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A B S T R A C T A R T I C L E  I N F O R M A T I O N

The scientific community has developed new technologies, including solar cells (SCs), to meet global energy 
demands. SCs convert solar energy into electrical energy, providing renewable, sustainable, and green energy. 
Despite the availability of PV systems for many years, power generation through SC technology remains costly 
due to the low conversion efficiency (CE). Their low CE is due to limitations in semiconducting materials. In the 
present review, the basic mechanism of SC and techniques for modify SC have been discussed. The main focus of 
this review is to given an overview about the bimetallic materials and their application in SC. Bimetallic materials 
consist of two metallic components that can be synthesized using different methods. They exhibit exceptional 
properties, including improved electrical conductivity, tunable electrochemical activity, and high charge capacity 
compared to monometallic materials, making them promising candidates for use as electrochemical catalysts and 
photocatalysts. Various types of bimetallic composites and compounds, such as, oxides, phosphide, sulfide and 
carbon-based bimetallic composites is explained in the context of their compositions, synthesis techniques and 
their power generation efficiency. In the last portion of review, the importance of bimetallic materials in SC appli-
cation with their possible promising research direction and challenges are presented.
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1. Introduction

The negative impacts of our unsustainable energy practices on soci-
ety, health, and the environment issues are becoming increasingly appar-
ent, even though global fossil fuel resources are not yet depleted [1-5]. 
SCs and other renewable energy technologies have been developed as a 
result of the growing worldwide demand for energy and environmental 
concerns. To achieve sustainable and enhancement of our living stan-
dard, large-scale alternative renewable energy production methods are 
necessary in the future [6-9]. Without the use of alternate renewable re-
sources, present scenario of increasing electrical energy demands will 
likely result in significant global warming due to greenhouse gas emis-
sions over the next 50 years. However, advances in science and technol-
ogy have enabled the production of energy from sustainable sources e.g. 
solar, biomass, geothermal, wind and energy [10]. Amongst these, solar 
energy is the most affordable natural resource available today. Utilizing 
SC technology, which converts sunlight into direct current in the cells, 
is a very efficient technique to produce power. This technology has been 
extensively reviewed in the literature [11, 12]. Converting solar energy 
into electricity was first observed in the 1950s [1]. When two electrodes 
in a liquid or solid electrolyte are exposed to light, converting solar en-
ergy to electricity results in the creation of an electric voltage across 
the electrodes. The majority of PV devices are fabricated using semi-
conducting materials with p-n junctions, commonly known as, SCs. For 
optimum device performance, it is important to select a semiconductor 
materials with significant absorption ability of solar spectrum [13]. In 
the late 1950s, the first PV cells were developed and primarily used to 
power satellites during the 1960s. PV cells were first developed in the 

late 1950s and were primarily used for spacecraft in the 1960s. Improve-
ments in performance and manufacturing in the 1970s led to lower costs 
and increased use in remote terrestrial applications. PV power systems 
were developed for home and commercial use after the energy crisis 
[14, 15].

Over the past few decades, the manufacture of PV modules is experi-
encing rapid growth, and their integration onto buildings and connection 
to utility networks is increasing [16]. A variety of SC technologies are 
currently available, including silicon-based, thin film, multijunction, and 
next-generation SCs. Bimetallic composites and compounds have gained 
significant attention in recent years [17]. Despite the fact that bimetallic 
materials are important in SC applications, there is not a comprehensive 
review on this topic. Due to properties including light absorption, en-
hanced charge carrier transport and separation, and increased stability 
in harsh environmental conditions, bimetallic composites have gained 
considerable attention as potential materials for use in SC applications 
[18]. The combination of two materials’ physical properties in SC appli-
cations results in improved electron conductivity and excellent catalytic 
properties. For instance, bimetallic sulfides demonstrate remarkable ac-
tivity due to their multiple valence states, leading to more extensive re-
dox reactions [19]. According to the research reported by Sarra Bouazizi 
et al., a (PSC) perovskite SC made of lead-free inorganic materials can 
achieve an efficiency of 18.13 percent by carefully controlling a number 
of factors that affect the performance of each layer. ZnO has been shown 
to improve electron extraction and consequently performance when used 
as an electron transport layer [20]. Bimetallic composites, which exhibit 
great light dispersion and a long-range Localized Surface Plasmon Res-
onance (LSPR) effect, are interestingly better at absorbing photo-current 
than mono-metallic ones [21-23]. Research has shown that bimetallic 
nanomaterials and their nanocomposites are promising candidate for SC 

Table 1.
Bimetallic compounds used for solar cells application.

Bimetallic Compound
Type of Solar 

Cell

Premodified Modified
Ref.

PCE % VOC JOC FF% PCE % VOC JOC FF%

Ag:Zn Thin Film OSC 1.9 0.56 7.6 45 3.6 0.55 14.0 47 [51]

AuPt DSSC 1.1 0.651 16.1 31 3.4 0.654 16.5 31 [52]

Au:Ag Organic SCs 6.72 0.53 19.64 64.9 7.70 0.542 21.43 66 [53]

Ag:Ca 1.99 0.51 8.7 36.7 3.47 0.55 11.6 52.8 [21]

SnCr Organic SCs
Not 

eported

Not 

eported

Not 

eported

Not 

eported
1.46 0.99 2.19 10 [31]

Ag:Au DSSCs 8.78 0.63 3.49 63 14.75 0.68 6.56 65 [50]

Au:Ag/SiO2 DSSCs 5.4 0.65 11.3 68 7.56 0.68 15 66 [54]
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applications. Various synthesis and fabrication methods of bimetallic SC 
have been proposed and studied their SC characteristics.

