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The global quest for reliable sources of energy has led to the development
of Organic solar cells (0SCs)/ Organic photovoltaics (OPVs). Over the past
few years, they have shown great potentials and use as low cost devices for
conversion of solar energy. OSCs are designed from different interface
layers from different materials which form a major determinant for their
energy conversion efficiency. The recent development in the modifications
in design and engineering of these interface materials have shown
increased power conversion efficiency (PCE%) of Organic photovoltaics.
Interface materials are conductors, semiconductors or non-conductors
which provide selective contact for carriers, determine polarity and acts as
protective layers. This review discusses different materials which are used
as interface materials as well as their structure and engineering.
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Introduction

Organic solar cells (OSCs) are electronic devices which are used for the conversion of solar energy
to electricity using low cost organic materials [1]. The organic materials used for the design of OSCs
are characterized by their low cost of production leading to the wide recognition and great interest
in the design of OSCs which are considered as inexpensive source of renewable energy among other
sources of energy [2-5]. OSCs as compared to other solar converters are lightweight flexible devices
with less adverse environmental effects which are fabricated from organic solution which can be
processed at high throughput [6-7].

Organic solar cells can be made from active polymer and fullerene based electron acceptor as the
illumination of the setup by visible light which leads to the movement of electron from the polymer
to the fullerene acceptor [2]. The organic molecule is sandwiched between two contacts occurring

as either single or multilayer as shown in Figure 1. Depending on the nature of material used in
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0SCs, the band gap can be adjusted to facilitate the conversion of low energy photons to direct
electricity. Conjugated systems are commonly used as active materials. The band gap between the
valence band (highest occupied molecular orbital, HOMO) and the conduction band (lowest
unoccupied molecular orbital, LUMO) of organic material is considered in the choice of the right
conjugated system. When an organic material absorb photons, there is an excited state (exciton or
electron hole pairs) generated which is held together by electrostatic attraction. Effective fields
which are set up by creating a heterojunction between two different materials, break up the
excitons causing the movement of electron form the absorber (donor) to the receptor (acceptor)
molecule. The basic process in the conversion of photons to electricity in OSC is highlighted below:
(a) Photons fall on the device and then they are absorbed by the donor and excitons are generated.
(b) The excitons diffuse into interface of donor- acceptor set up and are split as carriers.

(c) The split carriers are transported into corresponding electrodes.

(d) Photo generated carriers are extracted to the electrodes by interface layers.

Active layer Active layer
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Active layer
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Figure 1. (a) Conventional and inverted single junction organic solar cell (b) Conventional and inverted

bilayer organic solar cell
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From the early work on OSCs fabrication, increment in the efficiencies has been a major subject of
interest for research. Power conversion efficiency (PCE %) expressed as short circuit current (Jsc) x
open circuit voltage (Voc) x electrical fill-factor (FF)/ incident optical power density (Pmax) which is
a major factor to be considered in any circuit. 0SCs have experienced increased efficiencies up to
12% in recent development in the engineering of materials [8-11]. The improved PCE % of OSCs are
attributed to the improved engineering leading to the application of effective electron donor and
acceptor as well as the novel interface materials in their design [12]. Therefore, improved activity
of choosing an appropriate material as interface is a very important factor to be considered, as
different materials possesses different PCE % [13]. Interface materials adjust the band gap between
the active layer and the electrodes forming a selective contact for carriers and acts as optical
spacers. The first part of this review will discuss about the interface engineering in OSCs, the
electron transport layer and hole transport layer will be discussed in the later part with broad

insight into the various materials used in their design and their synthetic methodology.

Interface engineering in organic solar cells

Interface materials are a major component of organic solar cells. They are placed between the
photoactive layer, i.e, donor and acceptor materials, and the electrode materials as shown in Figure
2. Interfaces play a vital role in the maintenance of proper contact between photoactive layers in an
organic solar cell. They are placed between donor and acceptor materials and the electrode. They
are used to achieve ohmic contact at the organic/metal interface. They form a selective contact
preventing the formed charge carriers and excitons from recombining at the electrodes thereby

increasing cell efficiency. Among other roles of interface materials, they also act as protective layers.
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Figure 2. Schematic illustration of an organic solar cell with interface materials
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The power conversion efficiency of OSCs is as a result of four processes that occur with the device;
generation of excitons, diffusion of excitons to an electron donor/acceptor interface, generation of
holes as a result of charge separation and transport and collection of charge carriers. Apart from
these four processes, the quality of the interface materials is another crucial factor to be considered
because they are responsible for facilitating good contact which aid the afore mentioned processes.
A typical OSC has a light absorbing bulk heterojunction (BH]) between two electrodes [4]. They play
important roles in determining the efficiency of OSCs. Due to the major role played by the interface
materials in determining the efficiency of OSCs, several works have been done recently to further
raise their power conversion efficiency making interface engineering the major point of attention
[14-24].

