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Abstract 

Organic photovoltaics (OPVs) have received considerable attention over the past two decades as a 
promising alternative to their inorganic counterparts. Although the power conversion efficiency (PCE) 
of OPVs has rapidly increased in the last ten years exceeding 18%, higher PCEs are still needed to 
commercialize this emerging technology. The weak light absorption, particularly at wavelengths 
outside the visible region, and the recombination losses of the photo-generated charge carriers 
represent the major challenges for the PCE of OPVS. . The light harvest and survival of the photo-
generated charge carriers within OPVs are restricted to multiple factors such as material properties 
and device engineering. The application of different types of inorganic nanoparticles (INPs) in OPVs 
has been reported by many researchers as an effective strategy to overcome most of the PCE-
limitations. Here, a comprehensive overview of the progress in the performance of OPVs due to the 
application of different INPs over the past decade is provided. This review also presents an in-depth 
analysis of the efficiency loss pathways at the different steps of the photovoltaic effect and how INPs 
can address these issues resulting in PCE enhancement of OPVs. Finally, the impacts of this approach 
on the stability and cost of the device in addition to challenges and outlook are discussed. 
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1. Introduction 
Over the past two decades, organic photovoltaics (OPVs) have shown promising potential as a 

third-generation PV technology, due to their low production cost, abundance of materials, and 
mechanical flexibility [1-4]. The power conversion efficiency (PCE) of bulk heterojunction (BHJ) OPVs 
has recently exceeded 18% [5-7] for mono-layer devices achieving an improvement of ~150% over the 
past ten years [8]. However, higher PCEs are still needed before large scale commercialization of this 
promising technology (OPVs) [9, 10]. The photoactive layer of a typical BHJ OPV device is comprised 



of an electron donor (D) blended with an electron acceptor (A) in a continuous interpenetrating 
network. When incident sunlight is absorbed by the active layer, an exciton (a bound state of electron-
hole pair) is generated which diffuses towards the D/A interface to be dissociated into free holes and 
electrons, which transport through the D and A phases to be collected at the anode and the cathode, 
respectively, to produce a photocurrent [11-14]. The limited light harvest and the high carrier 
recombination losses are the main limitations of the PCE of OPVs [15-17] as will be discussed in more 
detail in section 2. 

The solar spectrum received by the Earth’s surface consists of infra-red (IR) radiation (52%), visible 
light (43%) and the remaining 5% lies within the ultraviolet (UV) region [18]. The portion of the solar 
spectrum that can be harvested by OPVs depends on the energy gap (Eg) of both donor and acceptor 
materials. Only photons with energy ≥Eg of the donor or the acceptor can be absorbed and generate 
excitons. The lower the band gap, the higher is the portion of the solar spectrum that can be harvested 
by the device. The state-of-art light harvesting materials in OPVs can absorb within a narrow region, 
mainly the visible light, of the solar spectrum [19]. Furthermore, the number of photons absorbed by 
the device at a particular wavelength increases with increasing the active layer thickness. On the other 
hand, a narrow bandgap can lower the open circuit voltage (VOC) and, consequently, the PCE of the 
device. Moreover, a thick active layer increases charge carrier recombination as a result of the short 
diffusion length and short lifetime of the photo-generated excitons [20-22]. Thus, a trade-off between 
optical absorption and both VOC and carrier transport should be reached for optimum performance 
[23]. 

Different strategies were proposed over the past decades to enhance the efficiency of OPVs. 
Performance improvement can occur either through the development of efficient materials or 
employing approaches that can optimize the device structure and engineering. For instance, the 
development of low bandgap conjugated donor polymers [24-26] as well as tunable non fullerene 
(NF) acceptors [27] have greatly improved the PCE of OPVs by increasing the harvest of light by the 
device. Thermal and solvent annealing processes as well as the utilization of solvent additives can 
improve the crystallinity and morphology of the active layer of the device [28-30]. Plasma treatment 
was reported as a good approach to enhance the morphology and electronic structure of the active 
layer [31] and charge transport layers [32, 33] of OPV devices. The concept of ternary devices which 
use an additional third component, either donor or acceptor, has been a successful approach towards 
better performance OPVs [34-41]. The incorporation of different types of inorganic nanoparticle 
(INPs) into the active layer and /or the buffer layer(s) of OPVs has likewise shown a great potential to 
increase light absorption and reduce carrier recombination within the device. 

Several attempts to improve the efficiency of OSCs via the incorporation of various categories of 
INPs within the photoactive layer as well as charge transport layers were reported in the last decade. 
For instance, metal nanoparticles such as silver and gold have shown a great potential to improve the 
device performance through increasing light absorption and carrier mobility within the device [42]. 
Moreover, other types of INPs such as dielectrics were employed to enhance the dissociation of the 
photo-generated exciton [43]. The application of magnetic NPs e.g. Fe3O4 was found to increase the 
lifetimes of the generated excitons, which as a result significantly reduces their recombination rate 
[44]. In addition, semiconductor NPs such as CuO, Cr2O3 and ZnO have demonstrated to reduce the 
carrier recombination through improving the morphology of the doped layer, which enhances the 
transport properties of the device [45-47]. 

It has been reported that the bandgap of the donor polymer should range from 1.5 to 1.8 eV, 
corresponding to absorption of near infrared and visible regions of the solar spectrum, to achieve a 
balance between light absorption and VOC [48]. Therefore, a large portion of the solar spectrum (sub-



bandgap) photons incident on OPVs are lost through transmission without generating a photocurrent. 
The employment of up-conversion (UC) NPs such as Lanthanide ions in OPVs has been recently 
reported by many researchers. UC NPs are added to the device structure with the purpose of 
increasing the light harvest of the device via the conversion of low energy photons such as from the 
IR range into higher energy photons, mainly in the visible region, which correspond to the bandgap of 
most of the donor materials. On the other hand, photons with much higher energies than Eg of the 
absorber material will dissipate part of their energy into heat. Moreover, ultraviolet (UV) radiation can 
induce changes in the structure of organic materials through photo-oxidation reactions leading to the 
degradation of the device [49]. Therefore, the utilization of down-conversion (DC) NPs in OPVs can 
enhance the optical absorption and stability of the device due to converting such high energy photons 
into visible light. 

In this review, the implementation of the different categories of INPs, including metal, 
semiconductor, dielectric, ferromagnetic, and up and down conversion NPs, for OPVs will be discussed 
comprehensively. The different mechanisms in which such NPs can affect the operation of OSCs will 
be described in detail. In addition, the progress in device performance over the past decade, achieved 
by dopant NPs of different categories, will be reviewed. The impact of the application of INPs in OPVs 
on the lifetime and the cost of the device is discussed. Finally, conclusions and outlooks are presented 
for future research. A brief discussion on the limiting factors to the PCE of BHJ OPVs is given first to 
deeply understand how different INPs can have positive impacts on the device performance. 

2. Efficiency limitations of BHJ organic solar cells 
An in-depth insight on the structure and operation of BHJ OPVs is necessary to form a 

comprehensive understanding of the limitations to their performance. The BHJ structure was 
developed by Yu et al. [50] in 1995. The active layer was composed of two organic semiconductors: 
one acts as an electron donor that mainly absorbs sunlight while the other functions as an electron 
acceptor, in a blend film between to dissimilar electrodes. Later, buffer layers have been introduced 
between the electrodes and the active layer known as electron and hole transport layers (ETL) and 
(HTL), respectively, to facilitate charge collection at the electrodes. The BHJ structure offers 
continuous networks within the active layer that are needed for charge dissociation and collection. 
The length of these D/A domain interfaces should be within the range of the diffusion length of the 
exciton. The BHJ structure can be produced in an either regular geometry, where the transparent 
electrode works as an anode, or an inverted geometry in which a transparent electrode is the cathode, 
as shown in Fig.1. 

 
    a) 

 
b)   

     
Fig. 1. (a) Regular (b) Inverted geometry BHJ structures of OPVs. 

 



In OSCs, the photovoltaic (PV) effect, i.e. the generation of electric voltage at the interface of 
two different materials as a result of light absorption [51], can be divided into five consequent steps 
(Fig. 2). Firstly, a photon with energy ≥Eg of the donor/acceptor is absorbed by one of the bonding 
electrons within the high occupied molecular orbital (HOMO) and is excited to the lowest unoccupied 
molecular orbital (LUMO), leaving an empty state (hole) behind. The low dielectric constant of organic 
semiconductors causes the photo-generated electron-hole pair to be strongly bound by electrostatic 
attraction, known as excitons. Excitons then diffuse within their diffusion length (LD) towards the (D/A) 
interface where exciton-dissociation into free charge carriers occurs due to the energy offset between 
their LUMOs, which can provide the energy required to overcome the binding force of the exciton. For 
other structures such as layer-by-layer (LBL) OPVs, excitons can transfer their energies from the donor 
to the acceptor at the D/A interface through energy transfer resulting in improved PCEs [52]. 
Subsequently, the free electrons are transported through the acceptor material and the holes through 
the donor, and are finally collected at the respective electrodes to produce a photocurrent at the 
external circuit [13, 14, 53]. 

 

 
 
 

Fig. 2. Schematic representation to the steps of PV effect in organic solar cells. 1: light absorption and generation of 
exciton. 2: diffusion of exciton. 3: Exciton dissociation at the D/A interface. 4: Transport of free carriers. 5: charge 

collection at the respective electrodes. 
 

The external quantum efficiency (EQE) and hence PCE of OPVs depend on the yield of the 
aforementioned five steps and can be calculated according to the following equation [54]. 

