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A B S T R A C T   

Dye-sensitized solar cell’s (DSSC) performances are enhanced by engineering the materials at the interface of 
various device components owing to easy and inexpensive fabrication steps. Ru (II) polypyridyl-based synthetic 
dyes are the most widely used photosensitizers for DSSCs due to their superior molar extinction coefficient and 
facile interaction with metal oxide electrodes. However, these dyes are mostly expensive, and as a result, natural 
dyes and metal-free organic dyes have become an alternative way for sensitization to reduce the significant 
drawbacks of synthetic dyes. In this study, minimizing the usage of the N719 dye can be performed through an 
alternative method for better light-harvesting through supreme optical interfacial interaction with colloidal Cu- 
doped CdS as a co-sensitizer in a facile approach. This co-sensitization signifies the colloidal CdS (donor), which 
can corroborate the energy transfer mechanism with the N719 dye (acceptor). The introduction of Cu causes 
extreme tuning of broad absorption to near-infrared for CdS, enhancing the solar light harvesting entrapment 
followed by extensive optical interaction with N719 dye. This accelerates the activity of the sensitizers for light 
absorption enhancement and expects a better performance of DSSC compared to traditional sensitization. A 
massive improvement in photocurrent density (~42 %) was observed without sacrificing other photovoltaic 
parameters, as observed for TiO2-based photoanodes. The sensitizer’s interfacial optical energy transfer process, 
unless excited electron recombination, may indirectly be used as an excitation source of the acceptor and 
minimizes the recombination energy loss.   

1. Introduction 

Considering several important dye-sensitized solar cells (DSSCs) 
device high-performance output parameters, it is necessary to under-
stand the fundamental strategies to enhance its noticeable performance. 
The fundamental advantage of DSSCs lies in higher solar-to-electricity 
conversion efficiencies with lower production costs, flexibility and 
eco-friendliness [1]. The key idea of the photoelectrochemical technol-
ogy closely resembles the natural photosynthesis process. Like chloro-
phyll in plants, a monolayer of dye molecules (sensitizer) absorbs the 
incident light, generating positive and negative charge carriers in the 
cell. Therefore, DSSC provides a technically and economically credible 

alternative concept to present-day p-n junction photovoltaic (PV) de-
vices. Nanostructured semiconductor films are the framework of the 
photoanodes in DSSC. In contrast, appropriate dye molecules are the 
most critical component that ideally absorbs the most light on the 
semiconductor surface. Ruthenium(II) sensitizers, specially Di- 
tetrabutylammonium cis-bis(isothiocyanato)bis(2,2′-bipyridyl-4,4′- 
dicarboxylato)ruthenium(II) also known as N719, were exclusively used 
in DSSC [2]. However, their use has become limited because of their 
high cost and less durability due to the presence of two or three iso-
thiocyanate (NCS) groups and the absorption maximum being restricted 
to 550 nm [3]. Later, metal-free organic and natural dyes were suitable 
low-cost sensitizers for DSSC applications. However, they are 
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experiencing lesser absorption and a more extended period of dye 
soaking that reflects lesser photocurrent generation [4]. In that scenario, 
natural and metal-free organic dyes have become an alternative sensi-
tisation method to reduce synthetic dyes’ significant drawbacks. How-
ever, the adsorption ability and performance evaluation were weaker 
than the synthetic metal–organic dyes [5]. They also exhibit weaker 
light stability than metal-based sensitizers; hence, the co-sensitization 
strategy is applied to broaden the light absorption spectra. 

At this point, minimising the usage of the N719 dye can be performed 
through an alternative way for better light harvesting. CdS and N719 
dye have been established as pronounced sensitizers in conventional 
quantum dot solar cells (QDSSCs) and DSSC. To find out the appropriate 
combination of QDSSC with DSSC, we have tried to develop a co- 
sensitization technique with a popular sensitizer, CdS, in QDSSC and a 
traditional sensitizer, N719 dye in DSSC [6,7]. This report explores a 
facile synthesis of colloidal Cu doped CdS nanoparticles in a bio- 
templating mediated process using Bovine serum albumin (BSA) pro-
tein. BSA provides functionalization of CdS to make it colloidal and can 
exhibit facile electrostatic interaction with the N719 dye molecules [8]. 
In addition, this may further exhibit the desired emission of CdS which 
can corroborate the energy transfer mechanism with the dye (acceptor). 
The particle size reduction can primarily be controlled using organic 
capping agents, polymers, surfactants, etc. Here, BSA is employed as a 
natural bio-templating agent to control the particle size and further 
functionalize the CdS for the desired emission. The introduction of Cu 
causes extreme tuning of extended absorption for CdS, enhancing the 
solar light harvesting entrapment. One of the initial conditions applied 
for a plausible energy transfer process between a donor–acceptor pair is 
that the donor’s emission spectra must overlap to a certain extent with 
the acceptor’s absorption [9,10]. Thus, designing the specific acceptor 
or donor is essential for superior spectral overlap. This donor–acceptor 
interaction is further expected to develop a spectroscopic interfacial 
process called resonance energy transfer (RET), which accelerates the 
activity of the sensitizers towards the enhanced performance of DSSC 
[10]. 

