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The present work demonstrates the superhydrophobic and Surface Enhanced Raman Spectroscopy (SERS)
active substrate performance of silver coated copper oxide (Ag@CuO) nanostructured thin films prepared
by the SILAR process. Super hydrophobic substrates that combine super hydrophobic condensation effect
and high enhancement ability of Ag@CuO nanoflowers are investigated for SERS studies. The possible
growth mechanism for the formation of nanoflower arrays from nanospindles has been discussed.
Morphology and crystallinity of the Ag@CuO thin films are confirmed using FESEM and XRD. The results
obtained in the present study indicate that the as-deposited hydrophobic nanospindles structure con-
verts to super hydrophobic nanoflower arrays on annealing at 200 �C. The Ag@CuO super hydrophobic
nanoflowers thin film based SERS substrates show highly enhanced Raman spectra with an EF value of
2.0 � 107 for (Rhodamine 6G) R6G, allowing a detection limit from a 10�10 mol L�1 solution. The present
study may provide a new perception in fabricating efficient super hydrophobic substrates for SERS, sug-
gesting that the fabricated substrates are promising candidates for trace analysis of R6G dye and are
expected to be widely used as highly sensitive SERS active substrates for various toxic dyes in the future.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction and in self-cleaning processes such as in drug delivery, anticorro-
Superhydrophobic surfaces are fascinating in view of their
widespread and potential applications in various industrial fields
sion, and lab-on-chip systems. Their performance can be controlled
by well-mannered nanostructures and chemical composition of
solid surfaces [1]. In addition to the above applications they have
also been used for Surface Enhanced Raman studies (SERS) [2,3].
One of the most dynamic research fields in SERS is related to the
search for new substrates with improved enhancement efficiency,
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Fig. 1. Schematic illustration of growth of CuO thin films by SILAR method.
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reproducibility and stability [4]. During the past few decades, there
has been a significant development of SERS active substrates.
Noble metals and transition metals, such as Ag, Au, Cu, Pd, Co,
and Ni, have been widely employed to obtain a higher value of
the enhancement [5]. Metal oxides have also been investigated
as SERS substrates as they are used in many applications. However,
it is found that the direct SERS activity of metal oxide semiconduc-
tors is much lower than that of noble metals. Hence it is essential
to further improve the SERS activity of these semiconductors for
practical applications. Semiconductor/noble metal nanocompos-
ites exhibit a strong Raman enhancement associated with tuning
of the Localized Surface Plasmon Resonance (LSPR) of the metallic
nanoparticles, inducing a charge transfer (CT) effect at the semi-
conductor/metal interface [6]. Various metal oxides, namely TiO2,
CuO and SiO2 were modified by coating with Ag, resulting in
improved SERS effect [7–9]. Thus there is a great opportunity in
the near future for the development and engineering of metal
oxide nanostructure-based SERS substrates [10,11].

Metal oxides like ZnO, TiO2, SnO2 and WO3, which are n-type
semiconductors, have been generally widely used in the form of
nanostructured thin films. However, p-type semiconductors exhibit
wider applications when compared to the n-type semiconductors.
Copper oxide (CuO), an important p-type semiconductor with a
narrow band gap of 1.21 eV, has attracted great interest recently
due to its wide applications in sensors, magnetic storage media,
solar-energy transformers, electronics devices and in catalysis
[12–14]. CuO nanocrystals especially, are frequently employed as
photochemically active and photoconductive compounds. Com-
pared to Cu2O, CuO thin films show higher stability and repro-
ducibility which is a major criterion for device fabrication. A
report by Wang and his co-workers shows Enhanced Raman scat-
tering from 4-Mpy molecules adsorbed on CuO nanocrystals [15].
Till date, there are only a few reports available on Ag@CuO
nanocomposites for surface enhanced Raman scattering (SERS).
Mao et al. [16] demonstrated that the metal-semiconductor
(Ag-CuO) contact can alter the charge distribution through
p-aminothiophenol (PATP) molecules. When CuO was junctioned
with Ag nanoparticles, charge transfer occurred from the CuO to
the Ag nanoparticles, inducing a larger electromagnetic field [17].
Hence, Ag nanoparticles could excite a more stable and intense
localized surface plasmonic resonance under laser irradiation. A
similar result has been reported byHsieh et al. [17] for the improve-
ment of the SERS activity of solution-phase Ag@CuO nanocompos-
ites as a function of Ag content, using 4 aminothiophenol (4-ATP) as
the probemolecule. The enhancement on Ag@CuO nanocomposites
may be attributed to the charge transfer transition between the
semiconductor and metallic nanoparticles. Even though these
reports have shown good response towards the Ag@CuO and Cu
nanoparticle-coated CuO nanocomposites [18], there are a few
problems which have not been discussed till date. One of the basic
and natural problems with Copper films is its oxidizing state, which
affects the stability of the CuO films. Similarly the interdependence
of SERS and nanostructures has not been discussed for copper oxide
films. The present work shows the role of superhydrophobic sur-
faces in SERS studies and deals with the preparation of stable cop-
per oxide thin films for obtaining stronger SERS using Ag@CuO
nanoflowers array through a low cost method. It also discusses
the role of interdependence of Raman spectra and SEMmorphology.
2. Experimental section