𝐸𝐸𝐸𝐸𝐸𝐸(𝜆𝜆) = 𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎. ∗ 𝜂𝜂𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑. ∗  𝜂𝜂𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑. ∗  𝜂𝜂𝑡𝑡𝑡𝑡. ∗  𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.                                                                    (1) 

Where 𝐸𝐸𝐸𝐸𝐸𝐸(𝜆𝜆) represents the ratio between the number of photoelectrons collected by the device 
and the number of incident photons at a particular wavelength.  η is the efficiency of each process as 
depicted by the subscript as discussed above. 𝐸𝐸𝐸𝐸𝐸𝐸(𝜆𝜆) is related to the PCE through the spectral 
photon flux, Φ𝑃𝑃ℎ,𝜆𝜆

𝐴𝐴𝐴𝐴1.5 as follows [51]: 

𝐽𝐽𝑆𝑆𝑆𝑆 = −𝑞𝑞 � EQE(λ)

𝜆𝜆2

𝜆𝜆1

Φ𝑃𝑃ℎ,𝜆𝜆
𝐴𝐴𝐴𝐴1.5𝑑𝑑𝑑𝑑                                                                                                 (2) 



𝑃𝑃𝑃𝑃𝑃𝑃 =  
𝐽𝐽𝑆𝑆𝑆𝑆 ∗ 𝑉𝑉𝑂𝑂𝑂𝑂 ∗ 𝐹𝐹𝐹𝐹

𝑃𝑃𝑖𝑖
                                                                                                                (3) 

𝐹𝐹𝐹𝐹 and 𝑃𝑃𝑖𝑖 are the fill factor and the incident power, respectively. According to the abovementioned 
discussion and Eq. (1), the limitations to the efficiency of an OPV device can be summarized as below: 

i. The limited light absorption due to the spectral mismatch between the incident solar 
spectrum and the optical absorption of the constituents of the active layer. The optimum 
bandgap of the light harvesting materials for OPVs was found to be in the range of 1.5 to 1.8 
eV [48] to avoid losses in the VOC. In addition, the small thickness (100-200 nm) of the active 
layer reduces the intensity of the absorbed light. Although thicker films can absorb more light, 
this approach will lead to a decreased performance of OPVs due to increased carrier 
recombination loss. 

ii. The low exciton diffusion as a result of the short LD and lifetime of the photo-generated 
excitons in the range of 20 nm and <1 ns for singlet excitons formed within the majority of 
conjugated polymer films [55]. Therefore, only excitons generated close to the D/A interface 
can be dissociated into free charge carriers. In addition, the built-in electric field (Ebi) of OPVs 
is not sufficient to sweep (drift) all the generated excitons out towards the D/A interface 
before they recombine [56, 57]. 

iii. The high binding energy of the photo-generated excitons due to the low electric permittivity 
of the active blend results in energy loss and reduced VOC and hence, the PCE of the device 
decreases. 

iv. The poor and imbalanced carrier mobility associated with morphology imperfections and low 
crystallinity of the active layer constituents negatively affect carrier transport, leading to non-
geminate recombination before collection at the relevant electrodes [58]. 

v. Losses due to series and shunt resistances (Rs and Rsh), where Rs is ascribed to the resistance 
of the bulk semiconductor, electrodes and the contact between them, while Rsh describes the 
leakage photocurrent through the defects within the junction or at edges of the cell, which 
act as alternative paths to the photo-generated electrons. Thus, a high Rs and low Rsh result in 
weak carrier collection. 

Consequently, improving the performance of OPVs requires enhancing the efficiency of at least one 
of the five processes described in Eq. (1). This enhancement can be achieved in several ways such as 
material development and device engineering. INPs have shown a great potential to overcome all the 
aforementioned limitations. In the following sections, different categories of INPs that can enhance 
the performance of OPVs are discussed in detail.  

3. INPs for OPVs 
Over the past decade, a significant enhancement in the PCE of OPVs was reported due to the 

development and implementation of effective materials for the different layers of the BHJ OPVs. 
Moreover, many strategies were developed that can be applied to most organic solar cells (OSCs) with 
different structures and materials. These strategies, in addition to the developed materials, maximize 
the conversion efficiency of the device. One of these remarkable methods is based on the utilization 
of inorganic nanoparticles within the photoactive and/or buffer layers of the device. Based on the 
type, shape, and size of the dopant NPs, their properties as well as their impact on the device 
performance can vary significantly. Therefore, different approaches to improve the overall 
performance of OPVs were reached based on the employment of various dopant INPs. In the following 
sections of this review, outstanding findings achieved as a result of dopant NPs for OPVs as well as the 



physics and performance-enhancement mechanisms behind each type of dopant INPs will be 
discussed in detail. 

3.1. Metal nanoparticles 
The utilization of metal nanoparticles (MNPs) in OPVs aims mainly at increasing the absorption of 

light by the active layer via localized surface Plasmon resonance (LSPR) effect. LSPR describes the 
interaction between the incident light and the oscillating conduction electrons on the surface of 
MNPs, which leads to selective attenuation of light in addition to an enhanced electromagnetic field 
close to the surface of the MNPs. Furthermore, MNPs can lead to either forward or backward 
scattering of the incident light. Therefore, the application of MNPs in OPVs represents an excellent 
strategy to enhance optical absorption and hence the number of the photo-generated excitons by the 
active layer. In the following, the implementation of both noble metals NPs and low-cost MNPs will 
be discussed. 

3.1.1. Localised surface Plasmon resonance (LSPR) 
 When the oscillating electric field of the incident light hits the surface of MNPs, it causes the 

conduction electrons to displace relative to the nuclei. Due to the electrostatic attraction between the 
opposite charges of the electrons and nuclei, a restoring force arises which leads the electron cloud 
to oscillate coherently with the incident electric field (Fig. 3) [59]. The oscillation frequency (ωp) 
depends on the dimensions and shape of the NPs as well as the dielectric medium [60]. The collective 
oscillation of the conduction electrons is known as localised surface Plasmon resonance (LSPR). When 
light is incident at the resonance frequency (ωp), the surface plasmons (quantized oscillating plasma) 
are excited to higher states upon the absorption of radiation leading to enhanced electric field close 
to the surface of MNPs. The excited surface plasmons subsequently decays through 
reemission/scattering of light [61, 62]. Thus, the existence of such MNPs within the structure of OPVs 
helps to improve the light harvest as well as the generation of excitons. The resonant frequency (p) 
can be controlled by the size, geometry and the type of NPs. Thus, dopant MNPs should be selected 
carefully so that their plasmonic resonance frequency is close to the bandgap of the donor polymer 
and hence, light harvest can be improved. Typical absorption spectra of plasmonic Ag NPs are shown 
in Fig. 3(b). The absorption peak broadens and notably shifts towards longer wavelengths (red-shift) 
as the particle diameter increases [42]. 

 

 
 

 
B 



Fig. 3. (a) Representation of the localized surface plasmon on nanoparticles  (b) The variation of absorption spectra of Ag NPs with the 
particle size [42]. 

 
Enhancement of the PCE of OPVs by plasmonic NPs is achieved by two main effects: namely 

far-field scattering and near-field effect. The scattering of the incident sunlight by MNPs embedded 
into the different layers of an OPV device plays a crucial role in improving its absorption through 
increasing the length of the optical path within the device. Due to the LSPR effect, the strength of the 
electromagnetic field surrounding the surface of MNPs, within few nanometres distance, increases 
light absorption. For the near-field to be effective in the photo-generation of exciton, MNPs must be 
embedded into or close to the photoactive layer, while the far-field scattering can improve the light 
absorption either when MNPs are inside or outside the photoactive layer. MNPs can be located in 
front, rear or within the photoactive layer. The direction of light scattering generally depends on the 
particle size. For example, it was found that the forward scattering for Ag NPs increases with particle 
size up to 67 nm and that backward scattering increased at larger particle size [63]. Forward scattering 
is essential when the MNPs are embedded into the front charge transport layer: namely HTL and ETL 
for regular and inverted geometry, respectively. 

 The addition of plasmonic NPs to the rear buffer layer typically enhances light trapping within 
the active layer of the device.  This approach increases optical path length as photons backscatter 
from the surface of MNPs and hence absorption probability increases. Although the light scattering by 
MNPs improves with large particle size, it was reported that large MNPs (>60 nm) negatively affect 
the photovoltaic performance through significant parasitic absorption as well as shunting and 
morphology issues [64]. In addition, further loss mechanisms are possible with plasmonic NPs of small 
size (<20 nm), which can act as recombination centres for the photo-generated charge carriers and 
hence reduce the photocurrent and the PCE of the device [65, 66]. Therefore, the size of MNPs should 
be selected precisely for optimum performance. 

 
3.1.2. Noble Metal nanoparticles 

The incorporation of noble metals NPs such as silver (Ag) and gold (Au) in OPVs was early reported 
by many researchers. The enhancement of the PCE of OPVs due to the LSPR effect is mainly attributed 
to the improved JSC caused by increased light absorption, while both FF and VOC remain almost 
unchanged. It is worth to mention that adding noble MNPs such as (Ag) and (Au) with small particle 
size (5-6 nm) and in low concentrations into OPVs was found to significantly increase all the 
photovoltaic parameters (including FF and VOC), which cannot be explained based on LSPR alone. For 
instance, in 2005 Kim and Carroll [67] have recorded 50-70% enhancement in the PCE of poly (3-
octylthiophine) (P3OT):C60-based BHJ OPVs due to Ag and Au dopants with the maximum 
improvement in PCE with Ag NPs. The observed progress was attributed to the improved electrical 
conductivity of the active blend through  providing energy levels of the doping material within the 
bandgap of the donor polymer and the reduced Rs (from 46 to 15 Ω cm2) of the device, with little 
increase in light absorption. Wang et al.[42] investigated the influence of larger sizes (30, 40 and 60 
nm) and controlled shape of Ag NPs on the performance of PCDTBT: PC70BM based OSCs. Their best 
device with 40 nm Ag NPs exhibited a higher PCE of 7.1% compared to that of the reference device 
(6.3%). The introduction of Ag NPs into the donor/acceptor blend enhanced the light absorption and 
charge transport and hence resulted in higher JSC (from 10.79 to 11.61 mA/cm2) and a slight change in 
FF (0.68 to 0.69) and EQE were obtained. The efficiency enhancement varied significantly between 
ref. [42], which had an almost 13% improvement, and devices in [67] that exhibited an up to 70% 
increase with respect to their control devices. This variation can be assigned to the different active 
layers, device structure and particle size. The different HOMO levels of both donor polymers with 



respect to the fermi level of Ag NPs may impact the hole transfer through the device. In addition, any 
possible aggregations in case of larger NPs can hinder carrier transfer and act as recombination 
centres. Therefore, all the previous parameters need to be considered to achieve the best benefit 
from this performance-enhancement strategy. In the same context, Wang and co-workers [68] 
investigated the effect of Au truncated octahedral NPs (~70 nm) on three different OSCs. The three 
devices were based on P3HT, PCDTBT and Si-PCPDTBT as electron donors, while PC70BM was used as 
acceptor (Fig. 4). The PCE of all devices in this study showed enhanced photovoltaic parameters as a 
result of stronger light absorption as well as reduced Rs and increased Rsh. Moreover, the reflection of 
the incident light by Au NPs increased the path length of photons within the active layer, which 
increased the absorption of light. Their results were also confirmed by dark J-V measurements, which 
revealed a lower leakage current in case of NPs-based BHJ devices.  

 

 
 
Fig. 4. J–V curves of devices with plain BHJ (black curves) or BHJ with 5 wt% Au nanoparticles (red curves) depending on photovoltaic 
materials (a) P3HT/PC70BM BHJ (ca. 220 nm) (b) PCDTBT/PC70BM BHJ (ca. 120 nm), and (c) Si-PCPDTBT/PC70BM BHJ (ca. 150 nm) [68]. 

