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1. Introduction

The research for new and alternative materials and technologies 

for the supply of our society with clean energy is one of the central 

and most challenging tasks in today’s materials science and is 

driven by the goal to overcome future shortage of fossil fuels and 

extensive emission of carbon dioxide. As the sun provides more 

than enough energy, efficient solar cells, prepared at low cost, 

could display a breakthrough in the fight against global warming 

and dependency on fossil primary energy carriers. In particular, 

organic solar cells are discussed to fulfill these requirements 

by providing the possibility of low cost roll-to-roll processing 

and using cheap and abundant raw materials. Also due to the 

increasing power conversion efficiencies (PCEs) of organic 

based solar cells they became more and more attractive in the 

last years and in 2012 the psychologically important PCE value 

of 10%was exceeded [1-3]. Additionally, the lifetime of organic 

based solar cells already became quite competitive [4].

Hybrid solar cells based on conjugated polymers and 

inorganic semiconducting nanocrystals are an exciting 

alternative to pure organic or inorganic solar cell technologies 

as they combine beneficial properties of organic and inorganic 

semiconductors, and thus, have the conceptual potential to 

reach efficiencies comparable to inorganic solar cells in the 

future. Hybrid solar cells exhibit most advantages of organic solar 

cells: they can be produced more energy efficiently avoiding high 

temperature processes, they can be produced fast using roll-

to-roll printing and coating technologies, and they make use of 

the high absorption coefficients of organic polymers. Moreover, 

additional benefits are expected from the inorganic part like high 

charge carrier mobilities and the possibility to tune the optical 

and electrical properties of the acceptor phase by tailoring the 

size, shape and composition of the nanostructures.

Today, the highest efficiencies reported for hybrid solar cells 

are around 4% [5-8], which is still far away from the efficiencies 

of above mentioned technologies, but the progress in PCE in 

the last years and the conceptual advantages make it more and 

more realistic to approach the long-term goal of cheap, efficient 

and stable hybrid solar cells in future.

The concept of hybrid solar cells was introduced by 

Greenham et al. already in 1996 [9]. They studied charge 

separation and transport in nanocomposites consisting of CdS 

or CdSe nanoparticles and poly[2-methoxy-5-(2-ethylhexyloxy)-

1,4-phenylenevinylene] (MEH-PPV) and showed for the first 

time that quantum efficiencies of solar cells using these 

nanocomposite layers are improved compared to solar cells 

with active layers consisting of pristine MEH-PPV. This concept 

was further explored in the following years and in 2002 PCEs of  
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nanoparticles and conjugated polymers have the advantage of 

being structurally more flexible by using dot, rod, or tetrapod-

shaped inorganic semiconducting nanostructures. Thus, the 

morphology of the active layer can be tailored towards efficient 

charge separation and charge transport.

Roughly in the last 15 years, various inorganic materials in 

combination with conjugated polymers have been reported for 

the preparation of hybrid solar cells. Prominent examples are wide 

band gap metal oxides like titanium dioxide [29] or zinc oxide [30], 

medium bandgap materials like cadmium sulfide [31], selenide 

[8,32,33] or telluride [34], copper indium sulfide [35] and selenide 

[36], as well as low band gap materials like lead sulfide [6], or 

selenide [37]. Recently, also other abundant and non-toxic materials 

like SnS2 [38], FeS2 [39] or Bi2S3 [40] as well as silicon nanoparticles 

[41] have been researched concerning the incorporation in hybrid 

solar cells. However, it should be noted that, compared to fullerene-

polymer solar cells, only a fraction of manpower has worked on 

hybrid photovoltaics, especially when the manifold possibilities of 

material combinations are taken into account. For only few of these 

material combinations more than 10 publications can be found.

Beside the research on new material combinations, a lot 

of research effort was dedicated to explore new routes for the 

preparation of such hybrid materials for solar cell applications.

In all routes, a good control of the synthetic process is a 

prerequisite for the achievement of high PCEs, as impurities in 

the nanocomposite layers, such as capping agents or byproducts 

of the nanoparticle formation, and traps, caused by defects in or 

at the surface of the nanoparticles, would impede charge carrier 

generation and transport in the composite.