Several reports show a strong influence of QDs co-sensitization with 
the N719 dye molecules to improve photoelectric properties [11–14]. 
However, most of them are unclear about the optical interaction pro-
cessing during the co-sensitization that enhances the electrical effi-
ciency. Dissanayake et al. (2021) employed PbS/CdS QDs and N719 dye 
for co-sensitization, raising the device’s electrical performance through 
the mixed cation effect [15]. Lin et al. (2017) reported the energy 
transfer effect for a DSSC in the case of N719 molecules allowing for a 
co-adsorption with the 1,8-naphthalimide derivative [16]. The device’s 
efficiency has been improved by 10.8 % and 21 % under one sun 
(AM1.5G) upon this co-sensitization. There is a 37 % increase in the 
photoconversion efficiency (PCE) of the CdSe-QD co-sensitized DSSC 
compared with the DSSC sensitized only by the N719 dye [17]. Utilizing 
bisensitizer layer cell consisting of a nanocrystalline TiO2/CdS QD/ 
amorphous TiO2/N719 dye, Shalom et al. (2010) obtains a 250 % in-
crease in cell efficiency compared to a QD monolayer cell [18]. 

In order to continue such an excellent interfacial strategy to improve 
DSSC performance, we have investigated a facile and effective approach 
of green emissive colloidal Cu doped CdS serves as an energy transfer 
candidate to receive the resonance energy N719 dye, and hence strongly 
provides better photon absorption on the photoanode. Through the 
process, unless excited electron recombination, it is indirectly used as an 
excitation source of the acceptor and minimises the recombination en-
ergy loss. Moreover, this donor–acceptor couple has exhibited syner-
gistic interaction and a higher overlap with the solar spectrum without 
damaging the electron collection efficiency, which significantly en-
hances the light-harvesting efficiency of N719 dye, expected to enhance 
the performance of a DSSC device. 

2. Experimental section 

2.1. Materials 

All the chemicals were used with analytical grade. Cd (NO3)2, 3H2O, 
Na2S, 7H2O flakes, Zn (NO3)2, 6H2O and NaOH pellets were purchased 
from Merck Limited, Germany. Bovine Serum Albumin was used from 
Sigma Aldrich, and the suspension was stored at 4 ◦C. The water was 
used here in double-distilled water. Ethanol was used from Merck, 
Germany, as a washing liquid and a dispersion medium for character-
ization and cell fabrication. 

2.2. Synthesis of Cu-doped CdS nanoparticles 

The synthesis of colloidal CdS nanoparticles was adopted from the 
previous work [8]. Similarly, the colloidal Cu doped CdS nanoparticles 
have been synthesized using bovine serum albumin (BSA) mediated 
process under sonication. Ethanolic solution of 1, 3 and 5 mol wt% of Cu 
(NO3)2 was added with 0.1 M Cd(NO3)2, 4H2O and 1.25 × 10− 6 M (BSA) 
under constant sonication in an ultrasonic probe (Rivotek-30 kHz-250 
W) for 45 mins and immediately after that an aqueous solution of 0.1 M 
Na2S was added dropwise until the pH of the resultant solution reached 
4.18. 

2.3. Co-sensitized solar cell fabrication 

The N719 dye-sensitized and Cu-CdS co-sensitized devices were 
prepared using P25 TiO2 nanoparticles (Merck, Germany) and followed 
the protocol reported in our earlier works [8,19]. Usually, 0.5 mM of 
N719 dye is used for DSSC fabrication; however, to reduce the concen-
tration of the N719 dye molecule; consequently, the amount was 
reduced to 0.1 mM during the co-sensitization process. The overall co- 
sensitization process was schematically described as Scheme 1. 

2.4. Material characterizations 

The dried powder was characterized for structural properties by 
powder and film X-ray diffraction (XRD) analysis on an X’pert pro MPD 
XRD of PANanalytical with Cu Kα radiation (λ = 1.5406 Å), respectively. 
Fourier transform-infrared (FTIR) spectra have been measured between 
4000 and 400 cm− 1 with 200 scans on a NICOLET 5700 Fourier 
Transform infrared (FTIR) spectrometer with a resolution of 4 cm− 1 with 
the dried powder. Raman spectra were obtained using STR500, Cornes 
Technologies, formerly known as Seki Technotron, to evaluate the 
powder samples 514.5 Ar+ green lasers were used with 50 mW power. 
The ultraviolet (UV)-visible (UV–vis) absorption spectra and diffuse 
reflectance (DR) spectra were measured on the powder’s UV–vis-near 
infrared (NIR) spectrometer (Shimadzu UV-3600). The optical proper-
ties of the powder were further evaluated by recording the room- 
temperature photoluminescence spectrum (PL) on a steady-state spec-
trofluorometer (QM-40, Photon Technology International, PTI) using a 
Xenon lamp (150 W) as an excitation source and band-pass of 5 nm. The 
morphological study was monitored using transmission electron mi-
croscopy (TEM), carried out on a Tecnai G2 30ST (FEI) high-resolution 
transmission electron microscope operating at 300 kV. X-ray photo-
electron spectroscopy (XPS) measurements were carried out on a PHI 
5000 Versa probe II scanning XPS microprobe (ULVAC-PHI, U.S.) [20]. 
Transient photocurrent response test for all the devices was conducted 
utilising the Metrohm Autolab (PGSTAT302N) workstation under 
different light illumination sources. The utilised AAA solar simulator is 
manufactured by WACOM [Model no. WXS-210S-20]. WACOM solar 
simulator consists of Xenon short-arc lamp and two filters (UV and AM 
1.5) to emulate a solar irradiance approximately to AM 1.5, as in Fig. S1, 
SI. External quantum efficiency (EQE) was performed on a Bentham 
PVE300 Photovoltaic EQE instrument. 
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3. Results and discussion 