2.1. Synthesis of cupric oxide thin films using SILAR method

Superhydrophobic surfaces of Copper Oxide (CuO) nanostruc-
tures have been designed by SILAR process as reported for Zinc
Oxide (ZnO) [19] and CuO in our previous work [20]. The procedure
for this method is schematically represented in Fig. 1. The detailed
experimental procedure and reaction mechanism have been dis-
cussed in the previous work [20]. The successive cycles and the
increase in the deposition times led to an increase in thickness of
the deposited film. The reaction cycle was repeated 20, 40 and
60 times. Silver was deposited for SERS studies using thermal evap-
oration from a helical coil onto the CuO nanostructure for a depo-
sition time of 2 min. The film was annealed at 200 �C and silver
were again deposited; the desired parameter was chosen from
the previous publication and resulted in the formation of silver
decorated nanoflower like structure [3,20]. The thickness of the
deposited silver film was recorded using a quartz crystal thickness
monitor.

2.2. Characterization techniques

Ag@CuO nanostructured thin films were characterized using
the following techniques. X-ray diffraction (XRD) patterns were
obtained using a Panalytical X’Pert Pro with Cu Ka radiation
(1.5406 Å), absorbance spectra were analyzed using UV–Vis spec-
trometer (JascoV-640) and morphological details through FE-SEM
(quanta-250). SERS spectra were recorded using Raman spectrom-
eter (LABRAM-HR) with laser excitation lines of 514 nm at room
temperature. X-ray photoelectron spectra were recorded using
(Kratos analytical, ESCA-3400, Shimadzu). The super hydrophobic-
ity and the contact angle measurements of the substrate were car-
ried out at room temperature using a contact angle meter. Contact
angle measurements were recorded using the sessile drop method
(about 2 ll distilled water droplet) with a video-based drop shape
analyzer (FTA 135, First Ten Angstroms, Portsmouth, VA) placed on
different locations of the coated and uncoated samples.
3. Results and discussion

3.1. Structural analysis

X-ray diffraction (XRD) patterns were recorded for the copper
oxide thin films prepared with 20, 40 and 60 cycles of deposition.
The diffraction pattern in Fig. 2(a) for the as-prepared film depicts
the preferred orientation plane of the material as (�1 1 1) and
(1 1 1) corresponding to the 2h values of 35.55� and 38.82� which
are attributed to monoclinic structure. These results agree with
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the JCPDS data for CuO (Card No: 05-0661). No other peaks were
observed revealing the absence of cuprous oxide or any other
impurities. Fig. 2(b) shows the XRD patterns of the CuO thin films
annealed at a temperature of 200 �C. The relatively broader diffrac-
tion peaks suggest the formation of smaller crystallites at the ear-
lier stages. With the increase of the deposition cycles (20–60),
slightly narrowed diffraction peaks appear, suggesting a small
increase in the crystallite size. At this point the peak intensity
increases whereas the peak width decreases. Silver nanoclusters
were deposited over the as prepared and annealed CuO films using
thermal evaporation technique. The XRD patterns of the Ag@CuO
annealed films obtained with different deposition cycles are shown
in Fig. 2(c). The positions of all the peaks are in agreement with the
JCPDS data for CuO (Card No: 04-0783). The values of the average
grain size of the as-prepared CuO films, calculated using Debye
Scherrer formula, were in the range of 10 and 16 nm (Fig. S1). Sim-
ilarly from Fig. S2, the average grain size is observed to increase
upon annealing at 200 �C, which is a consequence of the merging
process induced from thermal annealing. The grain boundaries of
CuO nanoparticle vary due to the dangling bonds related to the
copper containing oxygen defects. These defects help in the merg-
ing process to form larger CuO grains on annealing [21]. It is also
found that the Full width half maximum (FWHM) value exhibits
Fig. 2. XRD spectra of CuO thin films for 20, 40 and 60 cycles (a) As-prepared samples
a tendency to decrease on annealing, which can be attributed to
the merging of the grains on annealing. Hence, the crystallinity
of the CuO thin films is found to improve on annealing. This may
be due to the crystallites gaining enough energy to orient in proper
equilibrium sites on annealing, resulting in improvement of crys-
tallinity with the degree of orientation within the CuO films. These
variations persist for CuO thin films deposited after 20, 40 and 60
reaction cycles. Thus the XRD analysis indicates the formation of
high purity single phase CuO nanostructures with a monoclinic
structure.