These synthetic routes can be roughly divided into three 

classes depicted in Figure 1: 1) In  the classical approach, the 

poly(3-hexylthiophene)  P3HT/CdSe hybrid solar cells of 

1.7% were reported also by the group of Alivisatos [10]. The 

improvement in efficiency was mainly achieved by replacing 

nanoparticles with nanorods and further tuning the band gap 

by varying the nanorods’ radius. The use of nanorods increased 

the efficiency by reducing the number of particle interfaces, 

which facilitates charge carrier transport. This illustrates the 

importance of tuning the shape of the nanostructures for hybrid 

solar cell applications. Furthermore, the importance of ligand 

exchange, which was already recognized at this initial stage of 

the development, is discussed in these two early papers. The long 

chained capping agent trioctylphosphineoxide (TOPO) was partly 

removed by washing with methanol and treatment with pyridine.

Motivated by these pioneering works research on hybrid 

solar cells was pursued and, especially in recent years, the 

interest of scientists in this class of materials grew rapidly, which 

is also reflected by the increasing number of publications and 

especially reviews on hybrid solar cells highlighting the dynamic 

progress of this technology [11-25].

Due to the large number of possible combinations of 

inorganic semiconductor nanoparticles with conjugated 

polymers, it is possible to choose both components for the 

active layer in such a way that they absorb complementary 

parts of the solar spectrum. Thus, both components can absorb 

light, which leads to improved charge carrier generation. Light 

harvesting in the near infrared part of the solar spectrum is also 

possible by selecting suitable semiconductors such as PbSe or 

PbS nanoparticles [26,27]. Additionally, the band gaps of these 

materials can easily be tuned by varying the particle size due 

to the quantum confinement effect [28]. Moreover, compared to 

fullerene based materials, hybrid solar cells based on inorganic 

Figure 1. �Routes towards the preparation of nanocomposite layers for hybrid solar cells.

Brought to you by | Imperial College London
Authenticated

Download Date | 10/20/16 2:40 PM



In situ syntheses of semiconducting nanoparticles 
in conjugated polymer matrices and their 

application in photovoltaics.

17

2. In Situ Preparation Routes

2.1. General aspects
Before covering the in situ routes in more detail, we compare 

them to the classical and infiltration approach and, thereby, also 

shortly discuss the advantages and disadvantages of these 

concepts. 

2.1.1. In situ versus classical approach
The in situ route has, on the first glance, numerous similarities 

to the classical approach in terms of formed nanostructures, 

nanoparticle sizes, morphology of the nanocomposite, 

processing, and device assembly. However, there are distinct 

differences between these two approaches. The in situ approach 

intends to overcome the problems associated with capping 

ligands which usually are used for the nanoparticle synthesis in 

the classical route.

Typically capping ligands, like long chained amines or bulky 

phosphines or phosphine oxides, prevent particle agglomeration 

during synthesis and control the particle growth and shape. 

This has the advantage that it is possible to obtain highly 

defined nanoparticles with narrow particle size distribution and 

with adjustable size and shape. Such flexibility is usually not 

achievable with the in situ route. However, the ligands interfere 

with the elemental processes in solar cells as they influence 

both, charge dissociation as well as charge transport. Usually, 

these ligands act as a barrier for both steps. Therefore, removing 

or exchanging the bulky ligand molecules to smaller ones is 

crucial prior to solar cell fabrication. As a consequence immense 

effort was put in the development of approaches towards ligand 

exchange with e.g. pyridine [33,42], other “smaller” amines, such 

as butylamine [43], or thiols such as t-butylthiol [44,45].

Alternatively, new functional, smart ligands were introduced 

bearing thermally cleavable chains to partly remove the capping 

sphere [46] or conjugated side groups to enhance charge 

dissociation and charge transport [47,48]. In the first case, e.g. 

the thermal cleavage of a t-BOC (N-t-butoxycarbonyl) moiety 

of a t-butyl N-(2-mercaptoethyl)carbamate ligand reduces 

the distance between the nanoparticles and also between the 

inorganic nanoparticles are synthesized in a first, separate step. 

Then the nanoparticles are purified and usually subjected to a 

ligand exchange step. After that, they are dissolved together 

with the polymer giving the coating solution for the active layer. 

2) In the infiltration approach preformed inorganic nanostructures 

are infiltrated with an organic polymer. Thereby, highly porous, or 

even highly ordered mesoporous inorganic skeletons obtained 

by templating processes or nanorod arrays can be incorporated 

in hybrid solar cells. Thus, in this approach there are also no 

ligands between the inorganic and organic phase. However, 

many routes use higher temperature steps and/or long reactions 

times and, therefore, are often not suited for roll-to-roll processes.  

