
Chapter 5
Organic Solar Cells: A Review

M. Benghanem and A. Almohammedi

Abstract In this chapter, we present different materials, devices structures, and
different processing techniques for the fabrication of organic photovoltaic (OPV)
cells. The manufacturer of these types of solar cells uses a new process to get the
best efficiencies with low cost by using printing techniques and photoactive layers
based on polymer materials. Also, many scientific research works are presented and
some illustrations about processing techniques, such as roll-to-roll techniques, for
the design of OPV cells are presented in this chapter.
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5.1 Introduction

Organic photovoltaic (OPV) cells are considered as the third-generation solar cells
which present new material such as organic polymer and tandem solar cells. In this
work, we give a brief review of OPV cells with different classifications and appli-
cations. The structure of the device is described as well as the organic material in
the active layer of the device. The fabrication of OPV cells at low cost is possible
using new processing techniques, such as roll-to-roll technique under. The organic
solar cells present a low efficiency and short lifetimes compared to inorganic solar
cells. The organic solar cells present the advantage to be flexible, thin, lightweight,
and versatility. The next section is an overview of OPV cells. Then, we present the
working principle and device structures of organic solar cells. We describe the type
of material used in the active layer and we focus on the roll-to-roll (R2R) processing
of organic PV cells. Our contribution in the field of organic solar cells is to synthe-
size the nanocrystals of Pb-chalcogenides and study their opt electrical properties in
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combinations with low band gap polymers such as PTB7and PTB7-Th, for applica-
tions to the hybrid solar cells. Nanocrystals of Pb-chalcogenides will be synthesized
by wet chemical methods, by mixing of precursors of Pb and chalcogenides (S, Se,
Te) together at high temperature (200–350 °C). Synthesis of nanocrystals would be
confirmed by XRD analysis. HRTEM, SEM, will be employed to know the shape,
size, and morphology of synthesized nanocrystals. For optical and electrical charac-
terization, the thin films of synthesizedmaterial will be prepared in combination with
low band gap conjugated polymers (PTB7 and PTB7-Th) by spin coater and contact
electrodes deposited by thermal evaporation method. The obtained results would be
analyzed by Mathcad software to extract the important parameters such as mobility,
charge carrier density, traps, and activation energy. Finally, solar cells device will
be fabricated in bulk heterojunction device configuration and the performance of the
device will be analyzed by measuring the J-V characteristics and impedance spectra
under standard conditions.

5.2 Organic Photovoltaic (PV) Cells

Photovoltaic devices convert solar radiation directly into electricity using solar cells
such as silicon solar cells with efficiencies reach the value of 25% in research [1].
The second generation of thin-film solar cells using materials such as cadmium
telluride (CdTe) and copper indium gallium selenide (CIGS) give an efficiencies
around 19.6% for CIGS [1]. The third-generation PV cells use organic materials
or polymers. The organic solar cells are characterized by low efficiencies and short
lifetimes and present the advantage to be flexible, thin, and versatility.

There are different types of solar cells using many technologies which are dye-
sensitized solar cells (DSSC), small-molecule organic solar cells, and organic solar
cells based on polymers.

The efficiencies of polymer solar cells reached the value of 8.3% [1]. The organic
PV cells are constituted by a bulk heterojunction of polymer and derivatives of carbon
fullerene. The first scientific research on organic PV cells using small-molecule
heterojunction has been done [2]. Later, the first dye/dye bulk heterojunction PV
has been designed [3]. Also, the first polymer-C60 heterojunction PV was fabricated
in a research laboratory [4]. Many other research works have been focused on the
development of organic PV cells [5–16].

Organic PV cells using polymers present the advantage to be flexible, thin, and
also there is solution processing based on coating and printing techniques [17, 18]
such as slot-die coating [19], screen [20], gravure [21], and inkjet printing [22] on a
flexible substrate. The technology of fabrication plays an important role to reduce the
production cost such as the fabrication using vacuum-free R2R process on flexible
substrates [23].

The principle inconvenient with this solution processing is the low efficiency of
organic PV cells compared with inorganic PV cells such as silicon solar cells. In
fact, the efficiency obtained in the laboratory is about 8.3% while the efficiency of



5 Organic Solar Cells: A Review 83

the PV modules is around 3.5% [1]. Theoretically, the efficiency for single-junction
cells reaches the value of 15% for tandem (multi-junction) solar cells [24, 25].

The lifetimes of organic PV cells are in excess of 1000 h of outdoor stability [26–
29]. Actually, the research focuses on efficiency and stability for the same material
constituting the organic solar cells.

5.3 Structures and Principles of Organic PV Cells

Organic solar cells are constituted by a bulk heterojunction structure which allows a
better absorption of sunlight. The bulk heterojunction is a solution between electrons
donor and acceptor. The donor is a polymer semiconductor like poly3-hexylthiophene
(P3HT) and the acceptor can be polymers, semiconductor nanoparticles, metal
oxides, or fullerenes such as PCBM in a photoactive layer [30].

In this section, we focus on fullerene material system based on the bulk hetero-
junction concept [31]. Figure 5.1 shows the bulk heterojunction in organic solar
cells.