 In this comprehensive review, we delve into the cutting-edge ad-
vancements in SC technology, specifically focusing on the utilization of 
bimetallic materials and their innovative composites. Our primary ob-
jective is to explore the intricate working mechanisms and explore novel 
modification methods employed in the realm of SCs. By categorizing 
bimetallic materials according to their vast potential in SC applications, 
we have rigorously assessed the diverse range of SCs that have emerged 
in this exciting field.

2. Mechanisms in SCs

In a solar energy generation system, a PV cell is the primary compo-
nent responsible for converting sunlight into electrical energy. It works 
based on the PV effect and functions as a device with a p-n junction. 
While the p-type material has holes produced by acceptor impurity at-
oms, the n-type material has electrons provided by donor impurity at-
oms. Figure 1(a and b) shows energy band of n-type and p-type semi-
conductor, respectively.

When sunlight shines on a semiconductor with p-n junction, photons 
with energies greater than the Eg (band gap) form an e- (electron) in 
conduction and h+ (hole) in valance band. The electric field generated by 
the ionized impurity atoms in the depletion region causes the h+ to move 
toward the p-side while the e- move toward the n-side. When an external 
wire is short-circuited, the current flow from n- to p-side is caused by 
charge separation.

 The electron-hole pairs formed within a diffusion length of the de-
pletion region edge contribute to the photo current as a result of the 
diffusion of additional carriers up to the space charge zone. When the 
excited p-n junction, is open-circuited, the charge carrier separation 

Table 2.
Oxide bimetallic composites used for different type of solar cells.

Bimetallic Compound/Com-

posite

Type of Solar 

Cell

Premodified Modified

Ref.
PCE % VOC JOC FF% PCE % VOC JOC FF %

NiO@ZnO TiO2-CsPbI3 6.66 15.12 0.73 60 8.73 0.83 16.70 63 [7]

NiCo2O4@RGO DSSC 3.03 0.69 8.54 51.42 6.17 0.69 14.92 59.93 [8]

ZnMoO4/3D-AWC

DSSC 6.07 0.62 14.86 66

7.65 0.69 16.41 67

[9]Cu3Mo2O9/3D-AWC 7.33 0.74 15.71 63

MnMoO4/3D-AWC 6.92 0.65 15.52 68

Ag:NiOx@C Thin-film 

Organic SCs

2.01 0.55 8.91 42.77 3.47 0.59 13.51 43.46
[55]

Pure Ag:NiOx 2.01 0.55 8.91 42.77 4.11 0.55 16.09 46.23

CuO/CeO2

ITO 6.48 - - - 9.6 - - -
[18]

Si - - - - 14.52 - - -

CuO@NiO under forward scan

Perovskite

8.58 0.89 18.89 51 10.11 0.91 21.80 51

[56]

CuO@NiO under reveres scan 7.17 0.86 18.52 45 9.49 0.88 20.94 51

MnTa2O6@MPC

D35SC 2.93 0.91 6.56 40.40 3.41 0.88 6.85 56.32

 [57]

Y123SC 1.45 0.74 4.27 46.01 1.92 0.75 5.34 47.56

CoFe2O4 @C DSSC 6.36 0.715 13.57 60 7.80 0.737 17.10 62 [58]

Fig. 1. Energy bands of a) n-type semiconductor b) p-type semiconductor. 

Fig. 2. a) short-circuit b) open-circuit for Solar Cell.
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produces the voltage. The p-n junction’s energy band diagrams for the 
open-circuited and short-circuited currents are displayed in Figure 2.

The Isc (current of short circuit), produced when the p- and n-sides 
are shorted together, is equal to the photo generated current if there is 
no resistance in the series. Also, a potential is created when the p- and 
n-sides are not circuited with a wire because electrons migrate toward 
the n-side and holes toward the p-side. This developed potential is 
known as the Voc (open-circuit voltage).

The current voltage of the p-n junction that is illuminated is given by 
equation (1) assuming the SC’s area is unity. 

/
0 ( 1)qV nKT

scI I e I= − −                                                                   	   (1)
Although I = 0 is used to obtain the open-circuited, the voltage can 

be obtained by:

0

( 1)sc
oc

InkTV In
q I

= +                                                         		    (2)
The fill factor is the ration of Vm.Im to Isc .Voc  which Vm and Im are 

voltage in SCs for maximum output. 
mIm

Oc sc

VFF
V I

=                                                                                     	   (3)
The ratio of the greatest electric output power produced to the total 

power of the incident light Pin is known as the CE (conversion efficien-
cy) of the SCs, or η.

m m oc sc

in in

V I V I FF
P P

η = =                                                                 		   (4)
Under normal test settings, IPD (incident power density) of 1000 W/

m2, the T of 25° C, and an air mass (AM) 1.5 spectrum, the PV parame-

ters are tested. It is required to maximize PV parameters, e.g. FF, Isc, and 
Voc, in order to increase efficiency [24].

The PV effect involves three essential steps that contribute to the 
cell’s operation [25, 26]. 

1.	 When a p-n junction semiconductor observes photons, elec-
tron-hole pairs are produced. This phenomenon is known as the 
PV effect. A hole results from an electron moving from the va-
lence band (Ev) to the conduction band (Ec) when a photon with 
enough energy (greater than Eg) absorbed. The photon’s sur-
plus energy (h-h0) gives the electron or hole more kinetic ener-
gy. The symbol “h00,” which stands for the energy gap or work 
function of the semiconductor, indicates the minimal amount of 
energy or work function needed to create an electron-hole pair. 
Any energy exceeding this minimum requirement is converted 
into heat within the semiconductor material [26, 27].  

2.	 The next stage of the PV effect consists of separating the charge 
carriers generated by light. The electrons can escape over the 
specific n-region and go through the circuit before recombining 
with the holes, whereas the holes can flow through the desig-
nated p-region and away from the junction once in an external 
solar circuit. 