3) In the in situ approach the nanoparticles are formed directly 

from precursors in the conjugated polymer matrix. Having a 

suitable precursor, this approach is the conceptually simplest 

one, as the synthesis of the nanostructures is carried out already 

in the active layer or the coating solution omitting an extra 

process for the generation of the inorganic nanostructures and 

avoiding stabilizing ligands. During the reaction, the polymer 

acts as capping agent and prevents extensive particle growth. 

During the last years, different new in situ approaches have 

emerged which gave us the motivation to review the dynamic 

progress of this concept.

The focus of this review is set on the in situ formation of 

inorganic nanostructures in a conjugated polymer matrix for 

hybrid photovoltaics. Advantages and drawbacks of this method 

will be discussed in detail in the next sections.

Hybrid solar cells with absorber layers consisting 

of conjugated polymers and inorganic semiconducting 

nanoparticles have device architectures similar to polymer/

fullerene solar cells. The devices are prepared either in the classical 

or the inverse geometry, see Figure 2 A and B, respectively. In 

the classical geometry a glass/ITO substrate is typically coated 

with a poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) 

(PEDOT:PSS) layer followed by the absorber layer, an interlayer 

and a metal electrode. In the inverse geometry the different 

layers are prepared in the following sequence on the glass/

ITO substrates: interlayer (e.g. metal oxide) / absorber layer / 

interlayer (e.g. PEDOT:PSS) / metal electrode.

Figure 2. �Typical device architectures of polymer/nanoparticle hybrid solar cells in A: normal and B: inverse geometry.
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capped with oleic acid and are well separated from each other. 

No direct contact of the inorganic cores is possible. In the case 

of the hexylamine capped nanoparticles (b) the inter-particle 

distance is much smaller in the nanocomposite layer and some 

percolation pathways seem to be present.

The TEM image of in situ prepared CdS nanoparticles in 

a P3HT matrix (Figure 3c) exhibits that the nanoparticles have 

intimate contact and are partly aggregated to bigger units. 

These differences in inter-particle distances and 

agglomeration behavior have a dramatic influence on the 

electronic properties of the nanocomposite layers, which was 

demonstrated by transient absorption spectroscopy (see 

Figure  4). The agglomerated CdS-structures obtained by the 

in situ approach lead to improved charge separation efficiency at 

the hybrid interface compared to nanocomposites prepared via 

the classical route, as clearly shown in the transient absorption 

nanoparticles and the conjugated polymer matrix [46]. In the 

latter case mainly conducting oligothiophenes are used as 

capping agents, which improves the electronic properties of the 

hybrid nanoparticle polymer interface compared to commonly 

used non-conductive cappers. A disadvantage thereby is, 

however, the often laborious synthesis of conjugated capping 

agents.

The simple exchange of the long chained capping agents to 

shorter ones has typically a negative effect on the solubility of 

the nanoparticles and thus also on the morphology and quality 

of the prepared nanocomposite layers. Due to the incompatibility 

of solvents required to dissolve nanoparticles and conjugated 

polymers, often mixtures of solvents are used [33], which in turn 

can negatively influence nanoparticle dissolution and distribution 

as well as polymer chain orientation in the nanocomposite layer 

[49].

Besides the ligand exchange processes, also other strategies 

were explored and e.g. a process for removing of excess capping 

agent by using hexanoic acid was introduced by Zhou et al. [50]. 

By this treatment, the capping ligand (hexadecylamine) forms a 

salt with the hexanoic acid, which is much more easily dissolved 

in the supernatant. A further advantage of this process is that a 

good solubility of the nanoparticles is retained, which allows a 

higher loading of nanoparticles.

Nevertheless, all these approaches require further synthesis 

or modification steps in addition to the actual nanoparticle 

synthesis.

In contrast to these approaches, the in situ approach yields 

into nanostructures without capping agents directly in intimate 

contact with the conjugated polymer. Additionally, particle to 

particle distance is typically shorter facilitating charge transport. 

