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1 Introduction

ABSTRACT

Cupric sulphate nanocrystals (NCs) are desirable for a number of applications.
The NCs were grown using a hydrothermal technique on Fluorine-doped Tin
Oxide substrate which was sandwiched into the grooves of a sample holder at
an angle between 45° and 90° relative to the wall of a 100 ml Teflon container.
The surface features were observed using an optical microscope while atomic
scale features which are not visible under the optical microscope were investi-
gated using a scanning electron microscope and atomic force microscope.
Details of the weight percentage composition were investigated on the sample
by means of energy-dispersive X-ray spectroscopy. A broad absorption spec-
trum from 690 to 1100 nm, having a full width at half maximum value of 254 nm
and an energy excitonic absorption peak in the visible region at 810 nm, was
observed when the NCs are dissolved in water (hydrate solution) contrary to the
highest absorption peak which was observed at 678 nm for the anhydrous
compound. A total number of 16 vibrational frequencies were observed from
Raman scattering while five active modes were visible in the Fourier Transform
Infrared spectrum. Information on room-temperature photoluminescence and
fluorescence spectroscopy measurements obtained from the NCs is reported.
The deposition technique adopted in present work could be optimized for the
high-yield production of more uniform layers of ultrathin nanostructures with
increased aptitude for various applications.

sector. The effective harnessing of the optical prop-
erties of materials in recent times has prompted a

Numerous metallic nanoparticles have attracted  surge in the development of different optoelectronic
recent interest and are presently explored for  devices for various applications such as sensors,
prospective utilization as a cheap substitute for high-  lasers and light-emitting diodes (LEDs). Copper is a
cost metal nanoparticles in the micro-electronics noble metal which is renowned for its high thermal
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and electrical conductivity. It also has good alloying
potentials, malleable and resistant to corrosion.
Metallic copper can react with sulphur at high tem-
perature to yield copper sulphide which oxidizes to
produce copper sulphate. Copper (II) sulphate
(CuSOy) is an inorganic compound with numerous
applications such as in agriculture, medicine and
industry. It also serves as a major constituent of the
electrodes and electrolytes in batteries. CuSO,4 usu-
ally absorbs moisture from the atmosphere to form a
more stable compound called pentahydrate (CuSO,.
5H,0). However, CuSO, is amorphous, while
CuS0,4-5H,0 is crystalline.

The effect of solution cooling rate and incorpora-
tion of sodium chloride on the crystal size distribu-
tion, growth rates, morphology and configuration of
copper sulphate pentahydrate crystals has been
reported [1], with the aim of estimating the result on
crystal structure, of utilizing salt water as an substi-
tute to pure water. Currently, a considerable number
of chemical techniques have been developed for the
synthesis of cupric sulphate. For instance, slow
evaporation technique has been reported by different
authors for the synthesis of cupric sulphate crystals
[2, 3]. Similarly, a technique for developing large
single crystals of CuSO4-5H,O for application as
broadband UV optical filters has been investigated
[4]. Furthermore, a method of investigating the opti-
cal and structural properties of triclinic crystals has
been reported during a dispersion analysis which
was implemented on a CuSO,;-5H,0 single crystal.
During the analysis, the spectra of polycrystalline
CuSO4-5H,0O was modelled using established oscil-
lator parameters and the equivalent dielectric func-
tion tensor [5]. Other studies on CuSO,. 5H,O that
has been reported include its magnetic field depen-
dence of specific heat [6], indirect nuclear spin-spin
interaction in CuSO,4-5H,0 [7], and torsion-effusion
studies on thermal decomposition of CuSO, [8]

The utilization of FTO as substrate in material
deposition has gained momentum due to its inert
disposition to a wide range of chemicals. Results on
distinctive cyclic voltammetry of FTO substrate
measured in 0.25 M CoSO,4 + 0.005 M CuSO, solu-
tions have been reported during an investigation of
the electrochemical and structural characteristics of
cobalt—copper electrodeposits [9]. Some instances
include the use of nebulized spray pyrolysis tech-
niques for the development of Cu-doped ZnS and Al-
doped ZnS thin films on FTO substrate [10], and the
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use of two-step electrodeposition method for the
fabrication of Cu,O/g-C3Ny4 heterojunction film on an
FTO substrate [11]. The characterization of copper
sulphates using Raman spectroscopy has been
reported to be challenging due to the colour spectrum
of the compound [12]. The authors [12] also sug-
gested that the application of a diode laser operating
at 785 nm excitation permits improved band separa-
tion in the low-wavenumber region but cannot be
used to observe vibrational frequencies at the high
wavenumber region. The aforementioned challenge
was mitigated in this study by acquiring the Raman
spectrum from the cupric sulphate using a fast
imaging ultra-high-throughput spectrometer (UHTS
400) with a solid-state laser of wavelength 532 nm,
which permits the investigation of vibrational fre-
quencies within the high wavenumber domain.