3.	 The final stage of the PV effect involves utilizing the sepa-
rated electrons to produce an electric current. The electrons 

Fig. 3. Schematic of Si-based SC. Fig. 4. The p-n junction region and the produced E.

Table 3.
Sulfide Bimetallic composites composites used for different type of SCs.

Bimetallic Compound/Com-

posite
Type of Solar Cell

Premodified Modified
Ref.

PCE % VOC JOC FF% PCE % VOC JOC FF%

Co9S8/NC@FeCoS2CNC DSSC 5.24 0.715 13.01 68.5 7.07 0.724 13.75 0.71 [66]

NiCo2S4 Thin film SCs 7.60 0.70 16.70 0.65 8.10 0.69 18.43 64 [67]

Ni3S4/CoS2 DSSC 5.8 0.624 12.31 61 10.1 0.842 18.12 83 [68]

NiCo2S4/TiO2 DSSC
Not         

reported

Not         

reported

Not         

reported

Not        

reported
8.29% 0.828 14.39 69.52 [64]

Co@MoS2 DSSC 6.94 0.74 14.29 66 8.99 0.75 17.64 68 [69]

NiCo2S4

CdS/CdSe quan-

tum-dot-sensitized SC
1.3 0.489 11.76 22.56 3.14 0.489 16.68 38.52 [70]

NiS2/CoS2-0.1 Thin film SCs 6.83 0.71 15.26 63 8.22 0.72 17.45 65 [71]

Co8FeS8/N-C DSSC 7.17 0.72 16.47 60 8.06 0.75 18.19 58 [65]

CuSbS2 DSSC
Not 

reported

Not 

reported

Not 

reported

Not 

reported
2.60% 0.709 6.765 54.4 [72]
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are passed through a designated circuit; after which they will 
eventually combine with the holes. To ensure an efficient flow 
of electrons, the n-type material is designed to be thinner than 
the p-type material. This enables the electrons to move quick-
ly through the circuit and produce current before joining the 
holes. Additionally, the n-layer is coated with an anti-reflective 
substance to lessen surface reflection and improve light trans-
mission to the semiconductor material. This improves how 
well light is transmitted to the semiconductor material [25].

As per the above discussed mechanisms of PV effect, a SC is a spe-
cial kind of semiconductor diode designed to harness the energy of sun-
shine. Single crystal semiconductor, e.g. silicon, doped with pentavalent 
and trivalent impurities on opposite sides, respectively, to create the n 
and p type semiconductor. Doping generates high number of more mo-
bile charge carriers, also known as, majority carriers, in both regions. 
An area of positively charged donor atoms forms at the p-n interface, 
which is close to the n-zone, where the p and n-type semiconductors 
come into contact. The reason for this is the diffusion of electrons from 
the n-region into the p-region. A net of acceptor atoms that are negative-
ly charged and act as holes move from the p-region to the n-region and 
then enter the p-zone in the vicinity of the p-n junction. The movement 
of the holes can be used to detect the mobility of the valence electrons. 
The formation of the diffusion current, also known as Idiff, and a region 
of depleted charge carriers known as the space charge region (or deple-
tion region) are both results of the diffusion of holes and electrons [28]. 
Figure 3 shows schematic of Schematic of Si-based SC.

Under equilibrium conditions, the motion of charge carriers in a 

semiconductor results in two types of current: diffusion current (Idiff) 
caused by the concentration gradient and drift current caused by the 
electric field at the junction [29]. The electron diffusion current, denoted 
as In-diff, can be determined using the equation: 

. ( )  n diffI D dn
x

e n
d− =                                                                  		    (5)

where Dn is the diffusion coefficient of electrons. The hole Idiff density is 
similarly given by

( ). /p diffI eDp dp dx− = −                                                               	   (6)
where Dp is the diffusion coefficient of holes.

The hole diffusion distance to the variations in particle density to the 
change in their diffusion length and ratios of the variations in electron is 
represented by dp/dx and dn/dx, respectively. The built-in electric field 
in the depletion region generates a current opposite to the diffusion cur-
rent, known as ‘Idrift’ [30]. 

The drift current of electrons, ‘In-drift,’ is expressed as

 n drift nI enµ E envdn− = =                                                      		    (7)
where ‘µn’ denotes the mobility of electrons, ‘E’ denotes the E in 

the depletion region, and ‘udn’ denotes the drift velocity of electrons. 
The current due to the drift of holes, ‘Ip-drift,’ can be similarly expressed. 

  p drift pI epµ E epudp− = =                                                  		    (8)
‘µp’ is the hole’s mobility and ‘udp’ is the average drift velocity of 

holes.  The net ‘I drift’ due to drift of holes and electrons is as follows:  

)   (drift n pI e µ n µ p E= +                                                      		    (9)
 The above equation can be written as: 

   ( )dri f t n pI e µ n µ p E Eσ= + =                                     			  (10)
( ) n pe µ n µ pσ = +                                                                		  (11) 

The Idiff (In-diff for electrons and Ip-diff for holes) is proportional to the 
gradient of particles’ densities with respect to the diffusion distance of 
electrons and holes. On the other hand, the built-in E generates the drift 
current (In-drift and Ip-drift), which is opposite to the Idiff. Electron mobility 
(n), the electric field in the depletion area (E), and drift velocity together 
produces the drift current of electrons (In-drift) (udn). Similarly, the aver-
age drift velocity of holes and their mobility (p) are the two factors that 
determine the drift current of holes (Ip-drift) (udp). The equation e(n n + 
p p)E or sE, where s = e(n n + p p), may be used to calculate the total 
drift current (Idrift), which is the sum of the drift currents of electrons 
and holes.

The electronic semiconductor’s conductivity (s, given in W/cm) de-
termines the motion of electrons or holes through the material when sub-

Table 4.
Carbon-Bimetallic composites used for solar cell applications.