A comparison by Reynolds et al. [31] impressively demonstrates 

the difference between three P3HT/CdS layers prepared using 

a) a classical approach with oleic acid without ligand exchange 

step b) the same approach but with exchange of oleic acid for 

hexylamine and c) an in situ approach using a cadmium ethyl 

xanthate precursor (see Scheme 1C). The morphology of these 

samples clearly exhibit large variations in the distribution of the 

inorganic phase, as shown in the TEM images of these three 

samples in Figure 3. The nanoparticles in TEM image (a) are 

Figure 3. �Top-down TEM images of equivalently loaded P3HT/CdS blends: a) shows CdS in the form of nanoparticles capped with oleic acid; b) shows 
CdS in the form of nanoparticles capped with hexylamine; c) shows in situ grown CdS. Darker regions are the inorganic component. Scale 
bars are 50 nm. Reprinted with permission from [31]. Copyright (2012) The Royal Society of Chemistry.

Figure 4. �Transient absorption decays for films of pristine P3HT (black), 
P3HT/CdS nanoparticles with oleic acid (red) or hexylamine 
(green) capping ligands, and two P3HT/in situ grown CdS 
films of different ratios (blue and magenta). Excitation was at 
550 nm and ~60 mJcm-2 and the absorption was probed at 
980 nm. Inset: Transient absorption spectrum at 10 ms for a 
P3HT/in situ grown CdS film (blue) and for a P3HT/hexylamine 
nanoparticle film (green showing a ground state bleach and 
the P3HT+ polaron peak.Reprinted with permission from [31]. 
Copyright (2012) The Royal Society of Chemistry.
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conjugated polymers, apolar precursors are favorable to get 

homogeneous solutions of both components. In the case of 

polar precursors, it is possible to use solvent mixtures or 

conjugated polymers with polar side groups. Examples of 

polar and apolar precursors are summarized in Scheme 1.

4.	 For industrial realization, the precursor as well as the 

coating solution should be stable and of course the 

precursor should be easy to prepare and cheap. 

During the last years, in situ routes mainly for metal 

chalcogenides have been introduced. Scheme 1 gives an 

overview over the most prominent in situ approaches grouped 

in polar and apolar precursors. Mainly transition metal oxides, 

i.e. ZnO and TiO2 and metal sulfides have been targeted so far.

Looking at Scheme 1 only a limited number of inorganic 

semiconductors have been prepared by in situ methods. 

Regarding the organic polymers used so far, a similar picture can 

be observed. Despite the huge variety of conjugated polymers 

developed during the last decade for organic photovoltaics, only 

a few classes have been tested in hybrid solar cells prepared via 

an in situ approach. The most important structures are shown in 

Scheme 2.

In the following, the different methods developed for the 

preparation of metal oxides, sulfides, selenides and tellurides in 

conjugated polymer matrices are discussed and their advantages 

and drawbacks are highlighted.

2.2. In situ approaches to metal oxide– conjugated 
polymer hybrid materials
Transition metal oxides have been researched as acceptor 

materials in inorganic-organic solar cells. In particular, TiO2 and 

ZnO are of special interest as they are easy to prepare and their 

properties are well-known. Both are UV-absorbers, and thus, act 

mainly as acceptor component in hybrid solar cells. They can 

be synthesized under various experimental conditions including 

low temperature routes and, in addition, it is possible to create 

nanostructures. Moreover, the optical and electronic properties 

can be tuned by dopants and by modification of their surface. 

TiO2 and ZnO can have excellent charge transport properties, 

but these strongly depend on the defect densities and surface 

states both determined by the stoichiometry and the processing 

conditions [53]. A first review on metal oxide/polymer hybrid solar 

cells by Bouclé et al. gives a good introduction on the interplay 

of morphological aspects with optical/electronic properties of 

the material [54]. The borderline between typical metal oxide – 

polymer hybrid solar cells and dye sensitized solar cells blurs 

in metal oxide/dye/conjugated polymer combinations and other 

“mixed hybrid systems” which are also heavily researched [55].

For both TiO2 and ZnO, in situ routes have been introduced 

during the last 10 years.

2.2.1. TiO2-conjugated polymer hybrid materials
The high reactivity of titanium-alkoxides towards moisture 

to form TiO2 can be used elegantly for in situ formation of an 

inorganic network at room temperature or modest annealing 

temperatures (cf. Scheme 1A). This approach was first introduced 

decays in Figure 4. The capping ligands lower or, in the case 

of oleic acid, even impede the polaron formation, while the 

improved inter-particle coupling and agglomeration to bigger 

units in in situ prepared nanocomposite layers additionally 

fosters the generation of long-lived charges by the fact that 

electrons can move away from the dissociation sites [31].