3.2. Morphology of pure CuO nanostructured thin film and their
wettability

Copper hydroxide Cu(OH)2 is a metastable phase which easily
transforms into the more stable copper oxide, CuO. This transfor-
mation occurs in solid state by thermal dehydration at a relatively
low temperature, and also in aqueous media at room temperature.
The copper hydroxide resembles a sheet-like structure. The 2D lay-
ers of these sheets parallel to the (0 1 0) plane and are connected
by H-bonds. When the substrates are immersed in hot water at
80 �C, the as-formed Cu(OH)2 loses H2O molecules due to the
breaking of interplanar H-bonds, since it will not be stable at high
. (b) Annealed at 200 �C. (c) Ag@CuO thin films for 20, 40, and 60 annealed cycles.
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temperatures consequently accelerating the dehydration rate. This
results in rupturing of the bond in Cu(OH)2 which breaks down
into CuO and H2O, forming CuO nanoparticles [22]. Hence the for-
mation of nanospindles is attributed to the orderly arrangement of
small nanoparticles (Fig. S3(a–e). Fig. S3(f–h) shows the formation
of CuO nanospindles by successive deposition cycles, which indi-
cates that the nanospindles become denser with increase in the
number of deposition cycles.

Several factors, including electrical and dipolar fields, van der
Waals forces, and hydrogen bonds may have various effects on
the self-assembly [23]. Subsequently, the CuO nanoparticles, serv-
ing as the building blocks, self-assemble along identical directions.
With this oriented attachment processes continuing via repeated
deposition, some lateral attachments of CuO nanoparticles also
appear along the width direction by slow growth. The growth rates
via the oriented attachment along the length and width directions
are very different and hence the spindle-like CuO architecture is
finally obtained.

Accordingly, the possible growth mechanism for the formation
of the flower-like CuO structure and silver decorated copper oxide
nanoflowers is schematically illustrated in Fig. 3. Initially, when
the reaction was performed with 20 cycles, a small number of spin-
dles were formed as shown in Fig. 4(a), with a contact angle of
27.9�. When the reaction was extended to 40 cycles, the spindles
became thicker and denser as presented in Fig. 4(b), while the
water contact angle increased to 44.5�. The same process was car-
ried out for 60 cycles so that an even distribution with increased
number of spindles resulted which was super hydrophobic with
an angle of 82.5� (Fig. 4(c)). These results give the obvious evidence
for the formation of CuO nanospindles through the oriented attach-
ment of small nanocrystals. Finally, the obtained CuO spindles self-
assembled with each other to form CuO nanoflower structures
with the long axes pointing towards a common centre forming a
more thermodynamically stable configuration when annealed at
200 �C. Here it is clearly visible that after annealing, the edges of
the petals become sharp, narrow and uniformly distributed over
the substrates. The samples annealed at 200 �C for 60 cycles show
the maximum superhydrophobicity (WCA � 157.9�) and resemble
complete flower like structures as shown in (Fig. 4(f)) and inset
Fig. 4(g).
Fig. 3. Schematic illustration for the growth mechanism of CuO nanoflowers for
different cycles: (a) Leaf like structure (20 cycles), (b) dense nanoleaves (40 cycles),
(c) nanobuds 60 cycles annealing at 200 �C, (d) self assembled nanoleaf 20 cycles,
(e) orderly arranged leafs (40 cycles), (f) nanoflower array (60 cycles), (g) silver
deposited CuO nanoflowers.
3.3. Morphology analysis of Ag@CuO films and their wettability