 



 

More interestingly, the addition of MNPs into the BHJ active blend not only improves the PCE of 
OPVs, but also enhances their durability under operating conditions. Paci et al. [69] investigated the 
impact of Ag NPs on both, the efficiency and stability of the device. Ag NPs were incorporated into a 
P3HT: PCBM active layer to produce a plasmonic OPV device. Improvement in the PCE of the device 
was observed because of the LSPR effect, as discussed above. Additionally, the stability of the Ag NPs-
doped device upon continuous illumination was also enhanced in comparison with the control device. 
The improved durability was attributed to the more stable morphology in case of doped active layer 
with little aging impact at the interface with HTL. Contrarily, the Ag-free counterpart revealed 
significant aging effects as well as morphological changes during illumination leading to a thicker layer 
with time. A more comprehensive discussion on how MNPs improve the device stability is given 
elsewhere in this review (section 5). 

Remarkable improvements in the performance of OPVs were also achieved through the 
introduction of MNPs into other locations of the device such as ETL, HTL or between buffer layers and 
the active layer. For instance, adding Au NPs to the HTL was found to increase exciton generation rate 
with higher dissociation probability due to LSPR [70]. Moreover, Spyropoulos et al.[71] reported the 
influence of the deposition of Au and Ag NPs on the top of PEDOT: PSS HTL,which led to 20% 
enhancement in the cell’s efficiency. Their results confirmed that the introduction of MNPs as an 
interlayer between the active layer and HTL can also exploit the advantages of LSPR by increasing light 
harvesting and hence resulting in a better performance. The utilization of Ag NPs in both buffer layers 
has also proven an effective strategy to increase the efficiency of OPVs [72]. Au NPs were incorporated 
into HTL and ETL, which led to a 13% increase in the PCE of the device due to dual plasmonic resonance 
that increased light trapping. 

The incorporation of MNPs into buffer layers does not always improve the optical absorption of 
the plasmonic device. This is decided based on the orientation of the LSPR-resulting field, either 
laterally or vertically. Lateral orientation of the resonance field leads to weak absorption as less 
amount of light can reach the active layer in contrast to vertical orientation. However, MNP-doped 
buffer layers can show improved morphologies with increased surface roughness, which subsequently 
increases the area of contact with the active layer resulting in an efficient carrier collection and a lower 
Rs. The aforementioned effects were confirmed by Xie and co-workers who studied the influence of 
Au NPs doping of the active layer and HTL of a P3HT: PCBM-based device. The impact of Au NPs was 
studied individually on HTL, the active layer and simultaneously on both layers as shown in Fig. 5. An 
increase of 22% in PCE was observed for the device with Au NPs dopant in both layers with respect to 
the reference device due to simultaneously improved optical and electrical properties [73]. 



 

Fig. 5. (Color online) (a) J-V characteristics of the PSCs with NPs incorporated into different layers under AM 1.5G illumination at 
100 mW/cm2. (b) Absorbance of the active layer for different NP doping structures. (Device A: No NPs; B: NPs in PEDOT: PSS only; C: 

NPs in P3HT: PCBM only; and D: NPs in both P3HT: PCBM and PEDOT: PSS) [73]. 
Different approaches were developed for the best use of noble MNPs in OPVs such as the addition 

of Au NPs into the photoactive blend with the fabrication of Ag nano-grating. This design had an 
improved light absorption and electrical properties leading to enhanced PCE [74]. Another effective 
strategy to enhance the device efficiency was proposed by incorporating both Ag and Au NPs into the 
HTL and the active layer [75-77]. An improvement of ~20% in the conversion efficiency of the device 
was reached with this method. The dual plasmonic effect led to increased harvesting of light and EQE. 
In addition, the improved hole collection contributed to the overall efficient device performance [75]. 

Further studies focusing on the influence of size, concentration and the shape of nano dopants on 
device performance were conducted. The impact of the size of NPs incorporated into different layers 
of OPVs was investigated by many groups [78, 79]. For example, Ag NPs with variant sizes 
incorporated within the PEDOT: PSS buffer layer have been reported [78]. It was shown that the 
scattering of light towards the active layer can be controlled by the size of MNPs. An optimum 
efficiency of the devices was recorded with Ag NPs of ~67 nm size. Results revealed that the 
enhancement in PCE of the devices is ascribed only to the increased light absorption due to scattering 
by Au NPs. In addition, the effect of inserting differently shaped nanomaterials, either into the buffer 
layers or the active blend of OPVs, was reported by many groups [80-83]. For instance, Li and co-
workers used Ag NPs and nanoprisms as dopants to the active layer. LSPR varied with the shape of the 
nanomaterial used within the photoactive blend (Fig. 6). The absorption of light by the device was 
broadened and hence an increased EQE and PCE were reached [80]. Improved JSC and PCE were 
recorded with Au nanorods incorporated into PCDTPT: PC71BM active layer due to LSPR [84]. 

 



 

      (g) 

Fig. 6. TEM micrographs of the shape-controllable Ag nanomaterials synthesized by wet-chemistry method: (a, b) spherical Ag 
nanoparticles; and (d, e) triangular Ag nanoprisms. (c, f)Size-distribution histogram of the as-prepared Ag nanoparticles and Ag 

nanoprisms, respectively. In (e), it should be noted that the ‘rod’-shaped Ag nanomaterials in the TEM marked by black circles are not 
nanorods but are vertically oriented nanoprisms [80]. In (g) TEM image for Au nanorods reproduced from [84]. 

 

3.1.3. Low-cost metal NPs 
Cost-effective MNPs such as copper (Cu) and aluminium (Al) were also proposed to increase the 

efficiency and stability of OPVs [85-87]. For example, the impact of copper (Cu) NPs (~20 nm) on the 
optical and electrical properties of P3HT film was studied by Szeremeta et al. [85].   Cu NPs  strongly 
improved the photocurrent of the polymer without significant changes to its absorption spectrum. 
The incorporation of Cu NPs into the polymer matrix was found to enhance the dissociation of excitons 
through the interaction of the plasmonic field with excitons.This field subsequently facilitates exciton 
transfer through the polymer matrix and hence reduces geminate recombination. Overall, Cu NPs 
showed promising potential towards more efficient OPVs. Additionally, Cu NPs were incorporated in 
Tungsten Oxide (WO3) HTL via thermal evaporation, where an ultra-thin layer (up to 4 nm) of Cu was 
deposited (WO3/Cu/WO3). The device with Cu NPs exhibited an enhanced PCE of 6.38% compared to 
the control device with a PCE of 4.65% due to LSPR that increased light harvest and hence JSC, as 
confirmed by EQE and UV-VIS data (as shown in Fig. 7 and Fig. 8) [88]. 

 

 

Fig. 7. (a) J−V characteristics of devices with different thicknesses of Cu NPs under 100 mW cm−2 simulated AM1.5G in ambient air (b) 
Incident photon to current efficiency (IPCE), same as EQE, characteristics of devices with different thicknesses of Cu NPs [88]. 

 



 

Fig. 8. (a) UV−vis intrinsic absorption spectra of 3 nm Cu NPs (b) absorption spectra of devices with 0 and 3 nm thicknesses of Cu NPs 
without the top electrode in the wavelength range from 320 to 800 nm, and absorption of a device with 3 nm Cu NPs, which 

subtracted the intrinsic absorption of 3 nm Cu NPs [88]. 
 

Moreover, Cu-Au NP blends were added into PEDOT: PSS HTL of three devices with different 
active layers, P3HT: PC61BM, PTB7-Th: PC61BM and PTB7-Th: PC71BM. An improvement in PCE of up to 
13.4% was achieved with a maximum PCE of 8.48% due to the enhanced plasmonic effect over a 
broader spectrum [89]. Similar to noble MNPs, the low cost MNPs have been shown to improve the 
lifetime of the OPVs due to their ability to stabilize the morphology of the active layer and its interface 
with the metal electrode. In this context, Al NPs with average sizes of 30 nm were added to the active 
blend consisting of P3HT: PCBM. Subsequent results revealed a better morphology and stronger light 
absorption for the doped device than for the reference counterpart, especially at shorter wavelengths, 
as confirmed by EQE data leading to higher PCE. In addition, a longer lifetime (5-times longer than the 
non-doped device and twice that based on Au NPs) was realized with a plasmonic device as a result of 
its stable morphology, depressing photo-oxidation of the donor polymer  [86]. More details on such 
stability-enhancement mechanisms are discussed in section 4 of this review.  

Recently, multiple plasmonic NPs were added simultaneously to the active layer. A three-
metal nanocomposite based on Ag, Zn and Nickel (Ni) NPs was blended with a PTB7: PCBM active layer 
in an inverted OPV device. The efficiency of the doped device increased by ~25% compared to the 
non-doped (control) counterpart. The recorded improvement was attributed to the LSPR by MNPs as 
well as a better morphology and enhanced crystallinity [90]. Furthermore, a remarkable improvement 
in PCE exceeding 47% was achieved by magnesium (Mg) NPs added to tin dioxide (SnO2) ETL in an 
inverted device based on P3HT: PCBM [91]. The incorporation of Mg NPs significantly improved the 
electrical properties of the device leading to increased electron mobility, RSH and reduced RS. 
 
 
 
 

3.2. Dielectric NPs 
3.2.1. Improved dissociation of excitons 

Non-plasmonic NPs, such as those with high dielectric constants, were used as dopants to improve 
the performance of OPVs. The interaction of light with organic semiconductors comprising the active 
layer of OPVs is quite different from their inorganic counterparts such as Si, Ge, CdTe, etc. In inorganic 
semiconductors, the absorption of light results in free charge carriers (electrons and holes), while for 
organic semiconductors, the generated electron-hole pairs are still bound to each other via Coulomb 
attraction due to the low dielectric constant of such materials [92]. According to Coulomb’s law, the 
lower the dielectric constant of the medium, the stronger the electrostatic attraction force between 



the electron and the hole. The exciton dissociation rate, KD (E), at the D/A interface can be given 
according to Onsager’s theory [93]. 
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Where a is the electron-hole pair distance, EB is the exciton binding energy, KB is Boltzmann’s 

constant and T stands for the absolute temperature in Kelvin.  
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𝐾𝐾𝑅𝑅  is Langevin recombination and can be expressed as: [92, 94] 

𝐾𝐾𝑅𝑅 =
𝑞𝑞
𝜀𝜀

min(𝜇𝜇𝑒𝑒 ,𝜇𝜇ℎ)                                                                                                           (6) 

 
Where q is the electron charge and 𝜇𝜇𝑒𝑒 , 𝜇𝜇ℎare the mobility of the electron and hole, respectively. 
 