The successful fabrication of ultrathin nanostruc-
tures with good structural integrity through
hydrothermal deposition require a high degree of
stoichiometric knowledge of the compound and the
precise manipulation of the thermodynamic pro-
cesses involved including factors such as the inter-
action between crystal nuclei, diffusion and sticking
coefficients, PH value, and molarity of the reagents.
To date, numerous ultrathin metal sulphide nanos-
tructures have been synthesized using various tech-
niques. However, there is limited literature reporting
a detailed investigation on the structural and optical
properties of hydrothermally deposited cupric sul-
phate NCs on FTO. In present work, FTO was chosen
as a desirable substrate due to its susceptibility for
application in different areas of device fabrication
technology which includes electrodeposition, solar
cell's window layer, transparent contact in optoelec-
tronics devices, and gas sensor devices amongst
many others. The results contained in the present
study can be useful towards the advancement of
innovative procedures for controlling the quality of
crystal deposition with the aim of enhancing their
structural integrity and optical properties.

2 Experiment

The reagents used in this work were of analytical
grade and hence used without the need for further
purification. The Copper (II) oxide (ACS reagent,
> 99.0%) and Sulphuric acid (H>SO4, 98% conc.) uti-
lized in the synthesis were obtained from Sigma-
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Aldrich, while the FTO substrates were supplied by
Techinstro. The FTO substrates were sequentially
degreased in warm trichloro-ethylene and then
rinsed in acetone twice before immersion in metha-
nol. This procedure was repeated twice for approxi-
mately 180 s before final rinsing in deionized water
and blown dry with nitrogen. The degreased sub-
strate was sandwiched into the grooves of a sample
holder at an angle between 45° and 90° relative to the
wall of a 100 ml Teflon container such that the active
side was facing upwards as shown in Fig. 1C and D.
A 55 ml solution of CuO that has been dissolved in
dilute H,SO, at constant magnetic stirring for 15 min
to form a homogeneous mixture was then poured
into the container and properly sealed with its cover
as a precaution to prevent water evaporation. The
Teflon container is subsequently inserted in a stain-
less-steel autoclave reactor and placed inside an oven
that has been preheated to approximately 100 °C for
45 min. This phase was successively followed by
immersing the autoclave in a water bath for
approximately 25 min and allowed to cool to room
temperature. After cooling, the sample was removed
from the Teflon container, rinsed in deionized water,
and dried with nitrogen. The entire procedure prior
to placing the autoclave in a preheated oven was
conducted in an organic fume hood.

Fig. 1 Optical micrographs
showing A FTO substrate
before deposition and B After
deposition of CuSO4 NCs

C Side-view schematic
representation showing FTO
substrate placed at an angle in
the Teflon container D Top-
view photographic image of
FTO substrate described in (c)

s (©)