Bimetallic Com-

pound/ Composite

Type of 

Solar Cell

Premodified Modified
Ref.

PCE % Voc Jsc FF % PCE % Voc Jsc FF %

Mn/Co-NGC* DSSC 5.9 - - - 8.05 - - - [77]

Pt-Ni/rGO* DSSC 3.30 0.819 20.75 19 6.14 0.749 14.08 58 [81]

NTiBi/rGO DSSC 4.26 0.48 13.83 63.58 7.20 0.63 14.52 78.86 [82]

Co-TiC/Carbon 

NanoFiber
DSSC Not Reported

Not Re-

ported

Not Re-

ported

Not Re-

ported
3.87 0.758 9.98 50.7 [29]

WMo/rGo DSSC Not Reported
Not Re-

ported

Not Re-

ported

Not Re-

ported
4.28 0.694 8.951 69 [30]

Ni-Co/rGo DSSC 0.46% 0.67 0.85 32 3.10% 0.70 9.1 48 [83]

Ni-Co/CNFs DSSC 5.5% 0.74 7.30 58 4.57% 0.73 9.78 64 [84]

FeNi@N-G DSSC Not reported Not reported Not reported Not reported 4.12% 0.73 8.96 63 [85]

CoSe2/N-C@CC* DSSC 5.22% 0.685 11.97 63 8.09% 0.73 16.39 0.70 [79]

CoSe@N-G* DSSC 6.62% 0.731 13.58 66.2 7.65% 0.745 15.40 66.66 [80]

* N-coordinated Graphitic Carbon
* rGO: Reduce graphene
*N-C@CC: N-doped carbon nanocage@ Carbon Cloth
* N-G: N doped Geraphene

Fig. 5. a) LSPR mechanism, b) Diagrams of Different Mechanisms for LSPR-En-
hanced Photoactivity of Semiconductors.
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jected to an electric field. In nondegenerate semiconductors, the equilib-
rium state is reached when the drift current (Idrift) and diffusion current 
(Idiff) are balanced, resulting in no net currents in the depletion region. 
This equilibrium state is described by the Einstein relation: D µ = kT/e. 
The particle mobility (µ) indicates an electron or a hole motion under 
an E, while the D, known as the particle diffusion coefficient, indicates 
how well the particles motion is due to concentration gradients within 
the semiconductor [31, 32].

2.1. The Evolution of SCs

2.1.1. First generation of PV

The original generation of SCs, which are Si-based SCs, are the 
oldest and most commonly used. These SCs, which can be either 
Monocrystalline, Poly crystalline and Amorphous crystalline silicon, 
are also referred to as conventional, traditional, or wafer-based cells. 
Bell Laboratory made the initial discovery of silicon SCs in 1954, with 
a PCE (power convertion efficiency) of 6%. Considering single-cell PV 
modules, silicon SCs are among the most effective systems due to their 
accessibility and availability on the surface of the globe. Due to the in-
corporation of these materials into a PV device with a 1.1 eV band gap, 
which is ideally suited for PV applications.  The efficiency of silicon 
SCs is currently 26.6%. The Czochralski process is used to create sin-
gle crystal wafers in silicon devices, and it accounts for around 30% 
of the market. Compared to polycrystalline Si and amorphous Si solar 
panels, single crystalline silicon is purer and more prevalent. Due to the 
way, silicon is arranged structurally, polycrystalline Si is less expensive 
than monocrystalline Si. The poly c-Si SC with the highest documented 
PCE is 21%. However, the expense of manufacturing single-crystalline 
Si SCs prevents the idea of low-cost manufacture [33, 34].

2.1.2. Second generation of PV

Second generation thin film SCs (TFOSC), which have attracted in-
terest from the scientific community, were created as an alternative to 
silicon SCs by depositing multi or one semiconductors thin layer on a 
substrate such as glass, plastic, or metal. Because semiconductors have 
a high optical absorption coefficient (>104 cm-1), less film thickness is 
needed. Despite major advancements in recent years, thin film SCs have 
been less expensive but less effective than traditional silicon SCs. The 
difficulty in controlling the stoichiometry, complex deposition process, 
and existence of structural flaws are the key points of contention in these 
second generation SCs [33].

2.1.3. Third generation of PV

Third generation SCs are a type of SCs that evolved as a result of 
the first generation’s SCs being more expansive, the second generation’s 
SCs having a limited supply of raw materials, and the second genera-
tion’s SCs’ poisonous effects. Because third-generation SCs don’t rely 
on p-n junction, they are fundamentally distinct from the other gen-
erations of SCs.  Perovskite SCs (PSCs), quantum dot SCs (QDSCs), 
dye-sensitized SCs (DSSCs), and organic SCs (OSCs), which have met 
the criterion of cheap production costs, are examples of third genera-
tion SCs, sometimes referred to as emerging PVs. Due to their unique 
qualities, including easy manufacturing processes, affordability, envi-
ronmental friendliness, transparency, good plasticity, good conductivity, 
and high efficiency, DSSCs offer advantages over other photo voltaic 
devices. The difference in energy between the solar photon and semicon-
ductor’s Eg, while radiative recombination in the SCs acting as the lone 
loss process, determines the theoretical efficiency of a SCs. Photo-exci-
tation can be caused by any photon with energy higher than or equal to 
the Eg and photon with energy below can’t cause photo excitation. The 
“tandem cell” or “multi-junction” strategy, which involves putting thin 

layers of material with different band gaps on top of one another, is how 
third-generation cells are created in order to solve these issues [33, 35].

2.2. Modification of SCs 

As mentioned before, the objective of modifying SCs is to enhance 
their ability to convert sunlight into electrical energy, which is referred 
to as PCE. While based on Shockley Queisser (SQ) Efficiency the max-
imum theoretical PCE for a single-junction SC is approximately 33.7%. 
The SQ limit only permits radiative recombination in the extreme, where 
a single SC transforms 30% of solar energy into electrical energy at one 
sun irradiance (1000 W/m2). The SQ limit, which only applies to cells 
with a single p-n junction, can be exceeded by cells with several layers 
[36, 37].