These bound state electron-hole pairs (excitons) need to be dissociated prior to charge collection 

at the electrodes. Exciton separation occurs at the interface between the donor and the acceptor due 
to the offset between their LUMO levels. This energy lost in the dissociation of excitons is directly 
reflected on the value of VOC of the device. The value of VOC, for many donor: acceptor (fullerene) 
systems, was found to relate to the HOMO and LUMO levels of the donor and acceptor, respectively, 
as: [48, 95] 
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�𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 − 𝐸𝐸𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 � − 0.3                                                                     (7) 

Thus, according to Eq. (7) and Fig. 2, when the difference between the LUMO levels of the donor 
and the acceptor is significant, exciton dissociation is easier. The difference between the LUMO levels 
of the donor and acceptor can be designed through the following means: 

i. Selecting a donor polymer with elevated HOMO and LUMO with respect to the acceptor. 
However, in this case, the donor HOMO will move closer to the acceptor LUMO, dramatically 
decreasing VOC and hence PCE. 

ii. Selecting a donor polymer with a high LUMO, while the HOMO is still low with respect to the 
LUMO of the acceptor. In this case, the optical bandgap of the donor increases, which reduces 
the light absorption of the polymer, JSC and the PCE of the device. 

iii. Developing an acceptor with relatively low LUMO, but this strategy will lead to drops in VOC 
and PCE of the device as the difference between EHOMO, Donor and ELUMO, Acceptor decreases. 

Thus, it is necessary to find effective approaches to improve the separation of excitons without 
disturbing the photovoltaic parameters of the device. Consequently, NPs with high electric 
permittivity were used as dopants to increase the electric permittivity of the whole medium (active 
layer), which reduces the binding energy of the excitons and hence facilitates their separation into 
free carriers. For instance, barium and strontium titanate (BaTiO3 & SrTiO3) NPs were used to increase 
the dielectric constant of the active blend composite and resulted in significant improvement in the 
PCE of the device, especially with SrTiO3. The increased efficiency was attributed to the improved 
dissociation of excitons and an increased yield of light harvesting [43, 96]. 



In contrast, the high dielectric constant of such NPs can increase the series resistance of the device 
which causes the device performance to drop. The distribution of the NPs within the active layer is a 
critical aspect that needs to be highlighted. The degree of enhancement of the device performance 
strongly depends on how the NPs are embedded within the doped layer. Large agglomerations of the 
NPs show a negative impact on the charge transport and collection, which can eventually lead to a 
decline in the performance of the OPVs. This was confirmed in ref. [43, 96] where both JSC and PCE of 
the devices doped with the high dielectric constant NPs improved significantly when prepared outside 
the glovebox due to sonication just before deposition, unlike those processed inside the glovebox 
even with methyl functionalized BaTiO3 NPs (Fig. 9). 

 
 
 
 

a) b) 

  
Fig. 9. J-V curves for OPV devices prepared in air (a) and inside the glovebox (b), n-BTO refers to neat BaTiO3 while f-BaTiO3 stands for 

methyl-functionalized BaTiO3 NPs [43, 96]. 
 

3.2.2. Enhanced light absorption 
The short diffusion length (LD) of excitons is one of the main limitations of OPVs, which sets an 

upper limit to the thickness of the active layer. Therefore, light absorption by the device is restricted 
to the thickness of the active layer. In contrast, if the active layer is too thick, the majority of excitons 
will recombine before dissociation into free carriers. A compromise must thus be reached for 
maximum light harvest and reduced recombination. A promising approach to increase the absorption 
by the active layer without increasing its thickness can be achieved by increasing the path length of 
the incident photons within the photoactive layer through scattering, which increases the interaction 
time between photons and the absorber. Light scattering within the active layer was also realized by 
doping the active layer with relatively large metal oxide NPs. In addition, slight enhancement in light 
harvest due to scattering, resulting from the different refractive indices between the D/A blend and 
NPs, has been reported for wide bandgap NPs with average size of 50 nm [43, 96]. However, the light 
scattering by such NPs was found to increase with increasing the refractive index contrast. 

Metal oxide NPs offer further advantages over MNPs such as their wide bandgap energy, which 
make energy losses negligible when added to the active material of OPVs. In addition, the low cost of 
metal oxide NPs makes them a good choice for improving the device performance. Easily fabricated 
and cost-effective SiO2 NPs with an average size of 160 nm were incorporated into PEDOT: PSS HTL of 



a P3HT: PC61BM-based solar cell. The modified device showed a ~17.5% increase in JSC and a ~7% in 
PCE due to the enhanced scattering by dopant NPs and hence increased path length of light photons 
within the photoactive layer [97] as shown in Fig. 10. 
 

Fig. 10. (a) Illuminated J-V curves at AM 1.5G and (b) light absorption of the samples after embedding SiO2 nanoparticles with the 
diameter of 80, 160 and 300 nm. The corresponding data from the planer reference sample without SiO2 nanoparticle embedding are 

presented for comparison [97]. 
 
3.3. Semiconducting NPs 
Inorganic semiconductor NPs have shown significant potential to enhance the efficiency of organic 
solar cells through multiple pathways. The remarkable features of semiconductor INPs such as their 
low cost, tunable absorption, high stability, and excellent electron mobility make them excellent 
candidates not only as nano-dopants to OPVs but also as electron acceptors in organic-inorganic 
hybrid solar cells [54, 98-100]. More details on the application of different inorganic semiconductor 
nanostructures on hybrid solar cells can be found in a comparative review by Wright and Uddin.[54] 
The bandgap of semiconductor INPs vary significantly from that of the bulk material due to quantum 
confinement effect [100-102] and can be controlled by changing their physical dimensions according 
to Eq. (8) [103]: 

𝐸𝐸𝑔𝑔,   𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐸𝐸𝑔𝑔,   𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 +
𝜋𝜋2ħ2

2𝜇𝜇𝑅𝑅2
− 1.786

𝑒𝑒2

4𝜋𝜋𝜀𝜀0𝜀𝜀𝑟𝑟𝑅𝑅2
                                                                    (8) 

Where 𝜇𝜇 and  𝑅𝑅 represent the electron-hole reduced mass and the particle radius, respectively. 

Thus, the optical absorption of semiconductor INPs can be tuned to be complementary to that of the 
active layer. In addition, light scattering induced by the presence of semiconductor INPs within the 
layers of an OPV device increases the path length of the incident sunlight and as a result, light harvest 
increases. The addition of semiconductor INPs into the photoactive layer of the device can also 
enhance the transport properties of OPVs through morphology optimization and carrier extraction 
and blocking effects supported by the electronic structure of such NPs [47, 104] as discussed below. 

3.3.1 Enhanced morphology 
According to Eq. (1), the enhancement of any of the processes included in the photovoltaic effect 

in organic solar cells will increase the EQE and PCE of the device. After light is absorbed by the active 
layer, the photo-generated excitons diffuse within the donor over a short distance (LD) for a short time, 
exciton lifetime (τ), before recombination. Thus, excitons must be separated into free electrons and 
holes before recombination. The separation of excitons occurs at the donor-acceptor D/A interface if 
sufficient driving force is provided. The distance between the neighboring D/A interfaces should be 



minimum for efficient diffusion and dissociation of excitons. Therefore, the morphology of the 
photoactive layer crucially affects the overall performance of the fabricated device. The formation of 
nano-scale interpenetrating networks between the electron-donating and electron-accepting 
materials enhances the diffusion of excitons and reduces their recombination rate [105]. 

Once the dissociation of excitons happens at the D/A interface, the free charge carriers are 
transported within the active layer to the respective electrodes. Free electrons move through the 
acceptor towards the cathode, while free holes move to the anode within the donor. The efficient 
transport of carriers depends on the ability of electrons and holes to move easily through the acceptor 
and the donor, respectively. Thus, high mobility of holes (µh) and electrons (µe) are necessary for high 
photovoltaic performance, see Eq. (6). In addition, the balance between the mobility of electrons and 
holes (µh/µe) increases JSC and PCE of the device [106, 107]. The morphology and crystallinity of the 
photoactive layer likewise affect the mobility of free charge carriers and the overall efficiency of OSCs 
[34]. For solution processing methods, the selection of solvents as well as post treatment greatly 
influence the morphology of the photoactive layer [28, 29]. 

The utilization of semiconductor NPs in OPVs was found to improve the charge transport 
properties of the active layer due to improving the morphology, crystallinity and carrier mobility [45]. 
In this context, semiconducting NPs such as CuO (<50 nm), Cr2O3 (23 <d< 34 nm) and ZnO (<100 nm) 
nano-dopants showed great potential to improve the optical absorption, morphology, and device 
efficiency [45-47]. For instance, CuO NPs were used as a third component in a ternary OPV device. 
The PCE of the device has increased from 3% to 4.1% as a result of enhanced morphology and 
crystallinity, which improved the mobility of electrons and holes, light harvest (via scattering), charge 
transport and exciton dissociation. In contrast, the high doping concentration of CuO NPs had a 
negative impact on the device performance, as shown in Fig. 11, as a result of large agglomerations 
that act as recombination centres, as confirmed by SEM images (Fig. 12), and reflected on the values 
of carrier mobility and RSH [47]. Additionally, Liu et al. [45] investigated the impact of Cr2O3 NPs doping 
on the active layer of P3HT: PCBM and PCDTBT: PC70BM based devices. With respect to their control 
devices, the PCE of the doped device increased from 3.02% to 3.5% and from 4.47% to 5.49% for the 
P3HT and PCDTBT based devices, respectively. These enhanced performances were attributed to a 
combination of effects induced by the dopant Cr2O3 NPs. Atomic force microscope (AFM) images 
revealed significant phase separation, with slight changes in the roughness of the active layer, which 
subsequently improved charge transport (see Fig.14).  

 

 
Fig. 11. J–V characteristics under AM 1.5 G standard light intensity of ITO/ZnO/P3HT: PCBM: CuO NPs/MoO3/Ag hybrid solar cells.[47] 

 



 

 
Fig. 12. SEM images of P3HT: PCBM: CuO NPs at ratios (a) 1:0.8:0.00, (b) 1:0.8:0.03 and (c) 1:0.8:0.05.[47] 

 

 

Fig. 13. AFM phase images of the P3HT/PC60BM surfaces (a) without and (b) with Cr2O3 nanoparticles, and PCDTBT/PC70BM surfaces 
(c) without and (d) with Cr2O3 nanoparticles [45]. 