The FESEM images of the Ag@CuO thin films are shown in Fig. 5
(a–f). The morphology of the Ag@CuO substrate shows aggregated
and randomly arranged nanoclusters like structure. The contact
angle for the CuO nanospindles shows small variation with a
decrease in a contact angle from 27.9� to 24.3� for 20 cycles and
similarly for 60 cycles it varies from 82.5� to 80.5� with respect
to pure sample respectively. From the images (Fig. 5(a–c)) of the
as-prepared samples, it is clearly visible that the areal coverage
and particle size of Ag are very small and more circular clusters
are obtained and on annealing, these clusters start to merge. The
annealed samples (Fig. 5(d–f)) tend to be more elongated and have
a broader distribution of particles as compared to the as-prepared
samples. These results reveal that the Ag nanoparticles are uni-
formly coated on the surface of CuO nanoflowers as shown in inset
Fig. 5(g), and the superhydrophobic nature still remains with an
angle of 150�4 for 60 cycle deposition. Especially, the interparticle
distance of these silver nanoparticles is small due to the densely
arranged CuO nanoflowers and the aggregations of Ag nanoparti-
cles are high on these flowers resulting in a cone like morphology.
So, many hot spots occur and hence a large electromagnetic
enhancement is expected on this substrate.

3.4. XPS analyses

The XPS analysis for the Ag@CuO thin film (Fig. 6(a)) shows a
high symmetry corresponding to the position of Cu 2p1/2 and Cu
2p3/2 peaks centered at the binding energy values of 954.3 and
934.2 eV, respectively. The calculated difference in binding energy
(23 eV) corresponds to the characteristic value for CuO and the
absence of binding energy peaks of metallic Cu confirms the exis-
tence of Cu in oxidized states only [24]. The XPS curves of Ag 3d
region in Fig. 6(c) have doublet Ag 3d5/2 and Ag 3d3/2 peaks with
a low intensity ratio of 3:2 due to the deposition time of 2 min,
located at 373.92 and 379.90 eV respectively. The EDX spectrum
confirms that the prepared samples are composed of the elements
Ag, Cu and O. The signals of both Cu and O are attributed to the CuO
nanoflowers. The Ag signal arises from the Ag film on the surface of
the CuO nanoflowers. The presence of Ag is negligible due to low
deposition rate of silver nanoparticles. However, the atomic weight
percentage of silver was confirmed by EDX analysis as 2.31%
(Fig. S4). The intensity of silver is very weak and CuO suppresses
the peak even after a deposition time of 5 min. The comparison
of Ag 3d peak of Ag@CuO with the pure metallic silver sample
shows the characteristic of metallic silver with the Ag 3d peak
appearing at a binding energy of 373.92 eV and with a separation
of 5.9 eV between Ag 3d5/2 and Ag 3d3/2 doublet peaks. The bind-
ing energy of Ag in the Ag@CuO composites is lower than that of
zero valent Ag, indicating the transfer of electrons from Ag
nanoparticles to CuO nanoflowers. Thus the XPS analysis further
confirms the formation of nanocomposites between CuO and Ag.

3.5. UV–Visible analysis

When compared to the UV–vis spectra of CuO, the absorption
peak between 300 and 400 nm of the Ag@CuO has blue shifted
(Fig. 7). Since Ag was coated onto the CuO it may act as the molec-
ular link between the nanostructures of CuO. Hence strong interfa-
cial coupling occurs, leading to the blue shift of surface plasmon
absorption (SPR) peak. This is attributed to the CuO thin film
(formed with 60 growth cycles) which has well defined and den-
sely packed nanoflowers. When silver nanoparticles come into
contact with a p-type semiconductor (CuO), electrons flow from
Ag to CuO for the equilibration state of the fermi level between
the two. This phenomenon occurs because the work functions of



Fig. 4. Morphology and wettablity behaviour of CuO nanostrctured thin film prepared at different deposition cycles. (a) 20 (b) 40 (c) 60 cycles represents as deposited films
and annealed films at 200 �C represent by (d) 20(e) 40 (f) 60 cycles respectively, (g) inset figure shows nano flower like structure.