An organic solvent ismixedwith soluble donor and acceptormaterial, and then the
solution is deposited on the substrate with conductive layers. A penetrated network
is obtained by micro-phase separation after the evaporation of the solvent. After
absorption of light, we get a large space between donor and acceptor which allow
the separation of the charge.

The transport of these charge to anode and cathode is due to the continuity of
paths to the electrodes. To increase the efficiency of organic PV cells, an adequate
combination of material using adequate treatment processes is necessary during the
phases of fabrication of OPV cells.

Figure 5.2 describes the principle of organic solar cells which is established in
four steps for bulk heterojunction (BHJ) devices [12, 32]. The four steps are exciton
generation, exciton diffusion, exciton dissociation, and charge carrier transport to
the electrodes in a BHJ solar cell:

1. Exciton generation: This step absorbs photon and allows the electron to be in the
lowest unoccupied molecular orbital (LUMO) and the hole moves to the highest
occupied molecular orbital (HOMO). This is due to the Coulomb forces forming
an exciton.

Fig. 5.1 Layer structures in
organic solar cells
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Fig. 5.2 Band diagram of
generated photocurrent

2. Exciton diffusion: The diffusion is done during the donor step to the interface of
the donor and acceptor material. The concept of the bulk heterojunction of two
mixed materials decreases the diffusion length and minimizes the decay rate of
the exciton. The size of the two phases must be smaller than the length of the
diffusion around 5–20 nm [33–36].

3. Exciton dissociation: The dissociation is done into a free electron and hole at the
interface of donor and acceptor material.

4. Charge carrier transport: The charge carriers are transported via the donor and
acceptor material. Negative charge are connected at the cathode, and the positive
charge are collected at the anode. The generated photocurrent is due to applying a
load to an external circuit. Organic materials characterized by a large absorption
range can be synthesized and then influence the first step of theworking principle.

Figure 5.3 presents the current density–voltage characteristics (J-V curve) for a solar
cell with different factors such as the open-circuit voltage (Voc in Volt), the short-
circuit current density (Jsc in mA/cm2), the fill factor FF (%), and the maximum
power point MPP.

The efficiency of power conversion (η) is the first essential parameter and
expresses the ratio of the maximum output power (PM = IMPP · VMPP) generated
by the solar cell and the input incident power of the light (Pin) on a given active area
A:
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Fig. 5.3 Characteristic J-V curve of organic PV cell

n = IMPP · VMPP

PM · A = FF · ISC · VOC

PM · A = FF.
JSC · VOC

PM

where FF is defined as:

FF = IMPP .VMPP

ISC .VOC
= JMPP.VMPP

JSC.VOC

The fill factor (FF) is a parameter which can determine the performance of the
produced solar cells. In general, the acceptable organic solar cells correspond to
the value of FF which should be greater or equal to 65%. Two other parameters
characterize the performance of solar cells which are the series resistance RS and the
shunt resistance RSh. The series resistance represents the resistance at the interface
in the layers, the conductivity of the semiconductors, and the electrodes. The shunt
resistance corresponds to the defects in the layers and should be of high value.

The organic PV cells are constituted by a bulk heterojunction active layer with
two electrodes as indicated in Fig. 5.4. One electrode is transparent, and generally,
we use sputtering or evaporator on a transparent substrate (glass or polyethylene
terephthalate) to get electrode with indium tin oxide (ITO). The last development of

Fig. 5.4 Organic solar cells devices with a bulk heterojunction active layer in normal and inverted
geometry
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Table 5.1 The role of materials in normal and inverted geometries

Normal geometry

Substrate Anode Hole transport
layer

Active layer Electron transport
layer

Cathode

Glass PET ITO PEDOT: PSS
MoO3
V2O3

P3HT:PCBM TiOx
ZnO

LiF/Al
LiF/Au

Inverted geometry

Substrate Cathode Electron transport
layer

Active layer Electron transport
layer

Anode

Glass PET
PEN

ITO
Ag-solid
Al/Cr

ZnO
TiOx
CS2-CO3

P3HT:PCBM PEDOT: PSS Ag
Ag-grid

PET = Polyethylene terephthalate; PEN = Polyethylene naphthalate; ITO = indium tin oxide;
PEDOT:PSS= poly(3,4-ethylenediooxythiophene):poly(styrenesulfonate);MoO3 =molybdenum
trioxide; V2O5 = vanadium pentoxide; P3HT = poly(3-hexylthiophene); PCBM = [6]-phenyl
C61 butyric acid methyl ester fullerene derivate); TiOx = titanium oxide; nO = zinc oxide; LiF =
lithium fluoride; Cs2CO3 = cesium carbonate; Al = aluminum; Au = gold; Ag = silver; and Cr
= chromium

organic solar cells is to get devices with intermixed layers which are bulk hetero-
junction of donor and acceptor. Actually, there are two references named normal and
inverted geometry, necessary to build organic PV cells in the laboratory.

The transparent ITO electrode acts as the anode in the normal geometry, whereas
in the inverted structure, it acts as a cathode. Table 5.1 shows the common materials
in inverted and normal geometries.

The first device structure of organic solar cells has used the normal geometry
[37, 38]. The use of vacuum for evaporating the cathode electrode on the top of the
active layer is considered as inconvenient of this structure.