3.1. Structural and optical analysis 

The XRD patterns of the synthesized undoped CdS and 0.5,1,3 and 5 
% of Cu doped CdS powders have been represented in Fig. 1a, and all of 
them are matched well with the reported reference pattern of cubic CdS 
(JCPDS card 42–1411) [21]. Doping leads to a reduction of the unit cell 
length (l) of the CdS crystal lattice, and as a consequence, the noticeable 
contraction in the unit cell volume (V) for the Cu doped samples was 
observed as given in Table 1. Also, Fig. 1a indicates that the intensity of 
the secondary CuS phase became predominant in the case of 5 % Cu 
doping, leading to forming of a CuS-CdS composite instead of Cu doped 
CdS. During doping with 3 and 5 % of Cu in a CdS crystal, a slightly 
lower shifting of 2θo was observed, as shown in Fig. 1b. This lower 
shifting may ascertain a fruitful substitution of Cd2+ of the lattice sites 

having a larger ionic radius of 0.95 Å by Cu2+ with a smaller ionic radius 
of 0.73 Å (Table 1) [20]. The broadness and an intense peak of the XRD 
reflections indicate the finer size of the formed powders having a mean 

Scheme 1. Schematic representation of Cu-CdS co-sensitization process through a reduction of N719 dye concentration for TiO2-based photoanode.  

Fig. 1. (a) X-ray diffraction patterns for 0.5, 1, 3 and 5% Cu doped CdS and CdS along with standard JCPDS card no. 42-1411, (b) close X-ray diffraction pattern of 
cubic (111) plane for the same, (c) and (d) corresponding FT-IR and Raman spectra of the same powders, respectively. 

Table 1 
Calculated lattice parameters of synthesized colloidal cubic CdS and Cu doped 
CdS.  

Sample Lattice Parameter 
(Å) 

Intensity Ratio (111/ 
200) 

V(Å)3 

CdS  5.817  2.05  196.83 
0.5 % Cu doped CdS  5.815  2.09  196.62 
1 % Cu doped CdS  5.813  3.23  196.42 
3 % Cu doped CdS  5.812  3.44  196.32 
5 % Cu doped CdS  5.809  3.70  196.02 
JCPDS 36–1451  5.818  4.54  196.93  
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crystallized size between 5.1 and 4.4 nm as calculated from the Scherer 
equation [22]. Enhancing peak intensity and reduction of crystalline size 
manifest successful Cu2+ doping in a CdS nanocrystal by remaining 
negligible switching of full-width half maxima of the peak. The FTIR 
analysis also revealed the peak assigned at 621, 1160 and 1635 cm− 1 

attributes to the Cd–S, S–H and O–H stretching vibration modes, as 
shown in Fig. 1c. The surface functionalization of CdS exhibited a band 
at ~3480 cm− 1 due to labile –OH stretching of surface adsorbed water 
which is extensively making colloidal CdS for facile hydrophilic 
dispersion [23]. 

Further, the Raman study was also performed, as shown in Fig. 1d, 
exhibited the fundamental band (1LO) and corresponding overtone 
(2LO) of longitudinal optical (LO) and combination of (1LO + 2LO) 
phonon modes of CdS located at ~292, 590 and ~874 cm− 1, respec-
tively [24]. A gradual enhancement followed the intensity according to 
to increment Cu2+ concentration from 1 to 3 %. Whereas in the case of 5 
% Cu doping, the signature bands of CdS affected to a lesser extent due to 
the initiation of CuS-CdS composite cubic phase as observed from the 
XRD analysis. 

3.2. Transmission electron microscopy analysis of 3 % colloidal Cu doped 
CdS nanoparticle 

The bright-field images of 3 mol% Cu doped colloidal CdS nano-
particles (NP) were shown in Fig. 2a and b. The average particle size was 
calculated at ~10.2 nm corresponding to Fig. 2b. Good crystallinity and 
monodispersity are evident from the high-resolution TEM (HRTEM) 
images showing clear crystalline (111) plane lattice fringes with a lat-
tice interplanar distance value of 0.336 nm of cubic CdS in Fig. 2c. The 
discrete bright spots in selected area electron diffraction (SAED) pat-
terns reveal well-crystallized cubic form in the CdS nanoparticles with 
the major crystalline planes (311), (220), and (111) of cubic CdS as 
shown in Fig. 2d. 