 

TiO2 NPs resulted in a ~125% increase in the PCE of the device when added to the P3HT: PCBM 
active blend. The presence of TiO2 NPs within the photoactive layer enhanced the nanoscale phase 
separation, which facilitated charge transport and dissociation of excitons as a result of the increased 
area of the D/A interface as depicted in AFM images (Fig 15A). In addition, the increased surface 
roughness of the doped active layer was proposed to reduce charge transport distance. Moreover, 
the light harvest of the doped device greatly increased compared to the control device due to 
absorption and scattering by the NPs. The outstanding improvement in both optical and transport 
properties of the TiO2-doped device was confirmed by photoluminescence (PL) and quantum 
efficiency measurements (see Fig. 14B and C). The device with an optimum ratio (20 wt%) TiO2 
exhibited the highest quenching in PL and highest IPCE over the investigated wavelength range. 



Aggregations of the dopant NPs at high loadings increases carrier recombination and hence leads to a 
drop in device performance [104]. The application of semiconductor NPs to OPVs is not limited to the 
active layer, but can be expanded to buffer layers. Recently, NiS NPs were utilized as dopant in HTL 
resulting in ~95% improvement in PCE as result of their superior hole transport properties (Fig. 15a). 
The addition of 0.1% NiS NPs to the HTL resulted in a significant enhancement in the carrier mobility 
by approximately two orders of magnitude, which reduced carrier recombination as confirmed by 
space charge limited current (SCLC) measurements (Fig. 15b). The enhanced transport properties were 
attributed to the creation of extra and alternative pathways to the anode [108]. 

 
A) 
 
 
 
 
 
 
 
 
 
 
 
B)                                                                          

 
   C)  

Fig. 14. (A) AFM images of the active layer films of the photovoltaic cells made with(a)(b) P3HT:PCBM and(c)(d) hybrid P3HT:PCBM:TiO2. 
(B) UV-vis absorption and PL spectra of pristine (P3HT:PCBM) and hybrid (P3HT:PCBM:TiO2) thin films. (C) Incident photon-to-current 
conversion efficiency (IPCE) curves for the pristine P3HT:PCBM and hybrid P3HT:PCBM:TiO2 photovoltaic cells. PHPT refers to P3HT: 

PCBM (1:1) with different wt% of TiO2 [104].  



  

Fig. 15. (a) J-V characteristics of the best performing devices. (b) dots (..) represent the  space charge limited currents of the diodes 

with solid lines representing computer fits [108]. 

 

3.3.2. Improved carrier hoping 
The incorporation of semiconductor NPs into the active layer can also enhance carrier hoping. 

This effect depends on the electronic structure and the relative position of the energy levels of the 
dopant NPs with respect to those of the donor, acceptor, and the electrodes. If the edge of the 
conduction band (Ec) of the dopant semiconductor NPs lies between the LUMO level of the acceptor 
and the fermi-energy of the cathode, electron hoping is facilitated. Moreover, when the valence band 
edge (Ev) of the dopant semiconducting NPs is lower than the HOMO of the donor, an energy barrier 
is formed which prevents hole-leakage from the donor. This blocking effect is similar to that offered 
by buffer layers used between the active layer and the electrodes of the device. In addition, 
semiconductor INPs within the active layer can also work as an electron acceptor ifa proper 
heterojunction between the semiconductor NPs and the donor can be formed (staggered band 
junction) [54, 104]. 

The improved carrier extraction by semiconductor INPs leads to an increased mobility of 
charge carriers. In addition, the carrier blocking effect results in the suppression of leakage currents, 
which is directly reflected on the shunt resistance of the device. The value of Rsh can increase 
significantly when leakage current is reduced. In addition, the improved carrier extraction and 
transport through the active layer cause Rs to decrease. Therefore, inorganic semiconductor nano-
dopants can improve JSC, VOC, and FF simultaneously, which consequently results in an outstanding 
increase in PCE of the device. The incorporation of TiO2 NPs into a P3HT: PCBM blend has resulted in 
an enhancement of 42%, 36%, and 17% in JSC, VOC, and FF, respectively, which as a result increased the 
PCE of the device from 1.5% to 3.36% [104]. The enhanced photo-generation and the reduced 
recombination was confirmed by EQE and PL data (Fig. 13). Similarly, the addition of Cr2O3 NPs to the 
P3HT: PCBM has enhanced µe of the device due to facilitated electron hoping mediated by the Ec of 
Cr2O3. The increased shunt resistance and FF was assigned to the reduced hole leakage current due to 
the low Ev of Cr2O3 and subsequent blocking effect as discussed above [45]. The PCE enhancement 
achieved with TiO2 (125%) is much higher than that with Cr2O3 (18% and 22%), which may be 
attributed to the highly increased optical absorption (in case of TiO2) as a result of the increased 
surface roughness, which enhanced internal scattering of light. In addition, the lower Ec level (4.2 eV) 
of TiO2 compared to that of Cr2O3 (3.93 eV) might lead to better extraction of electrons. 

The effect of different semiconducting nanostructures on the performance of OPVs was also 
reported by other research groups [109-112]. For instance, Lu and co-workers reported that Cu2S 
nanodisks can improve the photovoltaic performance of P3HT: PCBM-based OSCs when used as 



dopant to the active layer. An increase of 22.7% in PCE of the device with optimum doping compared 
to that of the reference device was achieved. This behaviour was explained by the improved electron 
mobility of the active blend, which facilitated the transport of charges [113]. An increase in PCE of up 
to 10% was realized by the incorporation of CdS NPs into the active blend of PTB7: PCBM, which was 
caused by an enhanced morphology that facilitated charge transport and dissociation of excitons 
[114]. A major application of semiconductor INPs is as ETL or HTL depending on the position of Ev and 
Ec with respect to the HOMO and LUMO of the donor and acceptor materials and the fermi level of 
the electrodes. For instance, ZnO NPs have revealed promising potential as ETL in an inverted 
geometry OPVs [115, 116]. 

 
3.4. Magnetic NPs 
3.4.1. Intersystem crossing 

The short diffusion length (LD) and lifetime (τ) of excitons are major limitations of organic solar 
cells due to high recombination losses [117]. The photo-generated excitons within the active layer can 
exist in either a singlet or triplet state with extremely variant lifetimes and hence diffusion lengths 
[118]. In a singlet excited state, the electron spin is anti-parallel to the ground state electron, while for 
triplet state, the electron spins parallel to the ground state electron (Fig. 16). According to the Pauli 
Exclusion Principle, electrons occupying the same energy state must have antiparallel spin. Thus, when 
a photon is absorbed by an electron in the ground state, it is more probable to form a singlet excited 
state than triplet excited state as the later requires spin conversion of the excited electron. Singlet → 
singlet transition is much easier than singlet → triplet or triplet → singlet transitions. Therefore, the 
number of singlet excitons forming in the active layer by light absorption is much higher than that of 
their triplet counterparts. Triplet excitons have much longer lifetimes and diffusion lengths than 
singlet counterparts [119]. 

 
   A)                                                      B)                                              C) 
 

 
Fig. 16. Schematic diagram for singlet ground state (A), singlet (B) and triplet excited (C) states 

  

Singlet-state excitons generated in P3HT have shown lifetimes in the range of 300 ps and LD up to 
6 nm, [120, 121] while triplet excitons exhibited much longer τ (10 µs) leading to larger LD reaching 
100 nm [122]. Thus, increasing the population of triplet excitons within the photoactive layer is 
expected to increase the PCE of the device due to improved transport properties and suppressed 
recombination of excitons [123-125]. Thus, if the conversion from singlet to triplet excitons can be 
accomplished, higher photovoltaic efficiency can be realized. It was found that the interaction of a 
weak magnetic field with excitons can increase their lifetimes and diffusion lengths [126, 127] based 
on the intersystem crossing (ISC) process in which singlet excitons are converted into triplet states. 

The interaction between ferromagnetic NPs with moving charges such as excitons within the 
active layer of an organic solar cell can induce a weak magnetic field within the active layer.[44] 
Therefore, the incorporation of magnetic NPs into the active layer of OPVs was realized by many 



research groups as an effective strategy to improve the PCE of the device through intersystem crossing 
[128-131]. In this context, Zhang et al. were the first to incorporate the super ferromagnetic Fe3O4 NPs 
capped with oleic acid (OA) within the active layer of an OPV device leading to about 18% increase in 
PCE compared to the non-doped counterpart. The enhancement in PCE of the device with optimum 
OA-Fe3O4 (Fig. 17) doping concentration was mainly due to the increase in JSC, which was attributed to 
the increased population of the long-lived triplet excitons [128]. 

 

 

Fig. 17. J–V curves of P3HT:PCBM BHJ-PSC with and without OA-Fe3O4 NPs [128]. 

3.4.2. Coercive electric field 
It is worthy to mention that approximately 50% of the efficiency losses by OPVs are caused by 

carrier recombination as a result of the low ε of organic semiconductors as well as morphology 
imperfection [15, 16]. The photo-generated excitons exhibit two competitive effects: sweep-out by 
internal electric field and carrier recombination pathways either geminate or non-geminate [132]. 
The efficient collection of the photo-generated charge carriers in an OPV device requires an electric 
field intensity in the range of 50-70 V/µm under reverse bias and short-circuit conditions [56, 57]. The 
built-in electric field (Ebi) arising from the energy offset between the work functions of the electrodes 
is insufficient for collecting all the generated carriers. For instance, if the difference between the work 
function of both electrodes is <2 eV and assuming device thickness of only 100 nm, then an electric 
field of 20 V/µm results. Thus, this electric field is unable to suppress the recombination of the 
majority of the generated charge carriers [57, 121]. 

Consequently, strengthening the electric field through the device should lead to effective carrier 
collection and hence improved PCE of the device. In addition to ISC effect, the incorporation of 
ferromagnetic NPs, with their magnetic dipoles aligned, in the photoactive layer was found to be an 
efficient strategy to strengthen the electric filed within an organic solar cell. The alignment of the 
magnetic dipoles of the dopant NPs is achieved by the application of external magnetic field during 
device fabrication. The interaction between aligned magnetic dipoles results in a coercive electric field 
(EC) that increases the induced electric field leading to enhanced charge collection [133]. The value of 
the coercive electric field can be described as: [134, 135] 

𝐸𝐸𝐶𝐶 =
4𝜋𝜋𝜋𝜋𝜋𝜋
𝜀𝜀

                                                                                                                                      (9)  

Where, σ is the surface charge density, and f is the volume fraction of the dopant magnetic NPs. 