So, to avoid this vacuum steps, the researchers opted for inverted geometry by
flipping the layer stack and adding a charge transport layer which gives the best
solution to the process [17].

5.4 Materials

The active photoconversion layer and the hole transport layer PEDOT:PSS are in prin-
ciple the only organic layers in anOSC.The active layer can be polymer-based, small-
molecule-based, or a hybrid organic–inorganic structure. All other layers, except the
substrate, are metals or metal oxides. Here, we briefly describe the several layer
materials and focus on the organic polymer-based photoactive layer at the end.
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5.4.1 Substrate and Front Electrode

Glass or polymeric materials such as polyethylene terephthalate (PET) or polyethy-
lene naphthalate (PEN) are the basic substrates to build on the subsequent layer
structure. PET or PEN is thin and flexible and makes it the first choice in large-scale
R2R processing. Indium tin oxide (ITO) is widely used as a transparent electrode
on glass or PET because of its excellent properties as a hole conductor. The draw-
back is the price and scarcity of indium. In addition, it uses vacuum-based processes
for deposition, which shows up in a huge embodied energy of more than 80% in
the final device [39]. Avoiding indium and finding alternative transparent conduct-
ing electrodes is highly demanding. One promising approach without using vacuum
steps is the use of printed silver grids in combinationwith highly conductive poly(3,4-
ethylenedioxythiophene) [40]. The chemical structure of PEDOT:PSS is shown in
Fig. 5.5.

5.4.2 Intermediate Layers (ILs)

The intermediate layer (IL) between the active layer and the electrodes acts as a charge
selective conductor, either blocking electrons or holes or conducting the opposite
charge and vice versa. It might also improve the alignment of the energy levels and
compensate for the roughness of the underlying surface to remove some of the shunts.
A myriad of different materials have been studied, but it is beyond the scope of this
chapter to mention them all [41]. In normal geometries, PEDOT:PSS is the most
used electron-blocking material and is dissolved or dispersed in aqueous solution. It
is spin-coated on ITO, forming a thin layer with thickness of 60–100 nm and is dried
at approximately 150 °C for 5–10 min.

Most of the R2R produced OSCs are based on inverted structures, where electron-
conducting materials are necessary as first IL. Typical materials are TiOx or ZnO.
They can easily be coated from solution-based nanoparticles or precursors of the
metal oxides. An environmental side effect is obtained by using aqueous ZnO solu-
tion, and additionally, it alleviates the inflection point in the J-V curve caused by
photodoping [42]. The layer thickness of the aqueous ZnO is in the range of 20 nm
and needs heat treatment for 5–40 min at 140 °C to become insoluble and obtain
electron-conducting characteristics.

The second IL between the active layer and back electrode acts as charge select-
ing layer similar to the first IL and has to have the opposite blocking characteristics
than the first one. In OSCs with normal geometry, a second IL is not mandatory but
materials like TiOx and ZnO improve the efficiency and act as environmental barrier,
inducing stability [43–45]. At the same time, the thin oxide layer can improve the
optical absorption by shifting the field distribution inside the cell. Hole conducting
PEDOT:PSS has been typically used in OSCs with inverted geometry, but MoO3

and V2O5 have also been reported [46]. Applying water-based PEDOT:PSS on top
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Fig. 5.5 Chemical structure of organic material used in OSC

of a hydrophobic PCBM:PCBM film, which causes dewetting and inhomogeneous
layers, is almost impossible. Therefore, a special screen-printing formulation of
PEDOT:PSS diluted in isopropanol is used for R2R coating [17]. For P3HT:PCBM-
based OSCs, the interface between the active layer and PEDOT:PSS was found to be
the weakest [47]. Delamination and thermomechanical stresses may result in poor
device performance. Annealing time and temperature increase the adhesion in this
interface.
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5.4.3 Back Electrode and Encapsulation

A metallic back electrode completes the OSC structure and acts as either anode or
cathode depending on the geometry. The most commonly used electrode material is
aluminum, silver, and gold, but calcium has been reported too. Aluminum is often
applied with a thin layer of lithium fluoride (2–10 nm), which improves contact
to the active layer. Furthermore, it protects the active layer from damage during
the evaporation [48]. In normal devices, the electrode is thermally evaporated and
therefore not well suited for R2R processes. Silver electrodes can be easily applied
by screen printing on inverted devices. The silver paste is commercially available
and easy to process, but the influence of different solvents in the ink on the active
layer has to be considered [49].

Encapsulation is necessary to prevent exposure to humidity and oxygen. A barrier
material with a sufficient oxygen transmission rate (OTR) of at least 10−3 cm3 m−2

day−1 atm−1 and a water vapor transmission rate (WVTR) of at least 10−4 gm−2

day−1 is required [50, 51]. Devices prepared on rigid substrate are typically encap-
sulated with glass or metal using epoxy. Flexible barrier foils are used for large-scale
flexible encapsulation and can be applied by laminationwith pressure-sensitive adhe-
sives (PSA) [52]. Alternating layers of inorganic oxides such as SiOx and polymers
in the barrier foil are used to achieve high OTR and WVTR.