In order to compare and improve the efficiency of OSC using different buffer layer deposited on the
indium tin oxide (ITO) anode, Bernede [25] used bath ocuproine (BCP) in a multilayer hetero-
junction structure ie., Glass/ITO/BF/ED/Cso/BCP/Alas interface at electron donor/acceptor
junction. He observed that anode bilayer showed improved power conversion efficiency reducing
the hole extraction barriers. Dazheng Chen and Chunfu Zhang [26] investigated the effect on PCE%
of OSC by modification of cathode layers and ITO free electrodes. For the inverted organic solar cell
where a poly (3-hexylthiophene-2,5-diyl): [6,6]-phenyl Ce1 butyric acid methyl ester [P3HT:PCBM]
blend was used, aqueous solution at low temperature was adopted to deposit zinc oxide interlayer.
When the tin oxide was heated above 80 °C, PCE% of over 3.5% was observed whereas a flexible
setup based on poly (ethylene terephthalate) substrate showed a PCE% of 3.6%. Other materials
such as ultrathin Ca modifier (~1 nm) at AZO/Ca/organic interface showed 3% while 2 nm MoO3
interlayer for silver anode showed and improved value of 2.71%. The design of the interface was
represented in Figure 3 as Glass/ITO/ZnO/P3HT:PCBM/Mo03/Ag, with the zinc oxide precursor
coated on a nitrogen dried ITO-coated substrates achieving a thickness of 10 nm. Next, the
P3HT:PCBM(1:0.8 wt% in 1,2-dichlorobenzene) solution was spin-coated on ZnO in a nitrogen
filled glove box achieving a thickness around 100 nm. Finally, the MoO3(8 nm)/Ag (100 nm) anode
was thermally evaporated through a shadow mask and the resulted devices have an active area of
10 mma?2. The fabricated OSC have a structure shown in Figure 3, where P3HT:PCBM acts as the
photoactive layer, the ZnO film act as electron transport layer and hole blocking layer. MoOsalso
acts as the hole transport layer and electron blocking layer, with ITO and Ag playing the roles of

cathode and anode respectively.
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Figure 3. (a) Device architecture (b) Energy levels of materials

Kunal Borse investigated phenyl-C71 butyric acid methyl ester (PC70BM) as interface between ZnO
based electron transport layer (ETL) and photoactive layer comprised of Poly[4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b’]dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3
fluorothieno[3,4-b]thio-phene)-2-carb-oxylate-2-6-diyl)] (PTB7-Th):PC7BM as shown in Figure 4.
The interface engineering modification adopted prevented electron hole recombination at the
interface and PCE% from 6.65 to 7.74% was observed. The OSC was designed in an inverted
geometry having a structure ITO/Zn0O/PC7BM/PTB7-Th:PC70 BM/Mo003/Ag having PC7BM as an
interlayer between the electron transport layer and the photoactive layer. An additional V-grooved
textured PDMS films was placed on the backside of OSC substrates which raised PCE% to 9.12%. In
order to confirm the effect of the interfacial material used and the additional PDMS, several works
were carried on this as shown in Figure 4 [26]. In another work [27], he compared performance of
poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b’]dithiophene-2,6-diyl-alt-(4-(2-
ethylhexyl)-3-fluorothieno[3,4-b]thio-phene-)-2-carb-oxylate-2-6-diyl)] (PTB7-Th): PCBM OSC in
an inverted geometry with zinc oxide, a bilayer ZnO/Ba(OH), and a nanocomposite Zn0O:Ba(OH); as
ETL as shown in figure 5. It was observed that the PCE% of the devices with the ZnO/Ba(OH) and
Zn0:Ba(OH)znanocomposite as ETL is better than in devices with only ZnO as ETL.
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Figure 4. (a) Device architecture (b) Energy levels of materials
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Figure 5. (a) Device architecture (b) Energy levels of materials