Various methods such as doping, defect passivation, and interface 
engineering have been proposed and understood to improve this value 
[38]. PCE represents the proportion of sunlight energy that can be con-
verted into electrical energy via PVs. High PCE SCs possess several 
advantages, including a tunable band gap, strong absorption coefficients, 
lengthy exciton diffusion lengths, exceptional carrier mobility, and low 
production costs. They have the potential to surpass other types of SCs 
and have benefits over inorganic SCs such as shorter energy payback 
times and lower costs. Moreover, they play a crucial role in large-scale 
electricity generation [39].

Doping is a widely studied method for modifying photoanodes in 
SCs. Researchers and scientists have performed various studies to inves-
tigate the impacts of element doping on SC efficiency [1, 2, 40]. Modify-
ing the Eg and shifting the optical absorption edge to higher wavelengths 
[3], controlling morphology [4], can lead to improvements in SC perfor-
mance observed in literature. In the case of new generation oxide thin 
film based SC, e.g., ZnO based SC, the efficiency of a cell is affected by 
the thickness of the ZnO nanoparticle layer. The EQE (External Quan-
tum Efficiency) increases as the layer thickens, reaching up to 80.29 
nm. After which starts to decreases due to the presence of various de-
fects. These defects increase carrier recombination, which reduces EQE 
by lowering collection efficiency [6]. Pirashanthan et al. observed the 
impact of Lithium-doped TiO2 based hybrid SCs. They have observed 
that using Lithium-doped P3HT instead of pristine P3HT increased cell 
efficiency by almost four times. The enhancement was attributed to the 
superior light harvesting and charge transport properties of the P3HT 
polymer which doped with Lithium, which resulted in a high Isc of over 
13 mA/cm2 [7]. Gupta et al. have investigated the use of Cu/S @TiO2 
NP as a photoanode in DSSCs. Cu/S co-doping changed the optical 
properties of TiO2, which lead to increase the absorption in the VLR 
and resulting in a red shift in Eg. With a much higher Isc of 22.05 mA/
cm2, the DSSC made with TiO2/0.3 at% Cu and 0.05 at% S displayed 
the greatest PCE of 10.44%. [3]. Fei Zhao et al., employed Li: TiO2  

(Li-doped TiO2) as a new electron-transporting layer for CsPbIBr2 Per-
ovskite SCs (PSC). Utilizing the Li: TiO2 boosted the TiO2 film’s crys-
tallinity, reduced dark current, and reduced charge recombination in the 
CsPbIBr2 PSC, increasing efficiency from 6.63% to 8.09% [8]. A study 
of Al and Cu doping on ZnO revealed that doping induced improvement 
in conductivity and mobility in Cu–ZnO and Al–ZnO films compared 
to pure films. In the visible spectrum, the ZnO doped with Al and Cu 
films had a low resistance and an average transmittance of about 80%. 
Also, the efficiencies for Al-ZnO- and Cu-ZnO-based SCs were reported 
at 0.492% and 0.559%, respectively [9]. Cobalt-doped NiOx acted as a 
hole transport layer in PSC, and annealing it with NIR (near infrared ray) 
methods resulted in an improvment in PCE 15.99% to 17.77%. This was 
due to well-matched work function, leading to less charge accumulation, 
efficient hole extraction, and reduced Voc loss, and improvement in hole 
mobility, which reduced interface resistance [40].

Interface engineering is an important method, which can signifi-
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cantly improve the effectiveness of SCs by optimizing the interfaces 
between different materials. It involves adjusting the interface between 
different materials within a SC to enhance its functionality. This process 
can have a noteworthy impact on the efficiency of SCs, as it can also im-
pact on several properties, which are essential for their operation. Many 
methods, in which, interface engineering can improve the efficiency of 
SCs include reducing recombination, increasing charge carrier separa-
tion, and enhancing the transmission of light.

One approach is to increase the efficiency of SCs by modifying the 
interface between the semiconductor and the metal contact within the 
SC. This technique can help to reduce the rate at which electrons and 
holes recombine and minimize the amount of energy lost as heat, result-
ing in higher efficiency. Another way to enhance efficiency is by engi-
neering the interface between different materials within the SC, produces a 
built-in electric field that separates the positively and negatively charged 
carriers generated by the absorption of light. This can increase the num-
ber of charge carriers collected by the electrodes, leading to improve-
ment in efficiency.

Changing the contact between the semiconductor and the anti-re-
flective coating in the SCs to increase light transmission into the cell is 
another method to increase efficiency. This method can improve the effi-
ciency of the cell by allowing more photons to be absorbed by the semi-
conductor. In conclusion, interface engineering is a crucial approach to 
improve the effectiveness of SCs. By optimizing the interfaces between 
different materials, higher efficiency can be achieved in converting solar 
radiation into electrical energy, leading to the development of renewable 
and clean energy resources [41, 42].