5.4.4 Active Layer

Light absorption and charge carrier generation happen in the photoactive layer and
therefore huge research efforts are being made to develop high-performance donor
and acceptor materials. The main challenges are good stability, material abundance,
cost efficiency, and large-scale processability, although not everything is fulfilled
by one material at the moment. The following section outlines some of the more
successfulmaterials forOSCs extracted fromcountless reports. Table 5.2 summarizes
the current state-of-the-art OSC laboratory-scale devices and shows the solar cell
parameters for different materials and device structures.

The bulk heterojunction, interpenetrating network by blending donor and
acceptor material, was introduced in 1995 and showed great improvements in
charge separation and efficiencies [53]. They used 2-methoxy-5-(2-ethylhexyloxy)-
polyphenylenevinylene (MEH-PPV) as electron donor and the soluble fullerene
derivate [6]-phenyl C61 butyric acid methyl ester (PCBM) as electron acceptor in the
intermixed active layer (Fig. 5.4). A bulk heterojunction active layer with material
combinations of poly(3-hexylthiophene) (P3HT) (Fig. 5.4) and PCBM or PCBM is
state of the art and well studied. Efficiencies are in the range of 5% [37, 38]. The
mismatch of the absorption spectrum of P3HT with the solar emission spectrum
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Table 5.2 Solar cell performance parameters of state-of-the-art bulk heterojunction OSC

Structure VOC (V) JSC (mA/cm2) FF (%) PCE (%)

ITO/PEDOT: PSS/P3HT:
PCBM/Al

0.63 9.5 68 5.0

ITO/PEDOT: PSS/PCDTBT:
PCBM/BCP/Al

0.91 11.8 66 7.1

ITO/PEDOT: PSS/PCDTBT:
PCBM/TiOx/Al

0.88 10.6 66 6.1

ITO/PEDOT:
PSS/P3HT:bisPCBM/Sm/Al

0.72 9.14 68 4.5

ITO/PEDOT: PSS/PTB7:
PCBM/Ca/Al

0.74 14.5 69 7.4

Active layer is highlighted in bold

limits further improvement in efficiency. P3HT has a band gap of around 1.9 eV and
absorbs only wavelength below 650 nm. The photon flux reaching the surface of the
Earth has a maximum of approximately 1.8 eV (700 nm), and therefore, P3HT can
harvest only 22.4% of available photons [54].

A way to overcome this physical barrier is the synthesis of polymer material with
low band gaps collecting as many photons as possible. The offset of the HOMO and
LUMO levels between donor and acceptor becomes important as well, whereas the
open-circuit voltage of the device is defined by the difference between the energy
level of the HOMO in the donor and the energy level of the LUMO in the acceptor.
The lowest band gap of the two materials defines the maximum current. In the case
of PCBM as acceptor, the optimum band gap has to be in the range of 1.2–1.7 eV.
Absorption of more photons leads to potentially higher efficiencies.

The preparation of low band gap (LBG) polymers follows the donor–accep-
tor approach, in which the polymer backbone has electron-rich and electron-
poor domains. One of the most promising and efficient LBG polymers is
poly[2,6- (4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b′]-dithiophene)-alt-4,7-
(2,1,3-benzothiadiazole)] (PCPDTBT), which is based on a benzothiadiazole unit
(acceptor) and a 4,4-bis (2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b′] dithiophene unit
(donor). That band gap is around 1.46 eV. Reported power conversion efficiencies are
up to 4.5% in combination with PCBM and 6.5%with PCBM [55]. High efficiencies
of up to 7.1% were achieved with the LBG polymerpoly[N-9′′-hepta-decanyl-2,7-
carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT) and [12]
PCBM dissolved in dichlorobenzene and 13% dimethyl sulfoxide (Chu et al. 2011).
The cell had very good characteristics with VOC of 0.91 V, JSC of 11.8 mA/cm2,
and a FF of 66%. Further LBG polymers are reviewed in detail [54, 56].

The active layer is processed out of a blend solution of donor and acceptor. In
case of P3HT:PCBM, the optimal ratio is around 1:1 [37] with concentration of
20–40 mg/ml. The range of solvents is large, but chlorobenzene or dichlorobenzene
is typically used [57]. A certain dry layer thickness is achieved after deposition of
the ink and evaporation of the solvent. The theoretical maximum JSC with a 5 μm
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thick active layer is calculated with 15.2 mA/cm2 for an IQE value of 100%. For
more realistic thicknesses of 400 nm and an IQE value of 80%, the JSC decreases to
10.2 mA/cm2 [58].

Improving the efficiency of the device is done by thermal annealing the active
layer. This can drastically change the structure and morphology of the material
[59, 60]. P3HT can crystallize when the temperature is above the glass transition
temperature. The concentration of PCBM has also an influence on the morphol-
ogy upon annealing [61]. It can improve the phase separation due to PCBM cluster
growth. Other possibilities to improve the morphology of the active layer are solvent
vapor treatment [62] and additives in the active layer ink.