——gep Teflon container

FTO substrate placed at an angle
T between 45°and90°

Sample holder
with grooves
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Optical micrographs of the sample and FTO sub-
strate were acquired using a Zeiss EC “Epiplan” DIC
objective with x 20 magnification, a numerical aper-
ture of 0.4, and a working distance of 7 mm. FL
emission spectrum from the sample was measured
with the aid of a PerkinElmer LS 45 Luminescence
spectrometer fitted with Xenon discharge lamp
source, while room-temperature PL measurements
were conducted on the sample using a Mini PL 110
detection system with a pulsed deep UV laser exci-
tation wavelength of 248.6 nm (5.0 eV). The func-
tional groups present in the sample were investigated
using a PerkinElmer Spectrum Two Fourier Trans-
form Infrared (FT-IR) Spectrometer which is fortified
with a mid-infrared detector and a diamond crystal
Universal Attenuated Total Reflectance (UATR)
sampling accessory that has a reduced sensitivity in
the approximate range 19002700 cm™'. Likewise, a
Bruker Vertex 80v spectrometer and a PerkinElmer
Lambda 365 Double Beam UV-Visible Spectropho-
tometer with UV Express software were simultane-
ously used to establish the UV-VIS characteristics of
the nanocrystals. SEM micrographs showing the
crystal structure and distribution were obtained from
the Tescan MIRA3 SEM which is equipped with a
retractable backscatter detector, while EDX was car-
ried out on the Nova NanoSEM, using an oxford
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X-Max detector and INCA software. The EDX anal-
ysis was collected at 20 kV, and a spot size of 0.38 nA
for 20 s.

Finally, room-temperature Raman signal from the
sample was acquired using a WiTec alpha
300RA + confocal Raman microscope furnished with
optimized UHTS spectrometers, a frequency-doubled
Nd:YAG 532 nm excitation laser wavelength high-
throughput configuration and motorized scanning
stage, while the surface morphology of the sample
was investigated using a Bruker Dimension FastScan
scanning probe microscope (SPM) which was
mounted on an integrated air table with the sample
stage been enclosed in a high-performance acoustic
hood (AVH-1000) in order to provide increased
acoustic and vibration isolation.

3 Results and discussion

Figure 1A displays the surface features of the FTO
substrate before deposition as observed from the
optical microscope. A close observation indicates that
the substrate surface is not typically smooth but
rather characterized with some degree of roughness
while Fig. 1B shows the presence of a fairly thick
non-uniform layer deposition. A schematic image
which depicts the side view of the Teflon container
with the FTO substrate immersed inside the groove
of the sample holder, while the FTO side is facing
upwards is displayed in Fig. 1C. Figure 1D is the top-
view photographic image of the FTO substrate
inclined at an angle with the wall of the Teflon con-
tainer. To examine atomic scale features which are
not visible under the optical microscope, AFM anal-
ysis was carried out on the sample. Further investi-
gation of the layer in Fig. 1B using AFM (tapping
mode condition) suggests a corrugated morphology
consisting of densely populated nanocrystals as seen
in Fig. 2A.

For high precision and sensitivity imaging in tap-
ping mode, a BRUKER high-quality rectangular sili-
con AFM probe/cantilever (RTESPA) with resonance
frequency (f,) =300 kHz, and spring constant
(K) =40 N/m was used during data acquisition. A
slow scan axis function was enabled with a scan rate
and sample line of 0.300 Hz and 256, respectively, for
an image-projected surface area of 25.0 pm? Like-
wise, other scan parameters such as the drive
amplitude, tip velocity, amplitude setpoint, and the

@ Springer

] Mater Sci: Mater Electron (2023) 34:1443

tapping mode deflection limit were systematically
adjusted to appropriate values to acquire optimal
image resolution. To investigate the distribution of
the deposited structure and precisely measure the
size dimensions of the surface features in Fig. 2A and
C, a line profile scan across the surface of the bare
FTO substrate and the sample containing the syn-
thesized crystals was carried out over a lateral dis-
tance of approximately 5 pm on the substrate and the
sample, respectively. The preferential area on both
the bare FTO substrate and on the sample where the
line scan was executed was arbitrarily chosen based
on knowledge of the scanned image dimensions as
shown in Fig. 2B and C. Other parameters considered
when choosing a preferential spot for line scan
include the presence of unique morphological fea-
tures and consistent trend in raster pattern. Contri-
butions from the substrate roughness are taken into
consideration as precision when analysing the actual
size distribution of the deposited crystals. Data
obtained from the line profile scan across the surface
of the bare FTO substrate and the sample can be
presented to display the relationship between surface
roughness and lateral distance as shown in Fig. 2D.
Results from the line scan give an average height of
65 nm, and a lateral size dimension in the range
90450 nm which corresponds to a mean base length
of 270 nm for the crystal-like structures, as deter-
mined from height profile measurements. A more
comprehensive description of the scan parameters
and conditions adopted in acquiring the AFM data
can be found in the previous report [13]. The results
obtained from AFM analysis of the sample revealed
corrugated surface morphology with densely popu-
lated nanosized crystal-shaped particles as seen in
Fig. 2A. AFM studies conducted on the as-grown
sample show a high surface roughness value of
21 nm root-mean square (RMS) for a scan size of
5x5 umz, with a threshold height of ~ 103 nm
projecting from the surface. In a study [14] which
involved a modelled tip-surface-sample interaction,
the measured height of nanoscale structures using
AFM was reported to consistently yield lower value
than the accurate value, a phenomenon
attributable to the effect of the local probe-sample
geometry. To mitigate anomaly in measured values
using AFM technique, the choice of scan parameters
and AFM probes is fundamental for the effective
sensing of trivial modifications in morphological
properties of the samples. In present study, the