Another work reported the design of ITO/molybdenum oxide (MoOx)/boron subphthalocyanine
chloride (SubPc)/bathophenanthroline (BPhen)/Al in fabrication of OSC as shown in Figure 6. Here
Ceo was replaced with SubPc, the device output (PCE%) greatly improved from 3.38% to 5.03% by
inserting a thin organic hole transport layer of rubrene on the interface between MoOx and SubPc
to achieve an arrangement ITO/MoOx/rubrene/SubPc/BPhen/Al thereby preventing the exciton

and charge combination at the anode [28].
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Figure 6. (a) Device architecture (b) Energy levels of materials
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Lidon et al,, [29] compared the efficiency of two different materials (perylene diimide derivative
and a conjugated polyelectrolyte) as an interface between the fullerene ETL and the Ag electrode.
The fabrication was made in the order ITO/PEDOT:PSS/poly TPD/MAPbI;/IPH/PDINO or
PFNBr/Ba-Ag or Ag as shown in Figure 7. Both materials showed improved PCE when compared

with the conventional organic solar set up.
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Figure 7. (a) Device architecture with molecular structures of the PDINO and PFNBr (b) Energy levels of
materials
Another innovative bilayer cathode interlayer (CIL) with a nanostructure consisting of in-situ
thermal reduced graphene oxide (ITR-GO) and poly[(9,9-bis(30-(N,N-dimethylamion)propyl)-2,7-
fluorene)-alt-2,7-(9,9-dioctyl) fluorene] (PFN) has been fabricated as an interface material in OSC
with the structure ITO/bilayer CILs/PTB7:PC7:BM/Mo03/Ag as shown in Figure 8 [30]. This bilayer
ITR-GO/PFN CIL is processed by a spray-coating method with facile in-situ thermal reduction. It
showed a good charge transport efficiency and less charge recombination, which led to an
improved PCE from 6.47% to 8.34% for Poly({4,8-bis[(2 ethylhexyl)oxy]benzo[1,2-b:4,5-
b0]dithiophene-2,6-diyl}{3-fluoro-2-[(2 ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}
(PTB7):[6,6]-phenyl-C7i-butyric acid methyl ester (PC71BM)-based OSCs making ITR-GO/PFN CIL a

good interface material.
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Figure 8. (a) Device architecture (b) Chemical structures of the materials
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In a bid to study the role of interface materials, PBDTTPD-COOH interfacial layer was used on
PEDOT:PSS in organic solar cells with the structure ITO/PEDOT:PSS/(PBDTTTPD:COOH)/polymer:
PC71BM BHJ/LiF/Al/Mg as shown in Figure 9 [31]. PBDTTPD-COOtBu was synthesized and
unprotected to yield PBDTTPD-COOH and used in fabrication of ITO/PEDOT:PSS/PBDTTPD-
COOH/BH]J/LiF/Al/Mg. Treatment of the standard ITO/PEDOT:PSS electrode with CHCl3:DMSO
increased PCE% from 5.6% to 6.1%. Modification of the interface to include PBDTTPD-COOH

interfacial layer further raised the PCE to 6.4% making it a good interface material.
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Figure 9. (a) Synthesis of acid-functionalized PBDTTPD polymers (b) Forward device architecture:
ITO/PEDOT:PSS/(PBDTTTPD:COOH)/polymer:PC71BM BH]J/LiF/Al/Mg
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Shang-Chou Chang et al. [32] investigated Graphene (GN) doping concentration and annealing
temperature in blended poly (3-hexylthiophene) and [6,6]-phenyl Ce1 butyric acid methyl ester
P3HT/PCBM) with GN (P3HT/PCBM /GN) based organic solar cells (OSC) fabrication as shown in
Figure 10. In their study, they observed that P3HT/PCBM/GN based OSC can be efficiently
increased by 3 wt% GN doping and 120 °C annealing, after experimenting and comparing PCE%
values at different annealing temperature, as it showed good crystallization enabling easy transport

of charge carriers.