Fig. 5. Morphology and wettablity behaviour of Ag@CuO thin film for prepared ar different deposition cycles (a) 20 (b) 40 (c) 60 as deposited and annealed films at 200 �C (d)
20 (e) 40 (f) 60 cycles respectively, (g) inset figure shows nano flower like structure.
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Ag (4.1 eV) [25] is lower than that of CuO (5.3 eV) [24]. It also
deforms the bands (valence and conduction) of CuO to move rela-
tively down to the fermi level. The junction of positively charged
Ag particles and negatively charged CuO nanoparticles may induce
a larger electromagnetic field, so that the Ag clusters film would
excite a more intense LSPR on irradiation with a suitable laser,
which is one of the important parameters for a substrate to be SERS
active.



Fig. 6. XPS spectra (a) Ag@CuO nanoflowers (b–e) corresponding magnified spectra of individual elements (b) copper, (c) silver, (d) carbon, (e) oxygen.

Fig. 7. UV–visible spectra of (a) pure CuO and (b) Ag@CuO nanostructure thin films (c) absorption spectrum of Ag film.
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4. SERS of Ag@CuO nanostructures

The SERS activity was characterized using Rhodamine 6G as the
target probe molecule with serial dilution from 10�9 to 10�12 M.
Liquid solution of R6G shows Raman signals at 610.23, 772, 1184,
1362, 1507, 1571 and 1648 cm�1 with 514.5 nm laser source as
shown in Fig. 8 for 10�9 M for all cycles. Initially SERS performance
of the as-prepared Ag@CuO thin films after 20 reaction cycles was
investigated with different concentrations (10�9 to 10�12 M) of
R6G solution on them (Fig. 8(a–c)). The characteristic peaks
(Fig. 9) of R6G molecules and their intensities have been discussed
in Table S2, which strongly depend on super hydrophobicity and
Ag deposition. These peaks are assigned to the xanthene ring
stretch, ethylamine group and carbon–oxygen stretch of R6G [26].

The 614 cm�1 peak corresponds to the CACAC ring in-plane
bending mode. The CAH out-of-plane bending mode for R6G is
observed at 771 cm�1 while the CAOAC stretching frequency
appears at 1187 cm�1. Peaks centered at 1362, 1507, 1571 and
1648 cm�1 are attributed to the aromatic CAC stretch of the R6G
molecule. The spectrum band intensities show a significant
downward trend with the decline in the concentration of the
Fig. 8. SERS spectra for the as-prepared Ag@CuO thin
analyzed probe molecule. Further experiments for 40 and 60
reaction cycles were also done (Fig. 9(b and c)). It should be noted
that the Raman signals are relatively weaker for very low
concentration (10�11–10�12). The intensity of Raman peaks of
R6G molecules on the substrate decreases as concentration is
decreased, accompanied by a position shift and peak shape change,
and the characteristic peak eventually vanishes. The decrease in
the peak intensity is related to the reduced number of the R6G
molecules in the collection volume of the Raman spectroscope.
The change in peak shape and the shift in peak position are related
to the change in the chemical bonding of the R6G molecules due to
interactions between the molecules and the environment [27,28].
The spectral intensity of R6G on annealed Ag@CuO thin films
shows improved SERS performance as compared to the as prepared
counterparts from Fig. S5. The SERS activity of the as-prepared
substrate improves with annealing at 200 �C and an increase in
Raman intensity is obtained for all the reaction cycles. Owing to
the nanostructure of Ag nanoclusters decorating the surfaces of
CuO nanoflowers, the integration of the electromagnetic
enhancement effect arises from the surface plasma resonance of
the Ag NPs due to the chemical enhancement properties of the
films for (a) 20, (b) 40, and (c) 60 reaction cycles.



Fig. 9. SERS spectra of annealed Ag@CuO thin films for (a) 20, (b) 40 and (c) 60 reaction cycles.
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CuO nanoflowers which could extend the detection limit of the
substrates up to 10�10 M. Comparing with the Raman spectra, it
is obvious that the Ag@CuO nanoflowers exhibit the highest SERS
enhancement ability.