] Mater Sci: Mater Electron (2023) 34:1443

Fig. 2 A 3D AFM image displaying surface morphology of
CuSO,4 NCs B 2D AFM image of CuSO,4 NCs indicating specific
spot of line scan on the AFM image C 3D AFM image of bare

measured values obtained from the sample using
AFM technique are in agreement with projections
from SEM measurements.

The SEM images were acquired using an In-beam
secondary electron detector which enables high-res-
olution imaging desired for comprehensive topo-
graphical characterization and hence, observation of
both unique and conspicuous surface features pre-
sent in a sample.

The SEM image in Fig. 3 shows dispersed clusters
and coalesced nanocrystals which are non-uniformly
distributed on the surface of the FTO substrate with
high levels of agglomeration of the CuSO, particles
resulting from adhesion. The increased agglomera-
tion is suggested to induce a reduction in the surface-
free energy of the sample which ultimately leads to
increased crystallite size and concentrated surface
area. The different size distribution of the crystals as
observed from the SEM micrographs in Figs. 3
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FTO substrate showing spot of line scan on the micrograph
D Corresponding line profiles across a section on both the sample
and the FTO substrate, respectively

indicates the inconsistent growth rate of the crystals
respectively. In general, non-uniformity in crystal
growth rate/pattern can be triggered by a number of
factors such as the presence of dislocation or incor-
poration of impurities, lattice strain, arbitrary surface
adsorption, and deformation [15, 16].

The preferential region on the FTO which is
depicted as pink square outlines in Fig. 4A is spots
where the compositional information was extracted
using direct analytical measurements by means of
energy-dispersive X-ray spectroscopy (EDX). Several
analytical measurements (spectrum 1 to 5) were car-
ried out on the sample for precision. Figure 4B is the
EDX spectrum containing compositional data
acquired from a large surface area (spectrum 5) on
the sample as shown in Fig. 4A. The EDX spectrum
reveals the constituent elements in the sample while
details of the weight percentage composition extrac-
ted from each spectrum spot (spectrum 1 to 5) on the
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SEM HV: 5.0 KV
View field: 4.15

MIRA3 TESCAN

SEM MAG: 50.0 kx | |

WD: 6.05 mm 1

Fig. 3 Typical planar view of SEM micrograph showing
structural measurements obtained from CuSO,; NCs on FTO
using different magnifications

sample as displayed in Fig. 4A are contained in
Table 1.

The existence of carbon in the regions originates
from the protective carbon layer deposited over the
specimen surface to prevent curtaining artefacts
during FIB preparation.

The PL spectrum in Fig. 5A was acquired at room
temperature from the sample and revealed a broad
emission line with peaks in the visible region. In the
present study, all luminescence spectra were fitted
after appropriate baseline subtraction wusing a

f g
Spectrum 3

Spectrum 5

100pm
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Table 1 Results of elemental quantification on the sample
displaying weight percentage composition of elements obtained
from the cross-sectional SEM image shown in Fig. 4A

Spectrum In stats C o S Cu Total

Spectrum 1 Yes 504 7336 10.12 11.49 100
Spectrum 2 Yes 558 69.93 10.22 1428 100
Spectrum 3 Yes 6.7 546 13.24 2547 100
Spectrum 4 Yes 64 543 13.62 25.67 100
Spectrum 5 Yes 459 51.52 1238 31.51 100