To enhance the functionality of perovskite SCs, other studies have 
also been carried out. Huan Bi et al. used a multi-active site Lewis-based 
molecule called emtricitabine to enhance the PCE from 20.83% to 
22.24%. Low defect density in the perovskite thin film and greater inter-
facial hole extraction because of a better energy match are the reasons 
for the increased efficiency [43]. Muhammad Ashraf et al. studied the 
impact of polymeric carbon nitride (C3N3, C3N5, C3N) on the perfor-
mance of PSC. They found that charge carrier recombination could be 
reduced by the intrinsic electric field band alignments in C3N5. Addi-
tionally, the redox reaction between Ni3+ and organic cations was sup-
pressed [44]. Creatine was used by Guan-Woo Kim et al. on perovskite 
thin films as a surface passivation layer and additive to reach a CE of 
22.6%. The creatine layer not only protected the perovskite thin film but 
also improved its operational stability in humid conditions (50% relative 
humidity) and high thermal (85 °C) [45]. In a different work, iethyldith-
iocarbamic acid diethylamine (DADA), an organic amine molecule, 
was used to passivate the ionic defects on the surface of the inorganic 
perovskite film CsPbIxBr3-xThe device’s ambient stability was much 
enhanced by the DADA passivation, and over the course of 800 hours 
in an environment with a relative humidity of 30–40%, the Power Con-
version Efficiency remained close to 90%. Under 100 mW cm2 light, 
this combination increased the SC efficiency from 18.56% to 20.06% 
[46]. Finally, Katta et al. engineered a passivation layer of neodymium 
and erbium into the TiO2 for DSSCs application. In a photoelectrochem-
ical device, the optimized codoped TiO2 photoanode produced a greater 
photocurrent density (Jph), measuring 16 A cm2, than the device with 
pristine TiO2 (Jph: 7 A cm2). [47].

3. Bimetallic materials for SC applications

Additionally, the integration led to improved better simulated photo-
current density of 22.30 mA cm2 [48]. According to Yaoming Xiao et al., 
Pt-Ni bimetallic nanocrystals showed excellent electrocatalytic activity 
to I3- in DSSCs, and  the DSSC built with Pt3Ni displayed a higher PV 
conversion of 7.75% than the DSSC built with Pt CE (7.26%) [5]. NPs of 

bimetallic are interestingly well-suited to absorbing photo-current rather 
than mono-metallic ones since the former exhibit strong light dispersion 
and a long-range LSPR impact. In addition,  NPs of bimetallic have 
the potential to create a strong local electromagnetic field (EMF) that 
will cause increase trapping, light scattering,  and aid in the dissociation 
of exactions, as well as the LSPR effect in the layer of solar absorber 
[21]. In reaction to an external EM (Electromagnetic Field) of incoming 
light, the delocalized electrons in metal oscillate coherently collective-
ly according to SPR. Surface Plasmon oscillations of free electrons are 
constrained by the geometric boundaries of metal nanostructures. SPR 
for metal nanostructures is hence frequently referred to as localized SPR 
(LSPR) [22]. Figure 3, a shows the SPR mechanism. In general, the in-
cident EM can eject hot electrons, or free electrons from metal, into the 
semiconductor. By directly contacting the Schottky barrier created by 
the metal nanocrystals and semiconductors, the hot electron with a suffi-
cient jerk can overcome it. As a result, it has the ability to be injected into 
the semiconductor’s CB (Fig 3 b,E). Additionally, the input photon’s 
electric field component can create an energy-storing dipole moment in 
the metal by charge polarization of surface. By oscillating at the frequen-
cy of the input photons, this induce dipole moment causes resonance ab-
sorption via Surface Plasmon Resonance (SPR) (Fig 3 b,A). At the metal 
interfaces, the dipole moment of formed metal can bring about induction 
a second dipole, resulting in the so-called dipole-dipole interaction be-
tween the NPs of metals and nearby semiconductors. (Fig 3 b,B). When 
the LSPR decays, phonon-electron relaxation of the energy stored in the 
process results in a photo-thermal reaction, where the obtained mobile 
carriers’ energy is converted to heat. This impact may manifest during 
the LSPR’s non-radiative decay phase. (Fig 3 b,D). It’s interesting to 
note that the pulsating plasma finally demoted by transferring heat en-
ergy to the nearby molecules or compounds. (Fig 3 b,D). Last but not 
least, the interaction of EM with the surface electron plasma of metal 
can produce a localized electromagnetic field around the metal which 
can result in near-field scattering. (Fig 3 b,C). All of these mechanisms 
would help to increase the amount of photons captured and the amount 
of photocurrent captured through exciton dissociation mechanisms [21].

 Abdallah Y. A. Ahmed et all., reported an enhancement of photo-
current for through Silver doped magnesium bimetallic in a TFOSC’s 
photoactive layer. In comparison to the reference cell, the maximum 
PCE of 4.11% was attained at a 1.5 wt% doping level. The performance 
enhancement of PCE represents an improvement of 79% in comparison 
to undoped SCs. The emergence of the LSPR, that’s beneficial for en-
hancing the charge transport processes and optical absorption in SCs, 
was credited with producing this result [23]. The PCE of the plasmonic 
Quantum dot SC with the TiO2/CdS/AuAg (3:1) film was 4.94%, that is 
52% bigger than the PCE of the non-plasmonic cell. Upon illumination, 
electrons in the TiO2/CdS film are promoted from the CdS VB to the CdS 
CB. Then, these electrons cascade to the TiO2 CB and are then sent from 
TiO2 to the FTO or current collector. This electron transfer method is fa-
vored by the energy level offsets of FTO, TiO2, and CdS. However, when 
the TiO2/CdS/AuAg (3:1) film is exposed to radiation, in addition to the 
intrinsic electron and holes pairs production in CdS, the near-field plas-
monic impact of AuAg alloy leads the production of additional electron 
and holes pairs in CdS, and the far-field impact causes the mid-gap states 
in CdS to get populated. As a result, the photocurrents are enhanced not 
The Fermi energy of pure AuAg (3:1) alloy NPs is 4.65 eV, while the 
EF’ for the TiO2/CdS/AuAg (3:1) film is 4.43 eV, that is upshifted by 
0.22 eV. Since the upshifted Fermi level is above the work function of 
the FTO, every possible thermodynamically permitted electron transfer 
from EF’ to the FTO is also possible [49]. The implementation of Au-Ag 
implantation by Navdeep Kaur and co-authors caused to an improve-
ment in the CE and reduced back recombination of TiO2 sensitizers. The 
results of DSSCs showed a remarkable 87.97% improvement in PCE. 
The implantation of bimetallic Ag and Au will enhance TiO2’s capacity 
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for light absorption and limit back recombination processes, which will 
enhance electron transport and enhance the PV performance of DSSCs. 
Huge photo-generated electrons are generated from excited molecules 
of N719 dye, especially those that are present close to Ag and Au when 
light strikes the photoanode of DSSCs. Due to their capacity for charge 
storage, Au and Ag rapidly accumulate photo-generated electrons; this 
causes the photoanode’s Fermi energy level (EF) to shift upward, which 
effectively transports the accumulated electrons to the CBof TiO2. Addi-
tionally, the plasmonically excited Ag and Au generate electrons that fill 
the TiO2’s trap levels, that decreases the photo-generated electrons’s ran-
dom charge distribution in TiO2 and prevents recombination processes at 
the photoanode/electrolyte interface. Additionally, via the TiO2 compact 
layer deposited FTO and collection at Pt CE30, photogenerated elec-
trons from the TiO2 C.B. are delivered to the external circuit. Thus, by 
lengthening the electron lifespan and the transport channel, Au and Ag 
in TiO2 would effectively improve the charge transportation processes 
across the DSSC. The underlying investigations have thoroughly sup-
ported the above-mentioned notion, which shows superior charge trans-
portation procedures and increased light harvesting ability in bimetallic 
Ag and Au implanted photoanode-based DSSCs [50]. 