3.3. Absorption and photoluminescence study 

The optical absorption spectra of the Cu doped CdS have been 
exhibited in Fig. 3a. The onset absorption edge at 482 nm for the 
undoped CdS has a significant bathochromic shift towards 455 nm 
observed only for the other % of Cu doped CdS NCs with the maximum 
shifting for 3 % Cu doping. Besides, insignificant shifting was observed 
in the case of 5 % Cu doping. The assimilation of the free electrons in the 
conduction band induced by fruitful doping also contributed to strong 
NIR absorption [25]. The NIR absorption was successfully observed with 
a more progressive trend as the mol % of Cu increased, as shown in 
Fig. 3a. The most intense absorption was executed by the 3 mol% Cu 
doped CdS NPs which further confirmed the successful doping of Cu2+ in 
CdS lattice and most effectively for 3 mol% dopant concentration. The 
resulting band gaps exhibited a significant increment exceptionally for 
the Cu doped CdS NCs with a prospective absolute value of 2.20 eV for 3 
mol% Cu doping. The blue shift of the absorption band edge of CdS and 
the presence of excitonic transitions due to Cu doping indicate the 
quantum confinement effect. For the CdS doped with 1 % Cu, the band 
gap increases predominately compared to 3 % Cu doped one. Also, in the 
case of 5 % Cu doping, an insignificant change was observed in the band 
gap, leading to a higher percent of doping. This may be linked to the 
filling up of the conduction band edge by the excessive carriers donated 
by the impurity atoms and effectively leads to a blue shift in optical 
band-to-band transitions by blocking the low energy transitions [26,27]. 
Fig. 3b exhibits the green emissive photoluminescence spectra of the 1, 3 
and 5 mol% Cu doped CdS NPs appeared at ~530 nm on excitation of 
340 nm wavelength. The emissions related to colloidal surface passiv-
ation as prepared using BSA protein have been discussed in detail in our 
earlier report. Interestingly, the resulting emission exhibited a bath-
ochromic shift of ~14 nm during successive additions of 1, 3 and 5 mol% 
of Cu. At the same time, consecutive increment of dopant concentration 
does not exhibit any shifting of the characteristics peak; instead, they are 

Fig. 2. (a) and (b) TEM bright-field image of 3% Cu-CdS NCs (inset of 2(b): corresponding particle size distribution histogram plot), (c) and (d) corresponding 
HRTEM and SAED pattern with the assigned cubic crystalline plane, respectively. 
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becoming more intense. Therefore, during Cu incorporation in the CdS 
lattice, an effective crystalline size enhancement was observed. It is 
expected that 5 % doping leads to a larger crystallite size than 1 %, 
indicating a successful impregnation of Cu in the CdS lattice [28]. 
Increment in crystallite size also affects the optical bandgap of the CdS as 
derived by the well-known Tauc’s equation [29]. The respective crys-
tallite size and derived band gap values have been summarized in 
Table 2. The optical band gap of CdS has been successively reduced by 
increasing the mol % of Cu doping. This also correlates reduction of 
crystallite size, leading to an increase in the optical band gap and vice 
versa due to the quantum confinement effect.[30,31] Therefore, 3 % Cu 
doped CdS has been the optimum doping of Cu to get an ideal bandgap 
with suitable crystallite size for further study. 

3.4. X-ray photoelectron spectroscopy analysis 

The chemical nature of the 3 % Cu doped CdS NCs was also examined 
by X-ray photoelectron spectroscopy (XPS) analysis, as shown in 
Fig. 4a–c. From the XPS spectra, it is evident that there is only the ex-
istence of Cd, S and Cu without any other impurity. Fig. 4a shows the 
narrow range scan of the Cd 3d core level, where two peaks corre-
sponding to the binding energies of Cd 3d5/2 at 404.2 eV and Cd 3d3/2 at 
411.6 eV, respectively, are present. The spin–orbit splitting energy of 
7.4 eV is characteristic of Cd2+ in CdS. The position of the S 2p3/2 and 
2p1/2 shows their binding energies at 160.8 and 162.7 eV, respectively 
(Fig. 4b), which confirms that S exists mainly in the form of S2- chemical 
state on the sample’s surface. At the same time, binding energies 
correspond to 930.8 and 951.2 eV assigned for strictly Cu2+ state, as 
shown in Fig. 4c. The corresponding spin–orbit splitting energy was 
observed at 20.4 eV, has a significant indication of the Cu2+ state of Cu, 
and highlights the presence of Cu in CdS [32]. The homogeneous dis-
tribution of Cd and S followed by the doping of Cu is very clear from the 

FESEM elemental mapping analysis. This confirms the homogeneous 
distribution of CdSalong with doped Cu throughout the surface, as 
illustrated in Fig. 4d. 