4.1. Estimation of SERS enhancement factor

For SERS performance, Ag was deposited on CuO thin films with
a thickness of 100 nm. The SERS activity of the Ag-NP-decorated
samples was evaluated using 20 ll volume of R6G dye molecule
with molarity varying from 10�12 M to 10�9 M. The characteristic
peaks of R6G molecules and their intensities strongly depend on
superhydrophobicity with water contact angle of 150.4 after Ag
deposition as shown in Table S1. The enhancement factor (EF) for
SERS is determined to be of the order of 107 for the R6G peaks at
610 by using the formula [29].

EF ¼ ISERS
Ibulk

� Nbulk

Nsurf
The above calculation is well illustrated in Fig. S7. In the present
work, for the confirmation of field distribution, the finite-difference
time-domain (FDTD)method is adopted using lumerical solution-8.

Intensity ðhjEj2iÞ distributions are obtained from 2D FDTD calcula-
tions based on the following parameters: CuO palik material has
been used, where the SEM whole image is used for 2D simulation
work for Laser with 514 nm wavelength. The detailed process is

illustrated in Fig. S6. The maximum intensity ðhjEj2iÞ of each noble
metal/semiconductor was 167.96 V/m. As the SERS signals were

proportional to the value of ðhjEj2iÞ, the Ag@CuO nanoflowers sub-
strates for 60 cycles showed SERS enhancement comparable to pure
CuO nanoflowers films due to the very low thickness of the silver
film. The comparative SERS enhancement has been calculated in
Table 1 as the Raman intensities for Figs. 8 and 9 give the impres-
sion of being similar. A comparison with other methods with
respect to the detection limit and the water contact angles is given
in Table 2 respectively. The present morphology has high impact on
SERS studies using superhydrophobic films.



Table 1
SERS enhancement Factor for Ag@CuO nanostructured thin film.

Peak position – 612.7 cm�1

Growth cycles Intensity for 10�10 M (ISERS) Intensity for 10�3 M (IBulk) ISERS/IBulk Enhancement factor

20 – as prepared 908.09 47.300 19.19 6.26 � 106

20 – annealed 1631.9 47.300 34.50 1.12 � 107

40 – as prepared 382 47.300 8.07 2.63 � 106

40 – annealed 2830 47.300 59.83 1.93 � 107

60 – as prepared 451.47 47.300 9.544 2.12 � 106

60 – annealed 2908.54 47.300 61.491 2.0 � 107

Table 2
Comparative Table for different metal oxides for SERS studies on the basis of methodology and enhancement factor.

S.
no

Obtained nanostructures Dye used and detection
limit

Method used & water contact
angle

Enhancement
factor

Ref

(1) Zinc oxide nanorods array 4-ATP 5 ll Chemical bath deposition
152�

– [2]

(2) Ag@ZnO worm like Morphology R6G 10�10 M Vacuum coating
155�

3.082 � 107 M [3]

(3) Ag-Cu SERS substrate R6G 5 � 10�6 M Galvanic displacement reaction
Not defined

330 times [5]

(4) copper microcages R6G 10�6 M Chemical reduction
Not defined

– [12]

(5) Cu nanoparticle-coated copper vanadate
nanoribbons

R6G 10�9 M Hydrothermal method
Not defined

1.6 � 106 [18]

(6) Ag@CuO nanoflower film R6G 10�10 M SILAR Method
150�4

2 � 107 Present
method
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4.2. Role of wettability on SERS

In order to study the surface wettability behaviour of the
Ag@CuO nanostructured thin films grown with different growth
cycles the water contact angle (CA) was measured as shown from
Fig. 8. When silver nanoparticles were deposited on the CuO thin
film, water CA values from 140� to 151� for the samples prepared
with different growth cycles as shown in Table S1. The water con-
tact angle on this substrate decreases slightly from the contact
angle of pure CuO thin films. Fig. 10(a) shows the variation of CA
with the number of reaction cycles and Fig. 10(b) shows photo-
graphic images of water drops on the surface of the silver coated
CuO nanoflowers. The superhydrophobicity of annealed samples
are greater than that of the as deposited samples (Table S1 and
Fig. 4). The 60 cycle film was annealed till it attains its superhy-
drophobicity with an angle of 156.4 on silver deposition (Fig. 5
(f)). One of the distinctive properties of the hydrophobic surface
Fig. 10. (a) A plot of water contact angle against number of reaction cycles indicating
decorated CuO nanoflower thin for 60 cycle.
is that it has the ability to reduce the contact area between the dro-
plet and the underlying surface below the hydrophilic surface.
Thus the diluted probe molecules in the droplet will be highly con-
centrated after the droplet dried on the super hydrophobic surface.
This is known as the hydrophobic condensation effect [2], which
may further amplify the SERS signal to achieve more sensitive
detection.