Polymers are made soluble by attaching solubilizing side chains such as alkyl
groups onto the conjugated polymer backbone. They do not contribute to the light
harvesting and make the material soft, which is related to the instability of OSCs
[26]. After solution processing and drying, the side chains are useless and then
can be removed. This interesting application can be achieved with thermocleavable
materials. Thermocleavable ester groups are attached to the polymer backbone with
a branched alkyl chain as solubilizing group. After heating to 200 °C, the solubi-
lizing groups are eliminated leaving the polymer insoluble. Heterojunction devices
with poly-3-(2-methyl-hexan-2-yl)-oxy-carbonylbithiophene (P3MHOCT) and C60
showed an improved stability after thermal treatment [26]. The P3MHOCT is con-
verted to the more rigid and insoluble poly-3-carboxydithiophene (P3CT) at 200 °C,
and with further heating at 300 °C, it is converted to native polythiophene (PT)
(Fig. 5.6).

The cleaving is visible due to a color change from red over orange to purple-
blue. OSC devices prepared with P3MHOCT:PCBM showed a large improvement
in efficiency from P3MHOCT over P3CT to PT yielding at 1.5% for PT:PCBM
[63]. Thermocleaving can be seen as a breakthrough in the processing of polymers
and adopting this technique to other polymers offers several advantages such as
only having the active components are in the final layer. Detailed information about
thermocleavable polymers can be found in [13, 64, 65].

Polymer material development and new active layer concepts such as polymer–
polymer solar cells, inorganic–organic hybrid solar cells, and nanostructured inor-
ganics filled with polymer are extremely fast-moving fields of research. Tandem

Fig. 5.6 Preparation of OT via a thermolytic reaction
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OSCs improve the cell efficiency by stacking different band gaps materials on top of
each other. The challenge is not only to find good material combinations to harvest
as much photons as possible. From the processing point of view, the solvents and
solubility of each subsequent material must match to prevent negative interaction
like dissolving.

Thermocleaving and protecting the intermediate layer can improve the develop-
ment of thesemulti-junction solar cells. Covering all of the further technologies in this
chapter is not possible andwe refer the reader to extensive review reports [12, 66, 67].
For the sake of completeness, it shall be mentioned that small-molecule organic solar
cells [68, 69] are another group of organic solar cells and typically fabricated by vac-
uum processing in the preferred p-i-n structure [70, 71], employing either exciton
blocking layers, or p-doped and n-doped electron transport layers. The intrinsic active
layer is either a stacked planar heterojunction or a bulk heterojunction of donor and
acceptor materials. The acceptor is typically the fullerene C60. Donor materials used
are polyacenes [72], oligothiophenes [73], and metal phthalocyanines as benchmark
materials [69]. Copper phthalocyanine (CuPc) and zinc phthalocyanine (ZnPc) are
the most studied materials.

Red-absorbing fluorinated ZnPc (F4-ZnPc) can lead to 0.1–0.15 V higher open-
circuit voltage than standard ZnPc. Combined with green-absorbing dicyanovinyl-
capped sexithiophene (DCV6T) in a tandem cell structure, it can lead to an absorption
over thewhole spectrumwith efficiencies up to 5.6% [74]. Efficiency ofmore than 8%
in a tandem structure has already been achieved [1]. A drawback of small-molecule
OSCs is the energy-intensive vacuum processing. Recent developments demonstrate
solution-based small-molecule solar cells [75].

Efficiency of 6.7% was achieved with 5,5′-bis{(4-(7-hexylthiophen-2-yl)
thiophen-2-yl)- [1, 2, 5] thiadiazolo [3,4-c]pyridine}-3,3′-di-2-ethylhexylsilylene-
2,2′-bithiophene, DTS(PTTh2)2 as donor, and PCBM as acceptor dissolved in
chlorobenzene. The normal structured bulk heterojunction device still comprises
an evaporated Al cathode.

5.5 Roll-to-Roll (R2R) Processing of Organic PV Cells

The fabrication of organic solar cells is based on coating and printing techniques.
The advantages of organic solar cells consist of the low-cost and very big production
of such solar cells. Table 5.3 presents the performance of P3HT: PCBM solar cells, in
which the active layer is fabricated with various process technologies such as roll-to
roll (R2R) processing, slot-die [17, 19, 28], gravure [21, 76], screen printing [77],
and inkjet [22, 78].

The preparation of standard solar cells in the laboratory using spin coater or evap-
orating systems presents the inconvenience which is the small active area and the loss
of material during operation of fabrication by spin coater. The produced solar cells
with such technology are limited due to the limitation of size, limited photocurrent,
and low open-circuit voltage under 1 volts. To increase the productivity and to get
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Table 5.3 Solar cell parameters of organic solar cellswith P3HT: PCBMlayers obtained by printing
processes and coating

Process (active layer) Active area (cm2) VOC (V) ISC (mA) FF (%) PCE (%)

(a) Slot-die 4.80 3.62 6.86 44.00 2.33

(b) Slot-die 96 7.56 60.00 38 1.79

(c) Slot-die 13.2 6.48 >6 64 2.20

(d) Gravure 9.65 3.02 13.91 44.00 1.92

(e) Gravure 0.045 0.56 0.22 45.00 1.21

(f) Screen printing 1.44 0.59 21.07 29.78 2.59

(g) Inkjet 0.16 0.57 1.50 45.00 2.40

(h) Inkjet 0.09 0.628 0.9612 55.27 3.71

more output power of solar cells, we use R2R coating and printing techniques which
allow the maximum use of material without loss. In general, in this technique, we use
the inverter layer structure which allows to print the silver electrode with no vacuum.