Mean 566 60.74 1192 21.68 100
Std. deviation 0.89 10.1 1.66 845
Max 6.7 7336 13.62 31.51
Min 459 5152 10.12 11.49

deconvolution procedure in order to precisely iden-
tify and measure both distinct and obscure peak
positions and extrapolate their FWHM. The PL
spectrum in Fig. 5A exhibits overlapped emission
lines which are conspicuous at 416 nm and 439 nm,
respectively, while the third peak is a slightly obscure
shoulder which is situated at 465 nm. These energy
lines are suggested to be due to photo-excited charge
recombination. The varying emission intensity and
peak position in the luminescence spectrum of CuO
nanoparticles have been ascribed to result from the
different polarities of the solvent and dielectric con-
stant [17]. However, in present study, the different PL
emission intensities and peak positions may be
induced by the different size distributions of the
CuSO4 NCs as confirmed from the SEM micrographs

Fig. 4 A Cross-sectional SEM micrograph of CuSO,4 nanocrystals on FTO-glass indicating selected area of EDX spectrum analysis.

B EDS spectrum

@ Springer
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Fig. 5 Room-temperature A Photoluminescence spectroscopy and B Fluorescence spectroscopy measurements obtained from the CuSO,4

NCs

and, hence, can trigger some modifications in the
optical properties of the material. This phenomenon
can further be described in a case of weak confine-
ment which gives rise to a red-shift in the emission
line as the size of the crystal increases.

The FL spectrum from CuSO; NCs exhibits an
emission band at a central wavelength of 380 nm
with a FWHM value of 94 nm as shown in Fig. 5B.
Results obtained after the application of appropriate
deconvolution procedure and fit functions to the FL
spectrum data indicate that the broad peak with
central wavelength peak at 380 nm is a contribution
due to overlapped spectral bands with wavelength
peaks at 375 and 425 nm, respectively, as shown in
Fig. 5B. The FL spectrum of a solution of graphene
quantum dots (QDs) and 10 mM CuSO, was reported
to emit a low-intensity FL at 440 nm [18-21]. Also, the
effect of concentration of copper sulphate on gra-
phene QDs FL has been reported to give rise to a
decrease in the intensity of graphene QDs FL up to
the time a constant state value is attained [22].

In order to precisely identify the compounds/ma-
terials specifically by their functional groups, a Per-
kinElmer Spectrum Two FT-IR Spectrometer in the
400-4000 cm™ " spectral range was used with potas-
sium bromide (KBr) as the beam-splitter material.
The different bands and their respective transmis-
sions which were observed from the CuSO,4 NCs are
displayed in the FT-IR spectrum as shown in Fig. 6. A
total number of 5 characteristic peaks at the band
values of 610, 868, 1074, 1668, and 3123 cm ™! were

conspicuous in the FT-IR spectrum. The stretching
frequency at 3123 cm™' can be assigned to the O-H
stretching vibrations of water [v (H0)]. Similarly, the
band with medium intensities at 1668 cm™' and
868 cm™'is both ascribed as the bending vibrations
and rocking modes of water [v,(H,O) and vg(H,O)],
respectively, while the strong bands at 1074 and
610 cm ™" are the stretching and bending vibrations of
sulphate ion [v3(S0,)?~ and v4(SO.)*7], respectively.
The vibration modes obtained from present study for
cupric sulphate crystals are in correspondence with
other reported infrared data on similar compounds
[23-28]. However, it is assumed tentatively that the
slight variation in some peak positions as observed
from Fig. 6 compared to other data might be intro-
duced as a result of modifications in the magnitude of
bond interactions/binding strength between the
water molecules and the sulphate ions.

The absorption spectrum of CuSO, NCs shown in
Fig. 7A was acquired at room temperature using a
PerkinElmer Lambda 365 Double Beam UV-Visible
Spectrophotometer (in the range 300-1000 nm) with
the aid of a variable angle transmission accessory
which allows reproducible measurement at several
angles without necessarily moving the mounted
sample. To complement the absorbance measure-
ments acquired in Fig. 7A by extending the investi-
gation from visible range towards higher
wavelengths in the near infrared region (from 400 to
2500 nm as shown in Fig. 7B), additional analysis on
the absorbance of CuSO, NCs was carried out using a
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Fig. 6 FT-IR Spectrum of 100
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Fig. 7 A UV-VIS absorption spectrum of CuSO, NCs dissolved in deionized water B UV—VIS-NIR absorption spectra of CuSO4 NCs

