™ ') and 5.88 x 10° (Raman peak at 1435
cm ™). Similarly, the high EF for the Raman peak at 1435 cm ™"
can be attributed to either photo-induced charge transfer or
probe molecule dimerization.

The SERS performance of those etched Cu,O microcrystals
was further systematically studied, in regard to the etching
time, pH dependence, and SERS uniformity. Several low-density
Cu,O microcrystal films were prepared to significantly
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eliminate possible aggregation of the microcrystals. Fig. 6a
shows typical Raman spectra from individual Cu,O microcrys-
tals (0.8 mmol L™ 4-ATP) with various etching times. For the
original as-synthesized Cu,O microcrystals, there were only very
tiny SERS signals. Distinct SERS signals were observed from
Cu,O microcrystals with 5 min etching. Increasing the etching
time resulted in higher SERS peaks. The summary plot in Fig. 6b
shows the relationship between SERS intensity and the etching
time of Cu,O microcrystals in ammonium solutions. Under
each etching condition, 20 Cu,O microcrystals were randomly
selected and the peak intensities at 1435 cm ™" (see Fig. 6a) were
used for comparison. It is very obvious that the Raman inten-
sities were increasing with a longer etching time, and the
individual Cu,O microcrystals after 20 min etching displayed
the highest SERS performance. The confocal SERS experiments
of microcrystals etched beyond 20 min are not practical due to
the inability to identify those individual microcrystals in the
optical microscopy. The SERS performance of individual Cu,O
microcrystals is slightly varied even under the same etching
conditions, which can be related to the heterogeneity of indi-
vidual microcrystals and their local environment, such as facet
orientation and anisotropic etching. The increasing tendency of
SERS abilities along the etching time might be dominated by a
higher density of Raman hot spots generated from the rough
surface and the increased active charge transfer areas on the
etched microcrystals.

The etching process and its impact on SERS were further
studied via conducting the reaction with ammonium solutions
with different pH values. The low-density Cu,O microcrystal
films were reacted for 10 min with ammonium solution with pH
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Fig. 6 (a) SERS spectra of 4-ATP molecules adsorbed on individual Cu,O
microcrystals with different reaction times (minutes); (b) statistics of SERS inten-
sities attained from 20 microcrystals under different reaction conditions; (c)
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Raman maps (50 x 50 pm) of high-density Cu,O microcrystal films that were
etched by NH3-H,0 solution under different reaction times.
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values varying from 11.3 to 11.9. Raman spectra from random
individual Cu,O microcrystals were taken and the dependence of
SERS intensity (Raman peak at 1435 cm ™) on the pH of etching
solution was studied. The SERS performance of those individual
Cu,O microcrystals is plotted in Fig. 6¢. It reveals that the SERS
activities of the etched Cu,O microcrystals were highly sensitive
to a small change in the pH value of the etchant. This is usual
considering the strong structure-property relationship of the
Cu,O SERS active materials. Altering the etching condition
allows tuning of nano- and micro-structures of the products,
thus optimizing the SERS performance of final substrates.

The SERS behavior of etched Cu,O microcrystals was also
explored on high-density Cu,O microcrystal thin films. These
films were fabricated via a Langmuir-Blodgett method and then
they were treated with NH;-H,O solution (pH = 11.7) for
different periods of time. Dark field photographs (Fig. S27)
show the comparison of color difference between the original
thin film and the one after 20 min etching. Besides the color
change, the microcrystal density of the thin film decreased,
which is consistent with the UV-Vis results discussed above.
Raman maps with a size of 50 x 50 um were obtained. We
found that the Cu,O microcrystal thin films, similar to the
individual Cu,O microcrystals, revealed a comparable trend of
increasing SERS signals when treated for a longer time with
NH;-H,0 solution. Furthermore, the percentage of the map
area (intensities above 50 and 100 counts, respectively) is shown
in Fig. 6d. With a longer etching process, Cu,O microcrystal
thin films showed an increase in SERS sensitivity. The long-term
SERS sensitivity of the etched Cu,O microcrystal thin films was
also investigated. A Cu,O microcrystal thin film (with 20 min
etching) was measured for Raman intensity for 10 days. As
shown in Fig. S3,f the film represented similar Raman
enhancements in an acceptable range during those 10 days.