The materials used for organic solar cells are soluble as printable ink and the used
transparent conductive electrode ITO are evaporated on the flexible substrate. Due
to the high cost of ITO and the embodied energy in organic solar cells is greater
than 80% [39], many researches focus to avoid ITO and to use instead alternative
materials like highly conductive polymers [79, 80]. For R2R processing, we use the
flexible substrate and transparent foils such as polyethylene terephthalate (PET) and
encapsulation using flexible barrier material allowing the final device lightweight
and thin.

1. Full R2R, inverted structure, module of 8 serial connected cells [17].
2. Full R2R, inverted structure, module of 16 serial connected cells, average value

over 600 modules, and max. PCE 2% [19].
3. Flatbed process, 11 serial connected cells, ITO-free, Cr/Al/Cr on flexible plastic

substrate, and evaporated Au grid [28].
4. Normal geometry, flatbed process, and 5 serial connected cells [21].
5. Inverted structure, flatbed process, single cell, and evaporated Au electrode [76].
6. Normal structure, flatbed process, and evaporated Al electrode [77].
7. Normal structure and evaporated Al electrode [78].
8. Normal structure and evaporated LiF/Al electrode [22].

5.5.1 Serial Interconnected Device Structure

Organic solar cells module based on typical R2R consists of numerous serial
interconnected single cells to get open-circuit voltages as illustrated in Fig. 5.7.

If we need 12 V in our PV system, we should connect 24 single cells with an
open circuit of 0.5 V. The total photogenerated current is equal to the photogenerated
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Fig. 5.7 Serial interconnected of 2 single cells (inverted structure) (0) substrate PET, (1) ITO, (2)
ZnO, (3) active layer, (4) PEDOT:PSS, and (5) Ag layer active area: generation of photocurrent

current of a single cell. This is due to the serial connection of identical solar cells
which give the same short-circuit current. The production process using printing
and coating allows homogeneous layer quality. During the industrial fabrication,
we avoid any changes by fixing the process conditions in order to get similarity in
the single cells. In research purposes, we can continuously change factors in R2R
process. The conductivity of the electrodematerial depends on the width of the single
cell, and upscaling reduces the photogenerated current.

The organic solar cells produced using R2R process have a stripe width of 4–
20 mm for ITO (electrode material) and calculations of the size dependence [81].
Also, the small cell width decreases the relative active area of the module and some
deposited material does not produce photocurrent. Many research [80, 82] focuses
onmonolithic design architecture with a high active to total area ratio by using highly
conductive electrode material. The simplicity of manufacturing of this kind of device
structure is an advantage since there is no required pattern.

5.5.2 Coating and Printing Processes

We describe in this section the process related to printing and coating for fabrication
of OSCs devices. In fact, due to the facilities and availability of necessary materials
and polymers for solution processing, it will be easy to transfer the laboratory-scale
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Fig. 5.8 Comparison between integrated R2R and a discrete process

spin coating process to large scale such as R2R coating and printing processes. Addi-
tive deposition of material affects the price of the production of OSC devices. The
technologies used in thin-film fabrication like photographic from industrial sectors
can be suitable for the fabrication of OSCs.

The organic solar cell is based on different layers which may need various pro-
cessing technologies, intermediate treatments, or different factors such as time of
drying and web speed. To minimize the cost of steps in vacuum process, we prefer
a structure using an inverted layer and printable electrodes. Also, it is desired to
use an integrated R2R processing on a single factory line, but the different needs
for each step allows discrete processing steps for the multi-layer OSC, as illustrated
in Fig. 5.8. An optimization and best control represent an advantage of single-step
processing. A total production can be stopped by any failure during the different
steps of the process. An optimization can be done on different available machines
of coating and printing following the needs of manufacturing. Printing methods are
adequate to R2R processing, and different technologies can be used in a plant to
fulfill the fabrication requirements for all layers, inks, and process parameters.

The principal need for the thin-film layer is homogeneity without pinholes over a
large area [10, 83–86].

5.5.3 Slot-Die Coating

Slot-die coating provides smooth layers with homogeneous thicknesses in different
directions. Figure 5.9 shows the system of coating. As it is described, the wet layer
thickness is controlled by the coating speed and the flow rate of the supplied ink.
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Fig. 5.9 Slot-die coating process (right) and the disassembled head including the stripe mask (left)

The coating head is precision engineered and it is not easy to get the same pressure
distribution along the coating width. Multi-layer structures of organic solar cells are
produced by displacing the head perpendicular to the web direction to align the
stripes of materials in each process step. By inserting the stripes masks into the
head, we get the stripes, forming a stripe-wide meniscus at the outlet of the ink. The
ink viscosity adjusts the thickness of the mask and is in the range of 08–210 μm.
Low-viscous polymer solutions for OSCs with viscosities below 20 MPa require
masks with thicknesses of 25–55 μm. Due to the different wetting behaviors of the
ink, the masks should be varied. The coating head lip is never in contact with the
substrate. Pre-coated is not influenced by contact pressure such as in other printing
technologies.