ITO Glass

Figure 10. Device architecture with P3HT/PCBM/GN

Another novel work reported the fabrication of fuller pyrrolidine derivative, named FPNOH as an
efficient electron-collecting (EC) layer for inverted organic solar cells (i-OSCs) with the active blend
layer of poly[(4,8-bis(2-ethylhexyloxy)-benzo(1,2-b:4,5-b")-dithiophene)-2,6-diyl-alt-(4-(2-
ethylhexyl)-3 fluorothieno[3,4-b]thiophene-)-2-carboxylate-2,6-diyl)]: [6,6]-phenyl-C7:-butyric acid
methyl ester (PTB7:PC71BM) as shown in Figure 11 [33]. It was observed that it showed a higher
PCE% of 8.34% when compared to sol-gel ZnO reference device making it a good choice for
interface in OSCs.

A lot of achievement reported in a lot of interface engineering towards a better power conversion
efficiency in OSCs, more research is still in progress with many more to come as the whole world
moves towards a sustainable source of power and energy.
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Figure 11. (a) Chemical structures of the neutral fuller pyrrolidine EC interlayer usedin solar cell fabrication;
(b) The inverted device architecture
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Electron transport layer (Etl)/ hole transport layer (Htl)

The working principle of OSCs have been discussed in the earlier part of this review to follow the
basic principle of absorbing of light leading to the generation of excitons and separation of these
excitons into two opposite charge carriers which are then transported within the device to different
electrodes for the conversion and generation of current. The active materials in OSC apart from the
interface materials, which have been discussed in the above section, also includes the special
materials which acts as electron/ hole transport materials as shown in Figure 12. The ETL and HTL
which are either applied in a conventional or inverted structure are vital to the PCE of OSCs as they
are responsible for the initial stage of any activity which involves the absorbing of light. HTL and
ETL both increase the charge extraction efficiency and reduce the bimolecular recombination at the
electrodes in organic solar cells.

ETL and HTL among other major qualities are expected to be transparent, chemically stable with
good electrical properties.

Here, we will discuss the recent advances in materials used as ETL and HTL as well as their

synthetic methodology.

Energy

Active layer

Figure 12. Schematics of OSC showing hole transport layer (HTL) and electron transport layer (ETL)

Electron transport layer (ETL)
One major function of ETL is the transport of electrons. They are expected to be transparent as well
has have a good transport property. Recent developments in design and fabrication of ETL

materials have given rise to the following materials.
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Zinc oxide (ZnO)

Zinc oxide is one of the major materials used as ETL in OSCs because of its high electron mobility.
Irfan Ullah et al. [34]. Processed ZnO through sol-gel method as an efficient ETL for iOSC (Inverted
Organic Solar Cell). It was introduced in P3HT: PCBM based OSC to facilitate the transport of
electrons as shown in Figure 13. The ZnO was treated at different temperature to ensure complete
removal of solvent and dryness. Further modification to ZnO was done by doping it with low work

function materials to further improve their improved PCE [35, 36].

Ag

MoO;

P3HT:PCBM

ZnO

ITO

Figure 13. Device architecture

Zn0:Ba(0OH)2: nanocomposites

In order to improve the efficiency of solar cells by the engineering of the ETL, ZnO:Ba(OH):
nanocomposite has been developed to replace ZnO commonly used in ETL [28]. It was observed
that the Zn0:Ba(OH)2 nanocomposites have low work function as compared to ZnO. The ZnO
solution was mixed with a corresponding volume of Ba(OH), solution and fabricated using the
setup in Figure 5. ITO substrate was coated with the nanocomposite until a film is achieved. The
substrate were then annealed at 200 °C to remove the excess solvents, and then dried in a nitrogen
filled glove box. Their current density, voltage values were measured with other characterizations.
With this set up, it was observed that a PCE% was raised to 20% higher than devices with only ZnO

as ETL due to increase in Jsc and FF recorded by the devices with ZnO:Ba(OH);nanocomposites.

Titanium dioxide (TiOz)

Titanium dioxide has been used in ETL processed by sol-gel, spin coated on ITO substrate [37].
Prepared ITO coated glass substrate was cleaned and the thin films of TiO,was coated. Titatium
isopropoxyde was added to a mixture of methanol and isopropanol under continuous stirring at
80 °C using acetic acid as a catalyst to prepare the titanium oxide which was doped on ITO for

better performance as ETL.
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Fullerene

An efficient fullerene based electron transporting material, C¢o,N, N,N-trimethyl-1-(2,3,4-tris(2-(2
methoxyethoxy)ethoxy)phenyl)dimethanaminium monoadduct iodide salt (LT-S9079) [38]. The
material was made by a slot die coating system with the PEDOT:PSS aqueous coated. The LT-S9079
solution made up with methanol was deposited on the substrate and allowed to stand for some
time. The coating was made to be relatively thick enough to standard. Upon coating, they were
annealed in the oven over a range of temperature and then to nitrogen filled glove box to get rid of

excess solvent.