3.5. Studies on optical interaction of colloidal Cu doped CdS 
nanoparticles with the N719 dye molecule 

The absorption spectrum of the N719 dye molecule exhibits broad 
absorption throughout the UV and visible region, as shown in Fig. 5a. 
The highest energy sharp absorption with maxima at ~310 nm origi-
nated from the Π → Π* intraligand transition of the corresponding dye. 
Besides, the metal-to-ligand charge transfer (MLCT) process leads to 
exhibit of visible absorptions at ~385 nm (MLCT1) and ~529 nm 
(MLCT2), as shown in Fig. 5a [4]. The chemical structure of N719 dye is 
given inset of Fig. 5a. As revealed in Fig. 5b, the synthesized 3 % Cu 
doped CdS NPs exhibited an emission spectrum at 530 nm. Conse-
quently, the room temperature emission further brings the possibility of 
energy transfer to the N719 dye molecule as one of its absorptions 
appeared at 529 nm, as highlighted in the yellow colour in Fig. 5a. To 
understand the effect of Cu doping, we have further treated the undoped 
colloidal CdS with an N719 dye molecule for the comparative study. 
Therefore, it is predominantly active in the visible region, the major part 
of the solar irradiance spectrum. Hereafter, the excitation wavelength of 
the samples was fixed at ~330 nm to establish the resonance energy 
transfer dynamics in the studied systems. Fig. 5b and c exhibit the room 
temperature emission spectra of CdS nanoparticles and 3 % Cu doped 
CdS NCs recorded on 340 nm excitation and the absorbance spectra of 
the N719 dye in ethanol originating from MLCT2. The shaded zones 
indicate the spectral overlap of common areas in the combined 
normalized absorption and emission spectra in Fig. 5b and c. The sig-
nificant spectral overlap of the PL spectrum of CdS and 3 mol% Cu doped 
CdS with the MLCT2 band of N719 dye justifies energy transfer from CdS 
to the N719 dye molecule. It is also noticeable here that the integral 
overlap area of the spectral overlap zone is higher in the case of 3 mol% 
Cu doped CdS than undoped CdS [33,34]. 

In order to demonstrate the possibility of energy transfer from CdS 
and Cu doped CdS to N719, the gradual quenching in the emission of the 
donor molecules has been studied by monitoring the emission spectra of 
the CdS and 3 % Cu doped CdS with increasing concentration of the 
acceptor sensitizers N719. The concentration of the sensitizers had been 
increased from 0.1 µM to 2 µM with a regular increment of 0.1 µM. It is 
worth mentioning the rapid quenching of the emission of the donor CdS 
in the event of the faster energy transfer to the acceptor N719 increasing 
their respective concentrations. Here is the conjugation of semi-
conductor CdS and N719 dye molecule’s mutual collaboration to build 
up an energy transfer channel for DSSC as demonstrated in Fig. 6a and c. 

Fig. 3. (a) Absorption spectra of 0.5,1,3 and 5 mol% Cu doped CdS NCs and (b) Photoluminescence (PL) spectra of 1, 3 and 5 mol% of Cu doped CdS NCs (excitation 
wavelength: 340 nm) at room temperature [Inset: PL spectra of undoped CdS at the same excitation wavelength]. 

Table 2 
Crystalline size and optical band gap variation for undoped and different mol% 
of Cu doped CdS nanoparticles.  

Sample Crystalline size (nm) calculated 
from Scherrer Equation 

The optical band gap (eV) 
derived from Tauc’s plot 

Only CdS  ~4.2  ~2.33 
0.5 % Cu 

doped CdS  
~4.8  ~2.30 

1 % Cu doped 
CdS  

~5.6  ~2.25 

3 % Cu doped 
CdS  

~6.0  ~2.20 

5 % Cu doped 
CdS  

~6.5  ~2.15  
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Using a 1 µM concentration of N719 dye, the undoped CdS quenching 
saturated up to ~40 %, as shown in Fig. 6a. Whereas, in the case of 1 % 
Cu doped CdS, the quenching saturation rise to ~60 % in the presence of 
2 µM concentrated N719 dye, as shown in Fig. 6b. Again, for the same 
level of quenching saturation for 3 % Cu doped CdS, a 1 µM concen-
tration of N719 dye is fine enough to achieve the saturated condition as 
observed in Fig. 6c. 

The ratio of the steady-state emission intensity of the donors in the 
absence (I0) and presence (I) of the acceptor sensitizer has been estab-
lished through Stern-Volmer (S-V) plot shown in Fig. 6(d)–(f). [S] cor-
responds to the concentrations of the sensitizers, and KSV represents the 
Stern-Volmer (S-V) constant in the S-V equation shown in Eq. (i) [35].  

I0/I = 1 + KSV[S]                                                                             (i) 

The calculated S-V constants (KSV) are 0.34 × 107 M− 1, 0.52 × 107 

M− 1and, 0.63 × 107 M− 1 for undoped CdS, 1 % Cu doped and 3 % Cu 
doped CdS, respectively. The high KSV value obtained for 3 % Cu doped 
CdS for the acceptor molecule N719 asserts N719 as a faster quencher 
towards the synthesized colloidal 3 % Cu doped CdS than 1 % Cu doped 
and undoped CdS. 

The PL quenching mechanism provides evidence of the synthesized 
colloidal CdS affinity towards N719 dye [36]. It also indicates that the 
quenching mechanism is faster in the case of 3 % Cu doping than 1 % 
and certainly slower for undoped CdS in the presence of the same 
concentrated N719 dye molecules. The quenching processes reflect that 
a less concentrated acceptor is comparatively enough to saturate the PL 
emission quenching of the donor up to ~60 %. A digital colour-changing 
visual image of the sequential addition of N719 dye to 3 % Cu doped CdS 
solution was shown in Fig. 7a. 

The average energy transfer efficiency (E) can further be calculated 

Fig. 4. Core-level XPS spectrum of 3% Cu doped CdS for (a) Cd-3d, (b) S-2p, (c) Cu-2p and (d) corresponding FESEM elemental colour mapping analysis.  