4.3. Mechanism of SERS enhancement by Ag@CuO nanoflowers

The higher SERS enhancement for Ag@CuO nanoworms may be
due to the following reasons. The Inter and intra CuO nanoflower
arrangement produce an electric field (Fig. 11(a)) due to the silver
deposition where the Inter silver nanoparticles give larger
enhancement [30]. Also, a depletion layer may be formed at the
interface between CuO and Ag due to the different work functions
[24], which reduces the rate of recombination. Thus, charge
the hydrophobic behaviour of CuO thin films. (b) Real images of annealed silver



Fig. 11. Charge transfer mechanism between Ag@CuO nanostrctured films for R6G dye molecules. (a) The inter and intra CuO nanoflower arrangement. (b) HOMO and LUMO
energy levels of R6G under excitation.
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transfer occurs from Ag to CuO with 514 nm excitation. The chan-
ged electromagnetic intensity of the Ag@CuO nanoflowers is the
main reason for SERS enhancement.

The best results are obtained for super hydrophobic (157�) 60
cycle films that correspond to randomly arranged Ag@CuO
nanoflowers. The SERS spectra of each sample vary with the varia-
tion ofwater contact angle from140.7 to 150.4�. SERS is significantly
promoted when the substrate shows the superhydrophobicity at
156.4� as a result of surface energy and capillary force. In the case
of randomly arranged nanostructures, the most significant SERS
enhancement occurs due to inter and intra CuO nanoflower
arrangement and inter silver nanoparticles deposition.

As shown in Fig. 11(b), introducing an R6G molecule onto the
Ag@CuO thin film makes it possible to build a complete charge
transfer (CT) system of ‘‘donor-bridge-acceptor” due to the Fermi
level of silver being lower than the surface state energy level of
CuO [31]. When an Ag particle is in contact with a p-type semicon-
ductor particle such as CuO, the charge distribution is readjusted
for equilibration of the Fermi level between the two particles,
which results in the elevation of the Ag Fermi level and the forma-
tion of a Schottky barrier (depletion layer) at the junction between
the two materials. Silver nanoparticles on the CuO thin film surface
were excited by incident laser light and the photoexcited electrons
which were injected into the conduction band of CuO connect with
Ag and migrate towards lower energy levels of the conduction
band of CuO. These electrons are then transferred to the LUMO
orbits of the molecules adsorbed on CuO nanoparticles, which
enhances photo absorption of the charge transfer complex. These
additional electrons provide CuO with a considerable SERS effect
to the adsorbed molecules. Besides this dynamic charge transfer,
intrinsic charge transfer also occurs from CuO-to-R6G and R6G-
to-Ag when the energy levels of the system match the highest
occupied molecular orbital (HOMO) and lowest unoccupied molec-
ular orbital (LUMO) energy levels of R6G under excitation. This
indicates that an appropriate amount of surface deposited Ag can
play a vital role to improve the SERS effect of CuO to surface
adsorbed molecules which is induced by the CuO-to-R6G molecule
charge transfer.
5. Conclusions

The present technique is a facile SILAR approach towards fabri-
cation of low cost active SERS substrates consisting of super
hydrophobic nanoflowers arrays. The substrates exhibit an ideal
reproducible surface morphology where strong SERS signals can
be generated from minimal quantities of adsorbed analyte. The
optical properties were studied for CuO and Ag@CuO nanoparti-
cles. The peak position shows that Ag coated CuO has strong Plas-
mon resonance. The growth mechanism of nanoflowers array was
represented via morphological imagery, where the nanospindles
were formed in the initial deposition cycles. Furthermore, the
detection of R6G was demonstrated for lower concentrations
(10�10 M), and the Raman intensities exhibited a linear relation-
ship towards concentration and played a potential role for trace
analysis of R6G dye. The enhancement factor was found to be of
the order of 2 � 107. The present study may provide a new percep-
tion in the fabrication of super hydrophobic substrates for SERS,
which could be further used for pesticides detection in foods and
can also act as a glucose detector in biosensor applications. The
above results also provide a new opportunity for SERS substrate
to explore molecule–semiconductor interaction.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jcis.2016.05.051.
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