The generation of EC within the device improves the sweep-out and dissociation of excitons. 
Furthermore, a large ε of the magnetic NPs can help to increase the total electric permittivity of the 
doped active layer. It was reported that the addition of FeO3 NPs with relative permittivity (εr = 20) to 
P3HT: PCBM film (εr = 4) can result in 25% increase in the permittivity of the composite, [136] which 
subsequently improves exciton dissociation. More importantly, EC increases the drift velocity and 
kinetic energy (K.E) of the electrons and holes. Therefore, the reduced attraction force between the 
electron-hole pair as well as their increased (K.E) cause the total energy (U) of excitons to increase as: 
[137] 

𝑈𝑈 = �𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 −  𝐸𝐸𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 � − 𝐸𝐸𝐵𝐵 +
1
2
𝑚𝑚𝑒𝑒
∗𝑉𝑉𝑒𝑒2 +

1
2
𝑚𝑚ℎ
∗𝑉𝑉ℎ2                                                          (10) 

Where 𝑚𝑚𝑒𝑒
∗ and 𝑚𝑚ℎ

∗  stands for the effective mass of the LUMO electron and the HOMO hole 
respectively. 

As a result of the increased U of the exciton, it becomes unstable and tends to dissociate into free 
carriers. In this context, Wang et al. [137] incorporated Fe3O4 into the photoactive layer of OPVs while 
applying an external magnetostatic field during deposition of the doped active layer for further 
orientation of the magnetic dipoles inside the BHJ D/A layer. This strategy improved the cell 
performance via different mechanisms such as strengthening of the electric field through the device, 
as discussed above. In addition, the mobility of charge carriers as well as the morphology of the active 
layer improved significantly. Furthermore, the high dielectric constant of Fe3O4 NPs facilitated exciton 
dissociation. The results shown in Fig. 18 reveal that the PCE of the devices with Fe3O4 NPs increased 
by 28% without and 50% with the application of the external magnetic field, respectively. The 
application of an external vertical magnetostatic field on the Fe3O4-doped active layer during the spin 
coating of the active layer rearranged the magnetic dipoles within the NPs inside the active layer (Fig. 
19). The charge distribution on the surface of the aligned dipoles (NPs) induces a coercive electric field 
within the active layer, which greatly enhances charge transport through the device for efficient 
collection at the respective electrodes. 

It can be observed from Fig. 18 that the doped device without the application of an external 
magnetic field showed a poorer improvement than the devices with an external field applied. The 
arrangement of the dipoles by the external magnetostatic field not only lead to the generation of EC, 
which facilitates exciton dissociation, but also improved film morphology. The enhanced morphology 
resulted in better transport of the free charge carriers and hence an efficient collection at the 
respective electrodes as confirmed by the increased JSC and EQE. 

More results on different magnetic NPs can be found in ref. [128-131], where aligned and non-
aligned superparamagnetic (ZnFe2O4 & NiFe2O4) and ferromagnetic (CoFe2O4) NPs doped small 
molecule OSCs. For example, the impact of ZnFe2O4, NiFe2O4, and CoFe2O4 NPs on the performance of 
the device with an active layer of DPP(TBFu)2: T60BM was investigated [131]. Except for CoFe2O4 
based devices, all other devices experienced improvement in their PCEs with respect to the reference 
device. The degradation of the CoFe2O4 device’s performance was attributed to the aggregation of the 
dopant NPs as a result of their remnant magnetization. Furthermore, the large crystal size of CoFe2O4 
and the aggregation effect resulted in alternative pathways to the generated charge as confirmed by 
the reduced Rsh despite the dropped Rs. Noteworthy, the performance enhancement in case of the 
doped polymer solar cell in ref. [137] is higher than that in case of the doped OPVs in ref. [128-131]. 
This difference may be attributed to the different preparation methods, especially for the alignment 



step, which was carried out during the spin coating of the polymer-based device, but was done after 
the deposition of the top electrode in ref. [128-131]. 

 

  
Fig. 18. (A) J–V characteristics of PSCs measured under 100 mW/cm2 AM 1.5 G illumination, and (B) 

IPCE spectra of BHJ PSCs versus wavelength [137]. 

 

      

Fig. 19. (A) The molecular structures of PTB7-F20 and PC71BM; (B) the conventional device structure of PSCs without incorporating any 
Fe3O4 magnetic nanoparticels (MNPs); (C) the conventional device structure of PSCs incorporated with Fe3O4 MNPs and aligned by an 
external magnetostatic field; (D)–(F) the fabrication procedures of PSCs incorporated with Fe3O4 MNPs and aligned by an external 
magnetostatic field; (D) BHJ active layer incorporated with Fe3O4 MNPs was spin-coated on PEDOT:PSS coated ITO substrate; (E) a 
ferromagnet was suspend above the surface of BHJ composite incorporated with Fe3O4 MNPs layer. The magnetic intensity is,30–40 
Gand the distance between the ferromagnet and BHJ composite layer is,10 cm; (F) oriented Fe3O4 MNPs inside BHJ active layer by an 
external magnetostatic field. In pre-devices; (G) Drawing of partial enlargement of Fe3O4 MNP in (C), showing an antiparallel relation 
between the magnetic dipole (caused by the Fe3O4 crystal inside the particle) and electric dipole (caused by the difference of charge 
density between the inside Fe3O4 and outside organic coater) [137]. 

3.5. Rare-Earth elements NPs 
The conversion efficiency of a solar cell mainly depends on its ability to convert as much 

incident sunlight as possible into electricity. For any atomic or molecular system, the bandgap energy 



(Eg) of the material determines the energy of the light it can absorb. An incident photon should possess 
enough amount of energy ≥Eg to excite an electron from its ground state to a higher energy state, and 
hence be absorbed. Photons with lower energies than Eg will simply be transmitted through the 
material. On the other hand, photons with much higher energy than Eg will result in energy losses, 
mainly heat [17, 138]. 

The solar spectrum received by the Earth’s surface consists of a higher portion of infra-red (IR) 
radiation (52%) and visible light (43%), with the remaining 5% within the ultraviolet (UV) region [18]. 
So far, the majority of donor polymers in OPVs can absorb within the visible region of the solar 
spectrum. Thus, PCEs of PVs in general and OPVs in particular are limited by this spectral mismatch. 
Therefore, the adjustment of the incident wavelengths by the solar cell via up- and down-converters 
has emerged as a promising strategy to enhance the light harvest by different categories of solar cells. 
Rare-Earth elements NPs have been utilized for the conversion of light for PVs. In the following, the 
physics and types of up- and down-converters as well as selected important findings related to their 
implementation in OPV systems will be discussed. 
3.5.1. Up conversion nanoparticles (UC NPs) 

The up-conversion (UC) process is based on the transformation of two or more low energy 
photons into a higher energy photon. This can be achieved by different systems such as rare-earth-
doped up-conversion (RED UC) materials, triplet-triplet annihilation and up-conversion in quantum 
structures. However, RED UCs have been the most commonly used for PV applications due to their 
higher conversion efficiency compared to other approaches [139]. The rare earth elements consist 
of 15 lanthanide elements from lanthanum to lutetium (57La – 71Lu) in addition to scandium (21Sc) and 
yttrium (39Y). The electronic structure of those elements enables them to absorb photons within the 
near infra-red (NIR) portion of the solar spectrum and remitting light quanta with shorter wavelengths, 
mainly within the visible region.[140-142] Light up-conversion by RE materials can be achieved 
through different mechanisms such as excited state absorption (ESA), energy transfer up-conversion 
(ETU), photon avalanche (PA), and energy migration-mediated up-conversion (EMMU) [139]. 

Excited state absorption (ESA) occurs through the successive absorption of two low-energy 
photons to excite the atom from the ground state to the first excited state and then to the second 
excited state before relaxation to the ground state (Fig. 20a). The energy of the emitted photon is 
equal to the difference between the final state and the ground state, thus up-converting the energy 
of the incident photons [143]. For energy transfer up-conversion (ETU), two ions are required where 
one acts as a sensitizer and the other as an activator. An incident photon with long wavelength excites 
the sensitizer to the first excited state where the excited electron can transfer its energy to an electron 
within the activator that was already excited by another pump photon. Eventually, radiative decay for 
the excited electron to the ground state of the activator occurs leading to the emission of a photon 
with shorter wavelength than the pump photon (Fig. 20b). 

ETU plays a crucial role in understanding the up-conversion luminescence in UP NPs as the 
majority of such NPs are doped with pairs of ions (sensitizer and activator) such as Yb+3/Er+3, Yb+3/Ho+3 
or Yb+3/Tm+3.[139, 144-146] However, ETU has been observed with single lanthanide ion-containing 
UC NPs such as Er+3-doped LiYF4[147] and Ho+3-doped NaGdF4 [148]. ETU can also include other 
mechanisms such as successive energy transfers (SET) and cross relaxation (CR) UC, as shown in Fig. 
20(b). For SET process (Fig. 20c) the sensitizer ion is excited by a pump photon from the ground state 
(E0) into its E1, then its energy is transferred to promote the activator into its first excited state. After 
that the activator is excited to its radiative state (E2) through another ET process instead of ESA. Finally, 
the relaxation of the activator from E2 to E0 emits a photon with higher energy than the incident 
photon. In contrast, CR ET occurs for identical ions, where both ions are excited to their E1 by pump 



photons, then Ion I (sensitizer) transfers its energy to raise the activator into its E2 before relaxing to 
E0 (Fig. 20d). 

 

  

 

 

Fig. 20. (a) Excited state Absorption (ESA), (b) Energy transfer followed by ESA, (c) successive energy 
transfer (SET) and d) Cross relaxation up-conversion. Redrawn based on ref.[139] and ref. [149].  

 
 The third mechanism, as depicted in Fig. 21(a), of photon up-conversion with rare earth doped 
upconverters is known as photon avalanche (PA). In the PA, an incident pump photon is absorbed by 
an ion (I) that has been initially excited to its first excited state (E1). The pump photon subsequently 
populates the ion (I) to its second excited state (E2). Then, the increased population of E2 results in 
cross relaxation between the ion (I) and one of its neighbor ions (II) and hence raising both ions to 
their metastable state (E1). At this stage, two ions are in E1, then with the next pump photon absorbed 
in the same way, four ions populate their E1, then eight and so on. The repetition of this process finally 
leads to an avalanche of ions populated in their E1 which, in turn, will be excited to E2 through the 
absorption of pump photons in an ESA process. Subsequently, the relaxation of these ions from their 
E2 to their ground states E0 produces upconverted photons with shorter wavelengths than the pump 
counterparts. It is important to mention that for PA to happen, the intensity of the incident light should 
exceed a particular threshold. If the excitation intensity is below this threshold, minor up-conversion 
can be observed, while at higher intensity than the threshold, UC increases significantly [149]. For the 
energy migration-mediated up-conversion to occur, it is essential to have four kinds of ions known as 
sensitizer, accumulator, migrator, and activator, respectively. Each ion plays a fundamental role in the 
up-conversion luminescence, starting when a ground state electron in the sensitizer ion is excited by 
an incident photon. Then, the excited electron transfers energy to the accumulator, which 
subsequently gives this excitation energy to the migrator ion. Eventually, the migrating energy is 
extracted by the activator, which in turn relaxes to its ground state emitting an upconverted photon 
as shown in Fig. 21(b) [143]. 