Fig. 5. (a) Absorption spectrum of N719 dye in ethanol (inset: chemical structure of N719 dye), (b) and (c) room temperature emission spectrum of CdS nano-
particles and 3% Cu doped CdS NCs with the absorption spectra of N719 (normalization of the plots has been done concerning intensity. The spectral overlap areas 
have been shown as the shaded zones. 
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from Eq. (ii) by measuring the fluorescence intensity for the donor alone 
and in the presence of the acceptor sensitizer.  

E = 1-(ID-A/ID)                                                                                (ii) 

The calculated energy transfer efficiencies are found to be 61 %, 52 
% and 43 % for the 3 %, 1 % Cu doped colloidal CdS and undoped 
colloidal CdS, respectively. The calculated energy efficiencies estab-
lished the superiority in the energy transfer from the donor CdS to the 
acceptor N719, which becomes relatively faster with the introduction of 
Cu in CdS. Cu entrapment in CdS can effectively increase a maximum 
energy transfer rate up to ~42 % more than only CdS. This also supports 
the incorporation of Cu in CdS has been found quite impressive and 
dedicated to enhancing the optical property of CdS. The KSV values and 
energy transfer rates for undoped and doped colloidal CdS solutions are 
tabulated in Table 3. Fig. 8a explains the KSV and average energy effi-
ciency relationship proportional for doped and undoped colloidal CdS. 
Of course, Cu doping enhances both the KSV and energy efficiency for all 
the cases than undoped CdS, and it is saturated once the doping in-
creases up to 5 mol %. Besides, the optimized 3 % Cu doping resulted 
from a predominant improvement for energy efficiency delivery towards 
N719 than other doped samples. Hence, in the case of 3 % Cu doping, the 

KSV and its corresponding energy efficiency corroborate the closest 
relationship, as observed in Fig. 8a. Despite that, the phenomena of 
energy transfer from CdS towards the sensitizer N719 have been further 
established by measuring the fluorescence quantum yield (QY) of both 
doped and undoped colloidal CdS solution in ethanol in the absence and 
presence of the sensitizer N719. The superior energy transfer by 
absorbing high energy photons causes a significant role in controlling 
the recombination of excited electrons [37]. At the same time, allowing 
an indirect electron excitation source to generate more electrons to-
wards the photoanode for a DSSC device. The QY of colloidal CdS 
fluorescence has been defined as the ratio of the fluorescence quanta to 
the number of absorbed quanta (Ifluorescence/I absorbed) [38]. At the outset, 
the solution of 3 % Cu doped CdS in ethanol without the acceptor 
sensitizer exhibited a QY of ~3.6 %. Interestingly, a loss in QY of 88 % 
was observed, with an overall QY of ~0.4 % in the presence of N719. 

In contrast, only a 48 % decrease was observed in the case of 
undoped CdS (fluorescence QY ~ 3.1 %), exhibiting an overall QY of 
~1.8 % after being treated with acceptor N719 dye. This significant loss 
in QY elucidates the quenching of fluorescence due to energy transfer 
from the donor CdS to the acceptor sensitizers, which is due to the 
decrease in the fluorescence lifetime of the donor in the presence of the 
acceptor. The more significant loss in fluorescence quantum yield 
further supports the superiority in energy transfer in the donor–acceptor 
pair of 3 % Cu doped colloidal CdS than undoped colloidal CdS. 

On the other hand, in order to explicit the dynamic nature of the 
fluorescence quenching of the donor by successful energy transfer to-
wards the acceptor sensitizer by ruling out the possibility of the 

Fig. 6. (a)–(c) PL quenching spectra in the presence of a different concentrations of N719 dye solution and (d)–(f) corresponding Stern-Volmer plots for undoped, 1% 
Cu and 3% Cu colloidal CdS samples, respectively. 

Fig. 7. Photograph of the ethanolic solution of colloidal Cu-CdS nanoparticles 
(donor:D) in a different concentration of N719 dye (acceptor: A) as a 
donor–acceptor pair. 

Table 3 
Integrated quantum yield measurement of doped and undoped CdS before and 
after treatment with N719 dye.  

Sample Initial QY Decrease in QY (%) 

CdS  3.1 0 
With N719 (2 µM)  2.4 21.4 
1 % Cu-CdS  3.4 0 
With N719 (2 µM)  2.0 40.7 
3 % Cu-CdS  3.6 0 
With N719 (2 µM)  1.6 53.8  
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formation of any donor–acceptor complex in the ground state, the 
absorbance spectra of the acceptor sensitizer N719 has been measured 
with a valid increment of the amount of the donor 3 % Cu-CdS from a 
lower to higher concentration [39]. Fig. 8b exhibits absorbance spectra 
of 0.1 µM 3 % Cu-CdS solution, and this concentration has been suc-
cessively increased up to 1 µM in a regular 0.1 µM interval to the 
acceptor sensitizer N719. The gradual enhancement of the light ab-
sorption of the fixed concentrated acceptor sensitizer N719 dye has been 
found upon successive incorporation of 3 % Cu CdS, which indicates the 
energy donor serves as an additional light absorber with adequate 
sensitization and this may further help to enhance the overall perfor-
mance of a DSSC device. Though, there is still more work to complete to 
optimize the co-sensitization process of the CdS-N719 acceptor–donor 
pair with further treatment of TiO2 photoanodes and evaluate their final 
performance in DSSC [40–42]. 