Various bimetallic compound used for SC application and their first 
and modified efficiency with their respective references are tabulated 
in table 1.

 In the next section, studies on different types of bimetallic materi-
als, from bimetallic composites to Oxide, Phosphide, Sulfide, and Car-
bon-Bimetallic composites have been discussed in the context of their 
SC application.

 3.2.1 Oxide Bimetallic composites

Bimetallic oxide composites and compounds have become increas-
ingly popular in the field of SC applications, according to recent research. 
Binary metal oxide composites are known to possess superior properties 
compared to their individual constituents. Wafaa M. Salih investigated 
on the effect of combining CuO and CeO

2 on SC efficiency. The study 
found that the efficiency of ITO substrate SCs increased to 9.6%, and 
single crystal solar Si cells increased to 14.52%. The improved efficien-
cy was attributed to the increased concentration of CuO, which has a 
smaller particle size than CeO2 and results in a larger surface area to 
volume ratio [18]. In a recent study, Sakthi Velu Kuppu and colleagues 
modified the TiO2-CsPbI3 photoanode by incorporating NiO@ZnO. 
The UV-Vis spectra analysis revealed that NiO@ZnO was more effec-
tive than NiO/ZnO in modifying TiO2-CsPbI3. The implementation of 
NiO@ZnO resulted in a higher efficiency of 8.73% for the modified 
TiO2-CsPbI3, as compared to the individual use of NiO or ZnO [7]. In 
a recent study, Sakthi Velu Kuppu and co-worker have shown modified 
the TiO2-CsPbI3 photoanode by incorporating NiO@ZnO. The UV-Vis 
spectra analysis revealed that NiO@ZnO was more effective than NiO/
ZnO in modifying TiO2-CsPbI3. The implementation of NiO@ZnO re-
sulted in a higher efficiency of 8.73% for the modified TiO2-CsPbI3, as 
compared to the individual use of NiO or ZnO [7]. Researchers have re-
cently investigated the effects of Ag:NiOx composites on organic thin 
film SCs. The study involved the synthesis of two types of compos-
ites, namely green Ag:NiOx with carbon traces and pure particle black 
Ag:NiOx. The results showed that adding 1 wt% of Ag:NiOx resulted in 
a PCE of 5.1% and 4.95% for black and green composites, respectively. 
However, adding more than 1 wt% of Ag:NiOx led to a decrease in the 
efficiency of the absorber layers [55]. Feng Han conducted a compara-
tive study of ZnMoO4, Cu3Mo2O9, and MnMoO4 as 3D network struc-
tures on carbon derived from aloe waste. The work function and energy 
level of the three compounds were measured, with ZnMoO4, Cu3Mo2O9, 
and MnMoO4 showing values of 3.55, 4.86, and 3.62 eV, and 1.25 eV, 
0.06, and 1.18 eV, respectively. This suggests that ZnMoO4 is expected 

to exhibit higher efficiency compared to the other two compounds [9]. 
Different oxide bimetallic composites used for SC application and their 
first and modified efficiency with their respective references are tabulat-
ed in table 2.

3.2.2 Phosphide Bimetallic composites

Yi Di and co-worker have studied the potential use of phosphide bi-
metallic composites as a counter electrodes (CEs) for DSSCs. The com-
posites consist of a NiCoP NPs and NiCoP/carbon nanotubes (CNTs). 
The researchers investigated the performance of these composites and 
found that the optimal composite CE (NiCoP-CNTs-3) had a PCE of 
7.24%, which was higher than the single  CNTs electrode (6.05%) or 
NiCoP (4.71%). The PCE of NiCoP-CNTs-3 was also comparable to that 
of the standard Pt CE (7.12%) under the same conditions [59].

 Lijun and colleagues synthesized Nickel Cobalt Phosphide as a CE 
for DSSCs using a phosphating reaction. Through electrochemical in-
vestigations, they have observed that the CE of NiCoP (8.01%) was su-
perior to that of NiP (3.73%) and CoP (2.80%). The researchers attribute 
the higher CE of NiCoP to the adjustment of valence electrons and the 
provision of two electron-donating active sites due to the introduction 
of two metals [60]. A magnetic CoP@FeP4 thin film was developed on 
carbon paper (CP) via a two-step process and evaluated as a CE for 
DSSCs. The morphology of CoP@FeP4@CP, which resembles a silk-
worm, offers several benefits, including improved catalytic performance 
for the  reaction of interface, better connection among the electrolyte and 
electrode material, and faster electron transmission. In DSSCs, CoP@
FeP4@CP CE achieved a high PCE of 9.88%, that surpassed that of Pt 
(7.49%) and CoP@CP (8.73%) CEs [61].