 



  

Fig. 21. Schematic representation of (a) Photon Avalanche and (b) Energy migration-mediated up-conversion. 
Redrawn based on ref.[139] 

 

3.5.1.1. Structure of rare-earth doped upconverters (RED-UC) 
RED-UCs consist of guest ion dopants, mainly trivalent lanthanide ions (Ln+3), in a dielectric 

host crystal such as a halide (fluorides, bromides, etc.). The host matrix not only houses the dopant 
ions, but also affects the whole process of light up-conversion. For efficient UC luminescence to occur, 
the host material should have a high transparency to low energy (NIR) photons, good thermal and 
chemical stability, structure matching with the Ln+3 ions, and low phonon energy.[150-152] Fluorides, 
phosphates and oxides have subsequently shown high potential as host substances for RED-UC NPs 
[153-156]. A fluoride based NaYF4 lattice was reported as one of the most efficient host materials for 
UC due to its low phonon energy, excellent optical and electric properties [157-159]. Generally, 
NaYF4 can exist in two phases, namely α and β, describing cubic and hexagonal structures, 
respectively. It has been reported that the hexagonal structure is more efficient in terms of light up-
conversion due to its higher thermodynamic stability [160, 161]. 

The role of the dopant or guest ion is to absorb two or more pump photons that have a low 
energy and then re-emit a photon with higher energy. The guest dopant material can be a single ion 
(activator) or it can use an additional ion known as sensitizer, which improves the overall up-
conversion process. As discussed above, some UC mechanisms (ESA) occur within a single ion 
(activator), while others (e.g. PA) require the presence of a co-dopant (sensitizer). The sensitizer ion 
mainly excites the activator ion to a higher state through energy transfer to the activator. An efficient 
sensitizer should have a high absorption cross-section at the excitation wavelength as well as a 
resonance in its energy levels with the activator energy levels. These requirements are typically met 
by the ytterbium (70Yb) ion Yb+3 and hence, it was found to be the best sensitizer [162-164]. 

The application of UC NPs as dopants in the field of OPVs was first reported by Wang and co-
workers in 2012 [165, 166]. MoO3 layer doped with up-conversion nanocrystals based on Yb+3/Er+3 
was introduced as an efficient HTL in a regular geometry OPV device [165, 166]. The doped MoO3 
buffer layer had a dual functionality as a hole extraction layer as well as an up-converter system. 
Optical measurements revealed that the doped MoO3 not only had a lower transmission (stronger 
absorption) than pristine MoO3, but also emission peaks that greatly matched the absorption 
wavelengths of the P3HT donor polymer (Fig. 22). The PCE of the Yb/Er doped device increased from 
1.5% to 2.12% under 1 sun illumination because of the increased JSC, VOC and FF compared to the 



reference device. The performance improvement cannot be attributed to the light up-conversion 
effect alone as VOC and FF improved as well. The doped HTL revealed enhanced electronic properties 
in addition to the light up-conversion effect. In the same context, Liu et al. have found that adding a 
trace amount of NaYF4: Yb+3: Tm+3 NPs to TiO2 ETL remarkably enhanced the efficiency of the device. 
The improved performance with the doped ETL, as shown in Fig. 22(b), was attributed to a triple-role 
played by the dopant NPs, leading to better optical and electrical properties compared to the pristine 
devices. Measurements showed that in addition to the conversion of NIR photons into visible light, 
the dopant NPs also increased photo-generation of excitons via light scattering. Moreover, series and 
shunt resistance measurements confirmed that devices with optimum dopant concentration showed 
better electron transport properties than their non-doped counterpart [167]. In addition, NaYF4: 
2%Er+3: 18%Yb+3 UC NPs were used to dope PEDOT: PSS HTL in both regular and inverted geometry 
OPVs. The results obtained confirmed that both light scattering and up-conversion caused improved 
device performance, with scattering having a stronger effect than photoluminescence of UC NPs 
[168]. 

 

 

 

 

Fig. 22. (a)Optical properties of P3HT film, doped and un-doped MoO3 HTL.[165, 166] (b)The J-V characteristics of devices doping with 
different concentrations of NaYF4: Yb+3, Tm+3 at 100 mW cm-2, inset is the device structure of inverted organic solar cell [167]. 

 

The addition of UC nanostructures to the photoactive layer was studied widely. For example, 
NaLuF4: Yb+3, Tm+3 nanorods were used with PCDTPT: PC71BM-based OSCs, which resulted in a 19% 
improvement in PCE compared to the pristine device. The photovoltaic performance of the doped 
cells was enhanced as a result of scattering of the incident photons as well as conversion of IR into 
visible light [169]. Besides up-conversion of sub-bandgap photons, it was reported that NaYF4 NPs can 
increase light harvest by the active layer through scattering [167, 170]. The dual function (up-
conversion and scattering) of the dopant NaYF4 NPs improved JSC of the PCDTBT: PCBM-based inverted 
architecture OPV device and hence the PCE exhibited a nearly 19% increase with respect to the control 
device [170]. 

Early attempts utilized UC nano crystals (NCs) to enhance the performance of OPVs without 
disturbing the electrical properties of the device [171, 172]. UC systems were coated either in the 
front or rear side without being incorporated into different layers to avoid any possible suppression 
of the transfer of charge throughout the various layers of the device (Fig. 23). For instance, Wu et al. 
spray-coated a relatively thick film (5 µm) of NaYF4: Yb/Er NCs on the backside of the glass substrate 
of a regular geometry OPV device with the structure ITO/ PEDOT: PSS/ P3HT: PCBM/Ca/Al [172].  The 



device performance was found to improve when illuminated by a monochromatic (980 nm) laser beam 
with 146 mW compared to the reference device. This enhancement was attributed to an UC process, 
especially due to the overlap between the emission lines (~ 550 and 650 nm) of NaYF4/Yb/Er with the 
absorption of P3HT: PCBM, as well as the absorption of NIR photons by charge transfer states [173]. 
However, the photovoltaic parameters were found to decrease dramatically under soar simulator 
illumination (AM1.5G) (Fig. 24). This drop was assigned to the attenuation of the incident photons via 
scattering and absorption, hence reducing the light intensity that reaches the active layer. Moreover, 
UC is less effective when the intensity of excitation radiation is insufficient. 
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Fig. 23. Schematic of the organic photovoltaic device with an up-conversion phosphor placed in front (a) 
and behind the device (b). In (a) and (b) the separation of the phosphor from the device was ~ 0.5 mm [171]. (c) 

schematic representation of the structure of the OPV incorporating NaYF4:Yb/Er phosphors [172]. 

 

 

 
 

 

Fig. 24. I–V characteristics of OPV devices, recorded under illumination with (a) a 980-nm laser at a power of 146 mW and (b) simulated 
solar light (AM 1.5G) at 100 mWcm-2 [172]. 



 

Thus, the application of UC NPs into OPVs can be divided into three approaches. 

1. Incorporating UC NPs into the active blend: an improvement in the PCE of the device can 
be observed not only due to light up-conversion, but also scattering effects. 

2. Addition of UC nano-dopants to the buffer layers, ETL or HTL: This method has shown a 
great potential to improve the device performance as it was found to positively affect 
optical absorption and charge transfer as well as light up-conversion properties. 

3. Addition of UC-based structures to the front or the rear side of the device: Sub-bandgap 
photons (NIR and IR) are converted into visible light that can be absorbed by the donor: 
acceptor blend without interference with the different layers of the device and hence 
disturbance of charge transport through such layers can be avoided. Additionally, this 
approach helps to investigate the role of up-conversion mechanisms in improving device 
performance. 

3.5.2. Down conversion (DC) nanoparticles 
As mentioned earlier, the spectral mismatch between the incident solar radiation and the 

optical absorption of the active layer of OPVs represent a major limitation to their PCEs. When the 
energy of the incident photon is much higher than the bandgap energy of the absorber material, such 
as for UV, it cannot be converted into electricity, but is lost as heat instead [17, 138]. Down conversion 
(DC) was proposed as a promising approach to make use of such portion of the solar spectrum in PV 
devices. DC is a process in which a high energy photon is converted into two or more photons with 
lower energies. 

DC can occur within either a single- or two-ion system. In a single-ion downconverter that 
have three energy states, an energetic photon can excite the ion into its highest excited state. Then, 
two subsequent relaxation events to lower states emit two photons with lower energy than the 
incident photon.[174] For a two-ion system, one of the ions is in its excited state as a result of photon 
absorption, then this ion excites the second one via energy transfer. Finally, both ions reach their 
ground states through the emission of two low-energy photons (Fig. 25) [17, 138, 175]. 

 

 
 
 
 
 
 
 
 
 
 
 
Fig. 25. Possible electronic transitions in a single ion (a) and two-ion systems (b, c, and d) ref. [17, 138, 175]. 

 



DC NPs were utilized in different types of solar cells including Si [176], dye-sensitized [177-
179], hybrid and organic [180, 181] solar cells. Lanthanide ions as well as different nanostructures 
such as quantum dots [182], nanotubes [183], and nano-tips [184] are the main DC materials 
reported. Similar configurations to those used with upconverters were also employed with DCs. For 
OPVs, DC NPs were used as dopants to buffer layers such as reported by Svrcek et al. [180]. These 
authors added Si-nanocrystals to the PEDOT: PSS HTL in a conventional structure OPV device based 
on a PTB7: PC70BM active layer. EQE measurements revealed an improvement in performance at short 
wavelengths (300-400 nm) for the doped device. However, the overall conversion efficiency dropped 
from 7.41% to 7.33% under 1 sun illumination. More interestingly, the efficiency of the doped device 
has enhanced under concentrated illumination <5 suns. Additionally, a bifunctional Eu+3 doped ZnO 
layer was reported as an efficient ETL that showed DC in the UV region without disturbing the electrical 
properties of the device [181]. 