Caesium iodide

Caesium iodide has been used in interface engineering of electron transport layer [39]. The
efficiency of caesium iodide as well as the effect when it is coupled with ZnO was studied. Both the
Csl and ZnO were spin coated on the pre-treated substrate to form an acceptable electron transport
layer which was annealed in oven and placed in nitrogen glove box for complete removal of solvent.
It was observed that the use of Csl coupled with ZnO showed an improved PCE of 12% as compared

to the conventional ZnO.

Other novel materials
Other materials which were fabricated for use as electron transport layer has been reported in
relevant studies [40-44]. They were observed to have good electron transport mobility as well as

chemical stability which are required of materials used in electron transport layers in OSCs.

Hole transport layer (HTL)

To obtain a good performance in organic solar cells, the introduction of hole transport layer
between the organic material and the electrode is proven as a way out of the poor performance of
0SCs. Up to date the commonly used materials, in addition to the commonly used ones (PEDOT:PSS,
NiOx, MoOx, CuSCN) include doped PEDOT:PSS, CuSeCN, V,0s, Graphene oxide.

PEDOT:PSS

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) colloidal particles have
been the most commonly used material as hole transport layer [45]. Due to its good transport
property, apart from the early work where it was used, recent modifications have been done to it to
increase the outputs in OSC. MoO3 [45], pentacene [46] have been used as efficient doping materials
to increase the efficiency of PEDOT:PSS. The pre-treated substrates are being spin coated with
MoO3 and pentacene and placed in oven and subsequently in nitrogen filled glove box to remove

excess solvent.
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CuSeCN

Recent advances in the field optoelectronics have identified copper (I) selenocyanate as a suitable
material in HTL [47]. It was prepared by addition of potassium selenocyanate (KSeCN) to a solution
of excess copper (1) ions, freshly prepared by the reduction of copper (II) sulfate (CuSO4) by sodium
thiosulfate (Na2S203). The resulting CuSeCN compound was “‘grayish-white” in color and sparingly
soluble in water, in agreement with Séderback’s work. The synthesized CuSeCN was dissolved in
diethyl sulphide and the resulting solution was spin coated on a pre-treated substrate plate to a
visible layer which was used. CuSeCN was observed to show good electron transport property,

hence its use as HTL.

V205

Vanadium pentoxide has been investigated as a recent development in materials used in HTL [48].
The effect of different diluents on the electrical properties of the vanadium oxide films was
investigated using a roll coater. The pre-treated substrates are being spin coated with V,05 and
pentacene and placed in oven and subsequently in nitrogen filled glove box to remove excess

solvent.

Graphene oxide

A processable hole transport layer (HTL) solution for bulk heterojunction organic solar cells (BH]J
0SCs) based on varied concentration of graphene oxide (GO) in aqueous suspension has been
reported [49]. The freshly prepared GO aqueous solution of varied concentration was spun coated
on cleaned, pre-patterned ITO substrate and dried in a nitrogen filled glove box to remove excess
solvent. Different concentrations of graphene oxide were investigated and it was observed that at
lower concentration of graphene oxide, the PCE of OSC increases as compared to those with higher

concentration.

Other novel materials

A novel self-assembled quasi-3D nanocomposite has been demonstrated as a p-type hole transport
layer [50]. By applying this novel HTL in inverted OSCs covering fullerene and non-fullerene
systems, device performance is significantly improved. The champion power conversion efficiency
reaches 12.13%, which is the highest reported performance of solution processed HTL based

inverted OSCs. The fabrication of the quasi-3D nanocomposite is as shown in Figure 14.
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Figure 14. Schematic illustration of preparing room-temperature ethanol processed self-assembled quasi-3D

GO:NiO nanocomposite

Conclusion

Based on the reported results in the above presented review and several on-going researches in a
bid to increase the dependency on organic solar cells, the engineering of interface materials and the
improvement in all other components in OSC are the major target areas to be investigated and
improved. Raising the PCE% of organic solar cells would make them a feasible source of

environmental friendly and low cost source of energy for future consumption.
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