3.6. Effect of NIR extended spectral absorption 

The charge separation efficiency of the photogenerated charge car-
riers of both the co-sensitized and only sensitized DSSC devices have 
been investigated by transient photocurrent responses of the same for 
several cycles with an on–off pulse duration of 10 s. A negligible 
photocurrent response in the dark is repeatedly enhanced to a consid-
erable extent immediately once illuminated under the visible and NIR 
lights. In the revised manuscript, the photocurrent response was further 
boosted on visible + NIR illumination for all the cycles, as observed from 
Fig. S2a, SI. The higher photocurrent density of the co-sensitized devices 
compared to only N719 dye sensitized devices confirm the feasibility of 
more efficient separation of photogenerated electrons and holes for this 
particular co-sensitized DSSC device under the illumination extended to 
NIR. 

Alternatively, the sensitised photoanodes’ photocurrent- voltage 
characteristics were measured under visible and NIR light illumination 
in the applied voltage potential window of − 15 V to +15 V, exhibiting 
Ohmic characteristics of the photoanode, as shown in Fig. S2b. SI. Be-
sides, the co-sensitized DSSC devices exhibited a much higher photo-
current upon visible and NIR illumination than only the N719 dye. 
Interestingly, the photocurrent enhancement was ~45 % for 1 % Cu-CdS 
co-sensitized devices under visible and NIR lights. This further increased 
to ~60 %, ensuring a better career transfer for 3 % Cu-CdS co-sensitized 
devices compared to N719 dye sensitized devices. The entire process 
was repeated under the illumination of solely visible light, where a 
slower trend of photocurrent enhancement was found for all the devices. 
This result certifies the role of NIR light and the spectral absorption 
effect of co-sensitized DSSC devices on its PCE. 

3.7. Photovoltaic performance and external quantum efficiency 
measurements of the co-sensitized devices 

The energy transfer process for Cu-CdS nanoparticles with N719 dye 
molecules was examined through their PV performances, as shown in 
Table 4. It has been observed that co-sensitized devices exhibit better PV 
performance compared to only N719 dye and Cu-CdS devices. 

The highest photoconversion efficiency (PCE) was achieved for 3 % 
Cu-CdS nanoparticles with N719 dye molecules ~8.17 %.. In contrast, 
the PCE was around 7.32 % for 1 % Cu-CdS nanoparticles, as shown in 
Fig. 9a. Co-sensitized devices resulted in ~31 % PCE improvement 
compared to only dye-sensitized devices. Besides, the PCE improvement 
for co-sensitzied devices was also drastically boosted (>100 %) in the 
case of only Cu-CdS nanoparticles-sensitized devices. 

An excellent photocurrent density (JSC) enhancement was observed 
during the co-sensitization may be due to the energy transfer process as 
observed during their optical spectral overlap. However, similar devices 
experienced a significant reduction of open-circuit voltage (VOC) and fill 
factor (FF), possibly due to the agglomeration of the dye and QD mol-
ecules during the co-sensitization process leading to an increase in the 
series resistance of the photoanode-sensitizer interface. High dye/ 
sensitizer coverage refers to effective intermolecular interactions 
without back-electron transfer. Besides, corresponding EQE values in-
crease up to 58 % for 3 % Cu-CdS, followed by 49 % for 1 % Cu-CdS and 
35 % for only N719 dye as recorded at 530 nm (Fig. 9b). Along with the 
PV performance, the EQE results strongly show the advantage of co- 
sensitization of the devices by improving the EQE significantly to 
reduce electron entrapment within surface trap states or loss within the 
electrolyte. 

3.8. Proposed mechanism of Cu doped CdS-N719 and CdS-N719 co- 
sensitized acceptor–donor energy transform 

The proposed resonance energy transfer mechanism within the 
sensitizer duo for doped and undoped CdS NCs as a donor and N719 dye 
as an acceptor with the regular electronic transitions in the conventional 
DSSCs has been illustrated in Fig. 10 [6,43,44]. In conventional DSSC, 
harvesting sunlight mainly relies upon the sensitizers according to their 
absorption capability, as shown in step1 for dye and step 2 for 

Fig. 8. (a) Stern-Volmer constant and RET efficiency plot for different molar percentages of Cu doped CdS and (b) absorption spectra of 1 mM N719 dye (fixed 
concentration) upon the successive addition of 3 % Cu CdS solution. 

Table 4 
Photovoltaic performance of the champion Cu-CdS and N719 dye co-sensitized 
devices compared with only N719 dye-sensitized devices.  