One additional intriguing phenomenon we observed during
the chemical etching is that the etching progress and SERS
activity also depend on the local microenvironment, such as the
packing density of the Cu,O microcrystals. To investigate such
an effect, we fabricated Cu,O microcrystal thin films via a drop-
casting method, in which some packed areas were observed
with some satellite-like isolated crystals surrounding them.
This film was chemically etched via ammonium solution
(pH = 11.7) for 5 min, and then thoroughly washed before the
probe loading. Fig. 7a shows a dark field optical photograph of
Cu,O microcrystals where an area of high-density microcrystals

Fig. 7 (a) Dark-field image of the selected featured area from the Cu,O micro-
crystal thin film etched in ammonium solution (pH = 11.7) for 5 min, image size:
50 x 50 pm; (b) the same area under the black-white channel, isolated crystals are
circled in green; (c) Raman map of the same area.

This journal is © The Royal Society of Chemistry 2013

View Article Online

reveals a reddish color whereas some smaller bluish particles
localized around the packed area. The different appearance in
the dark field image indicates dissimilar etching conditions.
The isolated microcrystals were more strongly etched than
those of the packed ones, which can lead to a rougher surface,
smaller sizes, and weaker reflectance. On the black-white
channel image, processed with Image] software, the size
differences between those packed and isolated crystals are
distinguished more easily (Fig. 7b).

The Raman mapping was conducted in the same area and a
typical result is shown in Fig. 7c. The SERS signals were
obtained from all the etched Cu,O microcrystals. It is note-
worthy that the SERS intensities at most isolated crystals (green
circles in the black-white channel image) are stronger than
those acquired from close-packed areas. Such a difference in
SERS sensitivity is correlated well with the results of a dark-field
image, and can be attributed to the different etching conditions
for the isolated and close-packed Cu,O microcrystals. We have
mentioned that a slight pH change can cause different etching
conditions. The stronger SERS sensitivity of isolated Cu,O
microcrystals might be related to the easy access of chemical
regents in the etching solution, thus causing a faster etching
reaction as compared to the close-packed ones. Our results
confirmed the importance of controlling experimental condi-
tions in preparing etched Cu,O microcrystals for desired
structures and better SERS sensitivities. As compared with other
nanoparticles of copper and its oxides, the etched Cu,O
microparticles possess several obvious advantages: well-shaped
single crystals with excellent crystallinity; rich history on
synthetic approaches for various microscale morphologies; and
tunable etching methods for SERS active products. While some
of the chemical enhancement mechanisms could be shared
with other copper-based SERS substrates, the etched Cu,O
microcrystals have demonstrated excellent SERS sensitivities,
thus they have great potentials for designing novel materials
with multiple functionalities.

Conclusion

Cuprous oxide microcrystals etched with an ammonium solu-
tion can result in the changes of both structure and chemical
composition of the microcrystals. The etching process gener-
ated smaller and rougher features on those microcrystals, and
strong SERS activity has been observed from the etched
microcrystals. The relationship between the SERS sensitivity
and etching process was systematically explored. Using this
chemical etching approach, the SERS signals from the Cu,O
microcrystals were significantly improved with an enhancement
factor up to 10°. The improvement of SERS ability might be
dominated by a higher density of Raman hot spots and the
increased area of active charge transfer on etched microcrystals.
Both the etching process and the SERS activities varied signifi-
cantly with the etching time, the pH of the etching solution, and
the local chemical microenvironment of the Cu,O microcrys-
tals. Our work demonstrated a new approach to create SERS-
active semiconductor materials and broaden the applications of
Cu,O microcrystals.
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