Only small improvements in the PCE of OSCs were obtained through the addition of lanthanide 
DC ions to different layers of the device. This was attributed to the weak absorption as well as the 
limited amount of light harvested via direct excitation of the lanthanide ions, which can be addressed 
through the utilization of lanthanide organic complexes [185]. Organic ligands in such complexes have 
stronger absorption in the UV region than the lanthanide ions. In addition, organic ligands can 
efficiently transfer the absorbed energy to lanthanide ions, which in turn reemit those UV photons in 
the visible range through DC, hence increasing the amount of radiation harvested by the active layer 
of the device [186, 187]. Recently, Bu et al. have presented an efficient complex-DC material based 
on Eu+3 ions and 1, 10 phenanthroline (phen) and 2-trifluoroacetonate (TTA) ligands- Eu (TTA)3 phen 
(ETP). The new DC complex (ETP) was chemically added to the ZnO buffer layer, which resulted in a 
13% improvement in the PCE compared to the control device. EQE data showed that the device with 
ETP downconverter had a higher absorption in the UV and visible range, which not only improved the 
device conversion efficiency but also increased the lifetime of the device as a result of effectively 
reducing the amount of UV reaching the active layer (Fig. 26) [188]. 

The improvement of OPV device performance achieved by UC and DC NPs as result of the 
wavelength conversion under sunlight illumination is still low. However, the easy processing as well 
as wavelength conversion range of RE NPs as UC and DC make them good candidates for improving 
the light absorption and the conversion efficiency of OPVs in the future. More research is still needed 
to improve the yield of UC and DC systems before their large-scale application in photovoltaics. 
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Fig. 26. (a) Current density versus voltage characteristics, (b) external quantum efficiency (EQE) curves of devices based on PTB7-Th–
PC71BMusing ZnO and ZnO/ETP (different concentrations) as cathode buffer layers.(c) PCE decay curves of the ZnO and ZnO/ETP device 

(based on PTB7-Th–PC71BM) stored for 17 days in an N2-atmosphere [188]. 

4. Preparation methods of INPs-based OSCs 
The fabrication of OSCs that implement INPs is based on almost the same procedure as for an OSC 
without INPs. The preparation process starts with thoroughly cleaning the transparent conducting 
electrode (TCE)-coated substrate, e.g. ITO-coated glass, via subsequent sonication in distilled (DI) 
water with detergent, DI water, acetone, and isopropyl alcohol. After that, the substrate is dried in a 
stream of nitrogen and dried in an oven at elevated temperature to remove any residual solvent. The 
substrate is then treated with either UV-ozone or oxygen plasma to improve the wettability of the TCE 
surface and to achieve homogeneous coating of the first charge transport layer. The first CTL can be a 
HTL or ETL depending on the desired geometry as discussed in section 2. The CTL solution is spin 
coated on top of the TCE at a specific spinning speed (rpm) to obtain the optimum film thickness 
(typically up to 50 nm) followed by thermal treatment which depends on the deposited material. Then, 
the coated substrate should be moved to an inert atmosphere (N2-filled glovebox) for the deposition 
of the active layer. The active blend solution consists of a donor: acceptor mixture dissolved in an 
appropriate solvent with an optimum concentration and D: A ratio. Spin coating is also utilized to 
deposit the photoactive layer with the desired thickness. The deposited active layer can be subjected 
to a thermal or solvent annealing step to improve its morphology. Then, the top CTL can be spin coated 
or otherwise the substrate is moved to a vacuum deposition chamber to deposit the top CTL and/or 
the top metal electrode. Finally, the fabricated device should be encapsulated for improved stability 
[189-191]. 

The INPs can be incorporated within the charge transport layers, the photoactive layer or at the 
interfaces between the layers depending on the doping NPs. When the INPs are added to the charge 
transport layers or to the active blend, the NPs are mixed with the solution of the doped layer to be 
spin coated after being well dispersed within the solution via stirring and sonication [43, 96]. It should 
be confirmed that the distribution of the dopant NPs within the doped layer(s) has a crucial impact on 
the device performance. The aggregation or agglomeration of INPs within the doped layer increases 
recombination losses and lowers the overall efficiency of the device as discussed in sections 3.1.2., 
3.3.1, 5, etc. On the other hand, thermal evaporation was also used to incorporate Cu NPs sandwiched 
between two thin layers of tungsten trioxide (WO3) [88]. In case of magnetic NPs, the dopant NPs can 
be spin coated under an external magnetic field for the alignment of magnetic dipoles within the active 
layer, which in turn leads to enhance device performance as discussed in section 3.4.2. For up- and 
down conversion NPs, other approaches in addition to the spin coating of the doped layer solution 



have been reported. These approaches include spray coating of the wavelength-conversion layer at 
the front of the glass substrate such as that shown in Fig. 23(c). Moreover, the light-converting layer 
can be pressed and fixed at either the rear or the front side of the device (Fig. 23 (a & b)). The purpose 
of using the up- or down-conversion layer at the front or back side of the device rather than being 
doped within the device layers is to avoid disturbing the carrier transport features of the device as 
discussed in section 3.5.1.1. 

5. The impact of different types of INPs on the lifetime and cost of OPVs 
The lifetime and cost of the device are vital factors for the large-scale production of OPVs. In 

addition to the PCE-enhancement, the implementation of INPs can also have a positive impact on the 
stability of OPVs. For instance, DC NPs as well as low cost MNPs (e.g. Al) were found to have a positive 
impact on device stability. The exposure of OPV to real-world operation conditions of oxygen (air) and 
moisture commonly leads to photo-oxidation reactions. These reactions result in compositional 
changes, which eventually lead to a decline of the photovoltaic parameters and hence overall device 
performance [49, 191-193]. The application of DC NPs for OPVs shows potential to improve the 
stability of the device as it reduces the amount of UV-radiation reaching the active layer and hence 
inhibiting degradation reactions of the active blend [4, 188]. Alternatively, Al NPs have shown promise 
to improve the stability of OPVs when used as dopants to their photoactive layer due to morphology 
improvements that reduce photo-oxidation of the donor polymer. This photo degradation within the 
active layer of the device is predominantly induced by singlet oxygen. The energy needed to excite 
molecular oxygen into singlet oxygen is provided by the triplet excitons of the donor polymer. The 
presence of metal NPs such as Au and Al within the active blend of the device was found to suppress 
triplet excitons (through recombination) and hence the formation of singlet oxygen is inhibited and 
the device stability improved [86, 194]. 

An additional advantage of using INPs for OPVs is their low cost due to their inexpensive 
synthesis methods as well as small concentrations. Moreover, these nano-dopants are mixed with the 
solutions of the doped layers before deposition, thus causing no further expenses during the device 
fabrication process. In addition, the improvements achieved in performance (either PCE or lifetime) 
as a result of the addition of different NPs can offset their costs compared to pristine devices. The 
addition of NPs can have a dual benefit as it may improve both, the efficiency and stability of OPVs. 
However, it should be noted that improving the efficiency of the device may have a negative impact 
on its stability. For example, the addition of magnetic NPs to increase the concentration of triplet 
excitons in the active layer, through intersystem crossing process, can impact the long-term stability 
of the device under continuous illumination. Triplet excitons, however, can result in photo-oxidation 
of the donor polymer. Therefore, the selection of the type and concentration of the dopant NPs must 
be made precisely to maximize their benefits at the lowest cost possible. 

 

6. Summary and perspectives 
To conclude, the progress in the performance of organic solar cells based on the 

implementation of different categories of inorganic nanoparticles was reviewed. Different categories 
of INPs can enhance the performance of OPVs by increasing the light absorption and/or enhancing the 
dissociation of the photo-generated excitons as well as carrier collection: 

The incorporation of metal nano particles (MNPs) into the active layer or/and the buffer layers 
significantly improved optical absorption due to localized surface Plasmon resonance (LSPR) and light 
scattering. LSPR strengthens the electromagnetic field close to the surface of MNPs resulting in an 
enhanced absorption. In addition, scattering increases the path length of the incident photons within 



the active layer, which results in higher probability of light interaction with the absorber material. 
Different metals such as noble metals (e.g. Ag and Au) and low-cost metals such as Al and Cu have 
been used to produce plasmonic OPVs. To broaden the absorption spectrum of OPVs, both up- and 
down-converters (UC & DC) based on rare earth metal NPs have been widely investigated. The 
application of UC NPs aims to convert sub-band gap photons (NIR) into visible light that can be 
absorbed by the device to enhance the photo-current. Furthermore, DC NPs possess dual functions 
through the conversion of the above-band gap photons (mainly UV) into visible light, hence increasing 
the PCE and reducing the amount of UV reaching the core of the device, which, increases the lifetime 
of the corresponding device. 

The low electric permittivity of organic semiconductors leads, upon the absorption of light, to 
the formation of excitons instead of free charge carriers. In order to contribute to the photocurrent, 
excitons must be dissociated into free carriers before recombination. An appropriate morphology and 
nanoscale interpenetrating networks within the active layer should be formed for efficient diffusion 
of excitons towards the D/A interface, where  dissociation takes place. Different nano-dopants such 
as semiconducting and metal NPs were found to improve the morphology of the active layer and 
hence device performance. Furthermore, the incorporation of NPs with high electric permittivity into 
the active layer showed promising potential to improve the dissociation of excitons through reducing 
the Coulomb attraction between the electron and the hole. 

Excitons can exist in either singlet or triplet states, with the lifetime and diffusion length of 
triplet-state excitons orders of magnitude higher than those of their singlet state counterparts. Thus, 
increasing the population of triplet excitons reduces recombination losses. The interaction between a 
weak magnetic field and singlet excitons induces the intersystem crossing effect, resulting in the 
conversion of singlet into the long-lived triplet excitons. Thus, the incorporation of ferromagnetic NPs 
such as Fe3O4 was proposed as an effective strategy to reduce recombination losses and to enhance 
device efficiency. Moreover, the application of a magnetostatic field during the deposition of the 
active layer solution, which contains magnetic NPs, induces a coercive electric field as a result of 
charge distribution on the surface of the NPs. This electric field greatly improves the sweep-out of 
excitons and charge transfer through the device, leading to efficient carrier collection at the respective 
electrodes. 

Despite the enhancement in the performance of OPVs achieved with the application of INPs 
as discussed in this review, further research is this area is still needed. The incorporation of two or 
more types of NPs simultaneously within the structure of OPVs can combine multiple features, which 
can consequently lead to a highly improved device efficiency and lifetime. The addition of any type of 
NPs to OPVs can have a negative impact on the device performance unless it is properly distributed 
within the doped layer. The aggregation of the dopant NPs disturbs the diffusion of excitons and the 
transfer of the charge carriers, hence recombination increases as a result. Morphology enhancement 
and surface modification strategies such as plasma treatment and solvent annealing may help to 
optimize the configuration of dopant NPs and the morphology of the device. Alkaline-earth metals 
such as Mg, Be, Sr etc. can be added to charge transport layers to improve charge extraction. New 
categories of INPs may also contribute to the improvement of OPV performances of in the future. 
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