By using syringe pumps or piston, we pump the ink into the head. Higher viscous
inks above 110 mPa may require pressure vessels with flow control equipment. The
total coating process including the ink tank is a closed system which is useful for
solvents. The wet layer thickness is fixed by the ink and web speed. The final dry
layer thickness can be calculated with the following relation:

d = f

Sw
.
c

ρ

d represents the thickness in cm, f represents the ink flow rate in cm3/min, c is
the solid concentration in the ink in g/cm3, S is the web speed in cm/min, w is the
coated width in cm, and ρ represents the density of the dried ink material in g/cm3.

Typical values of coating speeds for the fabrication of organic solar cell, with
slot-die coating, are 0.4–2.5 m/min. This depends on the viscosity and the time of
drying. The maximum drying temperature is fixed by substrate. Figure 5.10 presents
a photon of slot-die coated organic solar cell modules with screen-printed silver
electrodes [87]. Slot die can also be used for the coating of silver nanoparticle ink to
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Fig. 5.10 Flexible OSCs modules fabricated by R2R slot-die coating with screen-printed silver
electrodes

form electrode layers as a substitute for ITO [20]. Nanoparticle inks can be coated
through slot-die coating technology. The coating factors and the properties of the ink
should be optimized to reach the best quality of layer.

To study the material compositions in the processing parameter space [87], R2R
slot-die coating is used as a research tool. Figure 5.11 shows the principle of dif-
ferential pumped slot-die coating using two pumps for the material screening of ink
compositions. This technology allows the material screening and characterization of
OSCs with very small amounts of material in a R2R process. This late presents an
advantage by comparison with individual spin coating. In fact, an optimization is
obtained about the material ratios like P3HT to PCBM, and best layer thicknesses
are much faster.

Fig. 5.11 Differential pumped slot-die coating for material screening of ink compositions
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5.5.4 Screen Printing

For laboratory-scale research, we can use the technique of screen printing which is
low-cost process. Also, this technique is used in the industrial process with rotary
screen printing or continuous flatbed screen printing. The principle of this process is
simple which is constituted by a screen and a squeegee. The screen has a cylindrical
form and rotates around a fixed squeegee. The screen is a woven fabric made out of
stainless steel or polyester covered with an emulsion layer. It is mounted to a metal
frame under tension. Figure 5.12 illustrates the printing process where the screen
is placed above the substrate distance by only a few millimeters. The ink is spread
by moving the squeegee which moves over the screen with a sufficient pressure
downward to the substrate. This allows the ink to left through the open areas of the
screen behind on the substrate as the screen snaps back.

The obtained wet layer thickness is high compared to other printing techniques
and the paste-like ink needs to be high viscous with thixotropic behavior. In order to
avoid the clogging of the screen, the solvent should present a low volatility due to the
exposition area of the ink to the environment. The principal factors of a screen are
the mesh number which means mesh opening and the wire diameter. The theoretical
paste volume (Vscreen) defines the wet layer thickness of the printed film. Vscreen
represents the volume between the threads of the mask and the thickness of the
emulsion. The volume of ink is influenced by process parameters, such as squeegee
force, squeegee angle, snap-off distance, and ink rheology, summarized by the pick-
out ratio, kp. The dry layer thickness d can be computed by the following relation:

d = Vscreen.KP.
c

ρ

Fig. 5.12 Principle of the flatbed and rotary screen printing process with corresponding screen
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C represents the solid concentration in the ink in g/cm3, and ρ is the density of
the dried ink material in g/cm3. Screen printing is used in the industry for graphical
applications, but also for printing of conductors for flexible electronics. Also, it
is used to print electrodes in the silicon solar cell industry. In the field of OSCs,
screen printing of the active layer polymerMEH-PPVwith an adequate rheologywas
successfully described [88]. Many scientific researches focused on screen printing
for P3HT mixtures, which show the possibility of overcoming the challenges of ink
rheology and large wet thickness [65, 77, 79].

Actually, screen printing allows the deposition of conductors like PEDOT:PSS
and especially for silver ink in full solution processes [19, 80]. Also, thin lines are
possible, which can be used to pattern grid structures with a honeycomb-like design,
as used for monolithic OSCs [82]. The silver inks can be solvent, and the influence
of different types of silver ink on the performance of OSCs has been studied [49].
Other, screen printing is used to pattern the ITO layer on PET by printing etch resist
and further etching, stripping, and washing of the ITO layer [17].

5.5.5 Gravure Printing

Generally, in order to print graphical products with high speed (up to 20 m/s), we use
the gravure printing. To get and homogenous layers with high-resolution patterning,
we use the two-dimensional process and low-viscosity ink. Figure 5.13 shows the
gravure printing process. The cells are filled in an ink bath or using a closed cham-
bered doctor blade system. This is constituted by a chambered blade (doctor blade),
a chromium-coated gravure cylinder, and a soft impression cylinder. To optimize
the printing result, we can adjust the patterned gravure cylinder by controlling the
volume (cm3/m2) of engraved cells, depth, width, density, and screen angle. The nip
pressure allows the transfer of the ink to the substrate. The excess ink is left off just
before the nip of the gravure and impression cylinder.