Device JSC ± 0.3 (mA/cm2) VOC (V) FF Efficiency ± 0.5 

Only N719  11.96  0.71 0.63  6.21 
Only Cu: CdS (3 %)  3.71  0.64 0.62  1.43 
N719 + 1 % Cu:CdS  13.22  0.71 0.62  7.32 
N719 + 3 % Cu:CdS  17.02  0.70 0.62  8.15  
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semiconductor-based sensitizers in Fig. 10. Consequently, there occurs 
an electronic transition from the ground state (highest occupied mo-
lecular orbital, HOMO) to the excited state (lowest unoccupied molec-
ular orbital, LUMO) of the sensitizer dyes (Fig. 10, step 1). The sensitized 
dye further injects electrons into the conduction band of the semi-
conducting CdS based co-sensitizers (Fig. 10, step 3). The injected elec-
tron flows through the semiconducting oxide film until it reaches the 
attached conducting substrate contact, which is delivered to the external 
electrical circuit. Again, there is a possibility of recombining the excited 
electrons to the respective ground states if the sensitizers are shown in 
Fig. 10, step 4. During the time of excited electron release, photo-
luminescence of the semiconductor sensitizer can be indirectly absorbed 
by the dye sensitizer through RET process, as shown in Fig. 10, step 5. 
The rate of this resonance energy transfer process strictly depends on the 
overlapping distance between the donor’s emission and the acceptor’s 
absorption. Also, for this case, Cu incorporation causes the existence of 
the virtual state in the original band gap of CdS. Due to the presence of 
this virtual state, the emission energy released from here could be 
captured by the N719 dye faster than only CdS. This energy replacement 
varies upon placement of the virtual state for different Cu doping. This 
resonance energy transfer could reduce both sensitisers’ recombination 
rate of excited electrons. At the same time, this energy is transferred as 
an indirect absorption of the sensitizer dye and supplies more electrons 
to the photoanode material for enhancing photocurrent production. 
Also, Cu doping enhances the light-harvesting power to the NIR region 
of the solar spectrum. The prepared doped and undoped colloidal CdS 
can absorb sunlight from UV to NIR. So without hampering the 

performance of DSSC through the conventional way, this synergistic 
property in Step 5 of colloidal CdS makes a supplementary mode for 
harvesting high energy photon in the UV region without using any 
additional sensitizers or imposing other conditions and guide the device 
to perform more efficiently by successfully utilizing the additional solar 
spectrum. The emission generated from CdS and/or Cu doped CdS al-
lows an indirect excitation to N719 dye, indirectly reducing the 
recombination rate and promoting a higher electron to the LUMO of the 
dye. This emission transfer as excitation energy can be termed RET (step 
5) between the donor–acceptor pair in the case of the DSSC system. An 
attempt has been executed to merge the dye-semiconductor sensitizers 
system as acceptor–donor pairs to improve the efficiency of traditional 
N719 dye with CdS. 

Co-sensitization causes agglomeration on the photoanode’s surface, 
reducing the electron mobilization rate. Though the co-sensitization 
process seems to be an effective tool for improving conversion effi-
ciency, some demerits are associated with the process. Perhaps the de-
vices’ traditional iodine/tri-iodide electrolyte quenches the donor’s 
fluorescence during the co-sensitization process, limiting the device’s 
performance. Agglomeration of dye molecules during the sensitization 
can be eliminated with π-spacer units in DSSCs [45]. These issues are to 
be solved for efficient photons extraction through new dyes and 
acceptor–donor pairs that extend the strategy of effective energy 
transfer process to facilitate the PV performance of the device. Despite 
possessing excellent properties and good PCE, a single organic dye is still 
modest compared to metal-complex dyes due to the narrow region of 
absorption in the visible spectrum, hence suffers the drawback of limited 
light-harvesting. Consequently, it limits the PCE of the DSSCs. 

4. Conclusion 

Colloidal Cu doped CdS has been synthesized using Bovine Serum 
Albumin mediated route by a sonochemical method. This has been 
introduced as an alternative co-sensitization through a resonance energy 
transfer process between CdS (donor) emission and N719 (acceptor) 
absorption. Cu doping causes excellent tuning of visible to NIR ab-
sorption for a single semiconductor sensitizer for maximum solar light 
harvesting. Remarkably 3 % Cu doping causes enhancement of optical 
properties of the donor–acceptor pair than other doping. A systematic 
photoluminescence quenching mechanism has been followed to under-
stand the energy efficiency calculation. With this, a maximum 61 % 
energy transfer efficiency has been achieved with a high Stern-Volmer 
constant of 0.63 x 107 M-1 for 3 % Cu-CdS NP with N719 dye. 53 % of 
integrated quantum yield decrement supports emission energy transfer 
of 3 % Cu doped CdS to N719 dye. It is also noticeable that Cu doped 
enhances the energy transfer process by 40 % more than only CdS NPs. 
TiO2-based photoanode exhibits 76 % PCE improvement during the co- 

Fig. 9. (a) Current density vs voltage and (b) corresponding external quantum efficiency plot for the Cu-CdS and N719 dye co-sensitized devices compared with only 
N719 dye-sensitized devices. 

Fig. 10. Schematic representation of plausible resonance energy transfer 
mechanism between CdS and Cu-doped CdS nanoparticles with N719 dye 
molecules as a donor–acceptor pair in DSSC. 
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sensitization of 3 % Cu-CdS nanoparticles with N719 dye molecules 
compared to only N719 dye-sensitized devices. 

Cosensitization is an effective approach to enhance the photovoltaic 
properties of the DSSCs through a combination of two or more dyes 
(having complementary absorption bands) sensitized on a semi-
conductor film. In contrast, fill factor of the co-sensitized devices 
experienced a significant reduction, whereas the corresponding photo-
current density of the devices dominates the overall performance. This 
will be a new way of co-sensitization and relating the popular sensitizers 
of DSSC-QDSSC, which may be implemented as an effective sensitizer 
for higher photocurrent production for a DSSC-based device. 
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