on FTO

Bruker Vertex 80v spectrometer equipped with an
externally connected air-cooled deuterium lamp as
UV source. The absorption spectrum collected using
the Bruker Vertex 80v spectrometer is displayed in
Fig. 7B. The limit of the detector used in acquiring the
UV-VIS-NIR spectrum in Fig. 7B falls within the
region enclosed in a circle as depicted in the
absorption spectrum. In Fig. 7A, a broad absorption
spectrum from 690 to 1100 nm, having a FWHM
value of 254 nm and an energy excitonic absorption
peak in the visible region at 810 nm was observed for
a solution containing CuSO, NCs dissolved in water.
The broad absorption band in the 1.14 to 1.79 eV
region originates from the d — d transitions of copper
ions (Cu®*) [29]. The absorption peak at 810 nm
observed in present work corresponds to the value of
wavenumber reported as the absorption band

@ Springer

maximum for Cu(H,0), 2+ ion in H,O [30], although
it varies from the value of 780 nm which was repor-
ted as the absorption band of copper sulphate
(CuS0,) in H,'O solution [31]. Furthermore, differ-
ent absorption peaks at 230 nm and 810 nm have
been reported in a study which involves the investi-
gation of the UV-Visible absorption spectrum of
copper sulphate solution in graphene QDs bath at
different wavelengths [22]. The peak appearing at
810 nm seems to correspond with present results and
can be ascribed to copper sulphate.

In Fig. 7B, the highest absorption peak for CuSO,
NCs on FTO was observed at 678 nm contrary to the
value that was obtained when it is dissolved in water
as described in Fig. 7A. The absorption peak value of
678 nm is closely related to what was reported as the
absorption peak centre for Cu@CuSQOy, [32]. Likewise,
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the FWHM value of 390 nm deduced from the
absorption spectrum in Fig. 7B is significantly higher
than the value of 254 nm obtained for CuSQO, in water
solution. Increase in absorption intensities in
annealed CuSO, shell has been described to be
associated with deep levels linked with the sulphur
vacancies or foreign defects in addition to extreme
excitonic emission of CuSOy shell [32]. The crystal
size of CuSQy is expected to become smaller in water
due to its solubility which can account for the
reduction in measured FWHM value. Similarly, the
polarity of water and its dielectric constant are sug-
gested to induce a shift in the observed absorption
peak of CuSO4 NCs in the present study. The broad
absorption band, along with the distinct extensive
FWHM value in present study, is an indication that
the synthesized CuSO, nanocrystals have non-uni-
form size distribution. During an investigation of the
effect of shock waves on copper sulphate crystals
[33], high values of FWHM obtained from the optical
transmission spectrum of the crystals were reported
to be favourable for transmitter and filter applications
at specific wavelength regions.

To further investigate the vibrational modes and
strain characteristics of the CuSO, NCs, room-tem-
perature Raman spectroscopy measurements from 20
to 3750 cm™' were conducted on the sample while
the spectrum measured from the Raman scattering
corresponding to the crystals is displayed in Fig. 8A.
An elaborate description of the Raman instrument
specification and parameters adopted during spectral
acquisition has been reported elsewhere [34]. For
clarity, the vibrational modes at lower frequencies