The pick-up volume and ink transfer rate from the cells to the substrate define
the wet layer thickness. Different parameters affect the performance of the printing
quality such as printing speed, pressure of the impression, and the ink rheology.

Fig. 5.13 Gravure printing
process
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The deposition of materials such as PEDOT:PSS and P3HT:PCBM in organic
solar cells using normal structure is recommended with gravure printing process
[21, 89].

Using high concentration of the ink (150mg/ml in o-DCB), the speed of 18m/min
is obtained in this process. For a single cell, the obtained efficiency is 2.8%, and for
the module (five connected stripes), the efficiency is 1.92%.

Also, the inverted structured solar cells with three gravure printed layers (TiOx,
P3HT:PCBM, and PEDOT:PSS) on patterned ITO-PET substrate using a speed of
40 m/min were also manufactured with success [76]. The obtained efficiency was
0.58% with a device area of 4.5 mm2.

Also, R2R gravure printing process has been used with success for organic
solar cells with P3HT:PCBM active layer [90]. The substrate was paper with a
ZnO/Zn/ZnO layer as electrode and the active layer was gravure printed with a
speed of 12 m/min. An efficiency of 1.31% (area: 9 mm2 and an illumination of
600 W/m2) has been obtained using PEDOT:PSS with R2R flexo printed process.

The fabrication of organic solar cells using first the process sheet-to-sheet to
show the suitability of the R2R gravure process and electrodes was evaporated. The
conversion to a full R2R process where all layers are gravure printed is still possible
due to the high speed and the oven length required for drying and annealing.

5.5.6 Flexographic Printing

The flexographic printing is considered as R2R printing process with a speed up
to 100 m/min by using a cylindrical plate carrying the printing pattern. The flexo
system comprises a fountain roller which allows to fill the anilox roller with ink. The
anilox roller allows a uniform thickness and equally to the printing plate cylinder.
Excess ink is scraped off and it is transferred to the substrate running between the
plate cylinder and impression cylinder, as shown in Fig. 5.14. A chambered doctor
blade inking system can be used to avoid exposure of the ink to the atmosphere.

Fig. 5.14 Illustration of the
flexographic printing process
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The flexographic printing has been used first for patterned PEDOT:PSS on top of
P3HT:PCBM as indicated in the previous research [90].

The R2R printing of transformed PEDOT:PSS was realized with a speed of
30 m/min using an anilox cylinder (volume of 25 cm3/m2) with an efficiency of
1.31%. Flexotechnic was used for pre-wetting the surface of P3HT:PCBM with
n-octanol prior to the coating of PEDOT:PSS [20]. The flexographic technic is appli-
cable to organic photovoltaics with low volatility of the inks. Chambered doctor
blade systems for the application of the ink are beneficial. It might be used for elec-
trode production, either grids or full layer, because it can produce very thin layers. In
another research work, silver grid structures (line width of 20–50 μm and distance
of 0.8–2 mm) were successfully R2R printed at a speed of 5 m/min on PET [91].

5.5.7 Inkjet

Generally, inkjet is used for office applications, and actually, it is used for graphical
applications such as R2R industrial process. One of the most applications in the
industry is the ink droplets which are generated suitable on the need.

By heating up the ink and producing a tiny bubble to allow pushing out a droplet.
The piezoelectric printhead is the most used in such applications. In order to generate
a pressure to push out a drop, the use of the reverse piezoelectric effect is very useful
as shown in Fig. 5.15.

The ideal drops are obtained by interaction of the ink and the inkjet head. In
general, the ink requires a specific voltage to drive the piezoelectric printhead. The

Fig. 5.15 Inkjet printing
process using the reverse
piezoelectric effect for
generating pressure to push
out a drop
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volume of the generated drop depends on the type of print head. The inkjet print-
ing process can reach high resolution over 1200 dpi. Inkjet ink must have a low
evaporation rate in order to avoid drying at the nozzle. The viscosity is an impor-
tant parameter and should be lower than 30 mPa. The inks are constituted by many
solvents and surfactants and the inks can either be, solvent-based, aqueous or UV
curable. Many other information used for inkjet applications have been described
[92–94]. Many researches on organic solar cells use inkjet process [78, 95–97]. The
achieved efficiency, using inkjet process, is about 3.7% [22].

5.6 Conclusion

Many companies begin working to fabricate organic solar cells which present the
advantage to be flexible but low efficiency. Some applications use such type of
solar cells and especially in building-integrated photovoltaics. Recent researches
have focused to fabricate organic solar cells with different technic such as printing
process. Some of the main research areas that have already been addressed are higher
efficiencies, improvements in operational stability and lifetime, multi-junction and
hybrid structures, low band gap polymers and controlled morphology. New organic
materials have been used in organic solar cells to get the best efficiency and good
performance. Different strategies in the development of new polymers for efficient
organic solar cells have been presented in many research. Solar cells efficiencies
around 8% that are published are manufactured with special conditions by testing
very small cell sizes. The best challenge is to achieve high efficiencies on large areas
under full R2R process. But hopefully, in the near future, the strong research efforts
will make this happen, so that organic solar cells can compete against other solar cell
technologies.
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