 3.2.3 Sulfide Bimetallic composites

Transition metal sulfides are known for their exceptional catalytic 
characteristic in the reduction of triiodide. Bimetallic sulfides, in par-
ticular, exhibit synergistic effects among the two metals they contain. 
The lower band gap energy of these materials can help overcome kinetic 
barriers and facilitate ion transport and electron transfer. Additionally, 
the presence of a second metal can lead to an energy shift of the S and Co 
atoms, shifting the center of the d-band with respect to the Fermi level. 
This can help reduce the chemical interactionamong the the intermediate 
and catalyst surface during catalysis, thereby increasing both the cata-
lytic activity and the intrinsic conductivity for certain processes [62]. 
Materials of this kind are significant for their applications in SCs. Xing 
Qian and co-worker have developed a catalyst for I3- in dye-sensitized 
SCs’ reduction by synthesizing a double-shelled structure of CoMoSx@
Ni-CoMoSx. This composite exhibited a PCE of 9.30%, responsible to 
the availability of more active sites and increased contact area for the 
electrolyte [63]. Qin Wu and colleagues fabricated a counter electrode 
using Co9S8/NC@FeCoS2CNC composites, which achieved a CE of 
7.07% [43]. A CE consisting of NiCo2S4/TiO2 with high reflectance was 
prepared on TiO2 coated by FTO glass via a single step hydrothermal 
method. The mirror-like structure of the CE enhances its electrocatalytic 
activity and light reflectivity. This results in a big PCE of 8.29% in the 
DSSC [64]. Co8FeS8/N-C DNCs have been developed as a cost-effec-
tive alternative to platinum CE for DSSCs. They have demonstrated a 
notable PCE of 8.06%. The electrochemical analysis highlights the ex-
cellent electrocatalytic activity of Co8FeS8 DNCs for triiodide reduction, 
with minor peak-to-peak separation and electron transfer impedance 
compared to both platinum and monometallic sulfide Co9S8/N-C count-
er electrodes [65]. Different sulfied bimetallic composites used for SC 
application and their first and modified efficiency with their respective 
references are tabulated in table 3.



L. Bazli et al. / Journal of Composites and Compounds 5 (2023) 91-101 99

3.2.4 Carbon-Bimetallic composites

Carbon materials have been identified as promising electrode ma-
terials in new energy devices namely, fuel cells, supercapacitors, and 
SCs [73, 74]. This is because of their unique advantages such as high 
surface area, low cost, and excellent electrical conductivity [75]. How-
ever, the sp2 or sp3 hybridization in pristine carbon limits the available 
active sites and results in low catalytic activity. To overcome this lim-
itation, various modification methods in synthesis have been explored 
to increase the  activity of carbon-based catalysts [76]. As reported by 
Asim Arshad and colleagues, a modified graphitic carbon material was 
synthesized by incorporating N-coordination and Mn/Co via pyrolysis. 
The resulting Mn/Co-NGC (N-coordinated bimetal doped graphitic car-
bon) composite showed a PCE of 8.05%, which outperformed the PCEs 
of Co-NGC, NGC, and Mn-NGC (6.6%, 5.9% , and 7.1%,  respective-
ly). The enhanced electrocatalytic activity of Mn/Co-NGC for the re-
duction reaction of triiodide in SCs was attributed to its superior PCE 
and short-circuit current density (Jsc) values [77]. The current study 
involved the incorporation of active CuNi bimetallic NPs inside carbon 
nanofibers, and subsequent testing of the synthesized nanofibers-based 
DSSC. Results investigated a PCE of 3.5%, with a Isc of 7.67 mA/cm2 
and an Voc of 0.70 V [78]. The photocathode of a DSSC was prepared 
using CoSe2/N-C supported on carbon cloth, and it exhibited excellent 
long-term stability and a high PV efficiency of 8.40%, surpassing that of 
Pt. The superior performance is attributed to several factors, such as the 
high CoSe2’s catalytic activity, efficient mass transfer facilitated by the 
porous 3D structure, and excellent electron transport resulting from the 
strong interaction among CoSe2 and the highly conductive carbon cloth 
[79]. CoSe@N-G composites were recently synthesized as a potential 
replacement for Pt electrodes in DSSCs. The composite demonstrated a 
higher CE of 7.65%, compared to the Pt electrode’s 7.19%. The addition 
of more N-doped graphene (N-G) resulted in further improvement in 
CE. This high PCE% is responsible for the even distribution of CoSe2 
and the excellent conductivity of N-G [80]. Various carbon- bimetallic 
composites used for SC application and their first and modified efficien-
cy with their respective references are tabulated in table 4.

4. Conclusions and future insights

In conclusion, bimetallic composites and compounds have emerged 
as promising materials for solar cell applications. The electronic multi-
functionality, heterogeneity, and specific site response offered by bime-
tallic structures make them attractive for improving power conversion 
efficiency. In our study, we focused on oxide, phosphide, sulfide, and 
carbon-bimetallic composites individually. While oxide, sulfide, and 
carbon-bimetallic composites have been extensively studied, phosphide 
bimetallics still hold untapped potential and present an intriguing av-
enue for future research. Exploring the capabilities of mono-metallic 
phosphide elements in SC applications could yield valuable insights and 
contribute to further advancements in SC technology. Ultimately, har-
nessing the unique properties of bimetallic materials has the potential to 
revolutionize the solar energy field, facilitating the development of more 
efficient and sustainable SCs.
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