(A)
= CuS0, NCs
)
£
2
£
<
2
0
c
2
£

T r v r T r 1T 71
500 1000 1500 2000 2500 3000 3500

Wavenumber (1/cm)
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(50 cm™" to 1750 cm™") are displayed more clearly
with their respective Raman peaks as indicated in
Fig. 8B. A total number of 16 vibrational frequencies
were observed from Raman scattering unlike in FT-IR
with only 5 active modes. The observed Raman at
82 cm™', 125 cm™', 200 cm™ ', 241 cm™', 274 cm ™,
329 cm™', 450 em™', 610 cm ™', 714 cm™, 870 ecm ™},
984 cm™', 1056 cm™!, 1094 cm™!, 1140 ecm ™,
1650 cm ™!, and a broad band from 3000 to 3500 cm ™!
with centre approximately at 3240 cm™'. The low
frequency at 82 cm ™' in present study is associated
with the translational modes of the sulphate ions
[T(SO,)?"] [25]. However, the vibrational frequency
at 82 cm™! (although slightly shifted to 83.5 cm™)
has been reported by other authors [35] to result from
the rotation of water and sulphate oxygens over the
residual water-copper axis. The low frequency line at
125 cm™! is related to the intermolecular lattice
vibration of copper and sulphate ions [36], while
frequencies between 200 to 350 cm ™' can be ascribed
to the bending modes of Cu(H,O),; ions. The
antisymmetric bending mode at 610 cm™' was also
been observed in the FT-IR spectrum and corre-
sponds to the v, lattice vibrations of the sulphate ion
[v, (SO»)?>7]. The weak bands at 714 cm™~ ' and
870 cm ™" are the librational modes of water mole-
cules which are largely shifted alongside isotropic
exchange of hydrogen atoms in accordance with
earlier results which has been reported [25, 37]. In
Fig. 8, the symmetric stretching mode [v; (SO | of
the sulphate ion is observed at 984 cm ™" with strong
intensity, while the three vibrational frequency bands
observed at 1056 cm™', 1094 cm™', and 1140 cm™!

(B) 450 984
——CuS04 NCs
610
_ 200
.*g 82
5 1056
o 125,241
1094

< 74
2
2 1140
5 29
= 870 ’

[ U U 1150

-— 77777
200 400 600 800 1000 1200 1400 1600
Wavenumber (1/cm)

Fig. 8 A Room-temperature Raman spectrum of CuSO4 NCs on FTO B Zoomed image of A showing observed peaks
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Fig. 9 A Colour-mapped Raman image of CuSO4 NCs obtained from large-area scan of the sample B Corresponding colour-mapped
Raman spectra from A showing relative line intensities that are more visible

can be ascribed to the antisymmetric stretching mode
v3 of the free sulphate ions [v3 (50,)*"]. The frequency
band with weak intensity at 1650 cm™' and the broad
frequency line with medium intensity between 3000
and 3400 cm™" are assigned to the water molecules
[vo (HO)] and [v; + vz (HxO)] in the crystals,
respectively.

A large-area colour-mapped Raman image
obtained from the NCs is shown in Fig. 9A while the
corresponding colour-mapped Raman spectra for the
displayed Raman image in Fig. 9A are displayed in
Fig. 9B. It is important to note that the full-
wavenumber colour-mapped Raman spectra for each
spectrum in Fig. 9B are identical but only differ in
intensities specifically at the wavenumber regions
displayed in the Raman spectra, respectively, with
these regions having stronger Raman intensity com-
pared to the rest of the wavenumber regions. The
change in Raman intensities at specific regions on the
colour-mapped image can tentatively be suggested to
be due to phase differences which can be induced by
variation in thickness and strain at different regions
on the deposited layer.

4 Conclusion

In summary, an investigation of the optical and
structural properties of cupric sulphate NCs which
was developed using hydrothermal methods has

@ Springer

been reported. The results obtained from AFM anal-
ysis of the sample revealed corrugated surface mor-
phology characterized by densely populated
nanosized crystal-shaped particles, with an average
height of 65 nm, and a lateral size dimension in the
range 90-450 nm which corresponds to a mean base
length of 270 nm for the crystal-like structures, as
determined from height profile measurements. Fur-
ther studies conducted on the as-grown sample show
a high surface roughness value of 21 nm root-mean
square (RMS) for a scan size of 5 x 5 pm?, with a
threshold height of ~ 103 nm projecting from the
surface. Room-temperature PL. measurements on the
NCs reveal overlapped emission lines which are
conspicuous at 416 nm and 439 nm, respectively,
while the third peak is a slightly obscure shoulder
which is situated at 465 nm. These energy lines are
suggested to be due to photo-excited charge recom-
bination. Also, the FL spectrum from CuSO, NCs
exhibits a broad emission at 380 nm which was
resolved by the application of appropriate deconvo-
lution procedure and fit functions as contributions
from overlapped spectral bands with wavelength
peaks at 375 and 425 nm, while a total number of 16
vibrational frequencies were observed from Raman
scattering and 5 active modes has been observed in
the Fourier Transform Infrared (FI-IR) spectrum. The
results contained in the present study can be useful
towards the advancement of innovative procedures
for controlling the quality of crystal deposition with
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the aim of enhancing their structural integrity and
optical properties.
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