In spite of these clear advantages of the in situ approach, 

there are also some drawbacks. Because the nanoparticle 

formation takes place in presence of the conjugated polymer, the 

synthesis has to be carried out at moderate temperatures which 

are not harming the structure and the optoelectronic properties 

of the polymer. Together with the high viscosity of polymer 

melts and solutions, crystal growth is strongly influenced and, 

therefore, cannot be tuned so easily to vary size and shape of 

the nanostructures compared to the classical route. Additionally, 

this might result in a lower crystallinity and higher defect density 

influencing the electronic properties of the inorganic phase in a 

negative way.

As a last point, the in situ approach generates by-products 

which might cause problems if not completely removed from 

the material. Outgassing of volatile by-products could generate 

pores in the absorber layer during the solid state in situ approach. 

However, the nanocomposite layers obtained by some of the 

methods are impressively homogenous and flat [35].

2.1.2. In situ versus infiltration approach
Infiltration of preformed inorganic nanostructures has the striking 

advantages that the complete inorganic acceptor phase is 

connected to the right electrode, thus, no dead ends in charge 

transport are present. Examples of such approaches are the 

preparation of TiO2 nanorods [51] or of highly ordered TiO2 

network structures [52]. In addition, using this approach, capper 

free structures can be obtained. These highly ordered and ligand 

free structures are hardly accessible with either the classical or 

the in situ approach. However, the infiltration of viscous polymers 

into small pores might cause problems.

All in all, compared to the in situ approach more complex 

processing steps are needed which might be a limiting factor in 

future applications regarding fast and cheap production.

2.1.3. General requirements for an in situ approach
The in situ formation of inorganic nanostructures can be done 

in solution or without solvent via a solid state reaction directly 

in the polymer matrix using various precursor materials. For 

developing a suitable in situ route some general aspects have 

to be considered. 

1.	 The precursor should be converted to the desired 

semiconducting nanostructures using experimental 

conditions compatible with conjugated polymers (low 

temperatures, no reactions of precursors and side products 

with the polymer, etc.). 

2.	 The thereby formed side products should be removable from 

the material – thus they should be volatile or extractable.

3.	 The precursor and the polymer should be soluble in the same 

solution. In the view of the huge amount of available apolar 
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material systems showed a drastic increase of the initial PCEs 

during storage in a glovebox reaching similar maximum PCEs of 

0.17% and 0.22%, respectively, after one day. However, during 

prolonged storage the performance of the MDMO-PPV based 

solar cells rapidly decreased whereas the polythiophene based 

device showed a good stability over 3 weeks in the dark. 

In a follow-up study, the authors compared flat layer 

TiO2/MDMO-PPV structures with the in situ prepared bulk-

heterojunction devices and studied the influence of humidity 

during spin coating on the performance of the solar cells [57]. 

A relative humidity between 40 and 50% was beneficial in the 

in situ route. Both types showed a similar increase of PCEs 

by van Hal et al. by coating a layer of poly[2-methoxy-5-(3´,7´-

dimethyloctyloxy)-1,4,-phenylene vinylene] (MDMO-PPV) and 

titanium(IV) isopropoxide from a homogeneous tetrahydrofuran 

solution. This precursor film was subsequently hydrolysed 

in air in the dark to form TiO2-nanostructures and afterwards 

dried under reduced pressure [29]. The photoinduced electron 

transfer from MDMO-PPV to the TiO2 nanoparticles was proven 

by optical spectroscopy in contrast to analogous prepared ZrO2/

MDMO-PPV layers where no electron transfer was observed. 

The obtained PCEs reached values of approx. 0.19%. In a 

subsequent study, Slooff et al. compared the properties of TiO2/

MDMO-PPV and TiO2/P3OT (poly-(3-octylthiophene) [56]. Both 

Scheme 1. �Precursors used for in situ syntheses.

Scheme 2. �Most important polymers used for the in situ preparation of hybrid solar cells. 
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of the TiO2 nanoparticles and prevents agglomeration and 

precipitation during the sol-gel process. The resulting hybrid 

materials have been optically characterized, however, no data 

on solar cells have been presented so far.

A quite interesting approach for TiO2/SiO2-organic hybrid 

materials with covalent bonding was introduced by Lin et al. using 

a small PPV-type molecule bearing two ethoxy-silyl endgroups: 

1,4-bis[4-(ethoxydimethylsilyl)styryl]-2,5-dioctyloxybenzene 

(TPV−Si), see Scheme 3 [65]. Co-hydrolysis and condensation of 

TPV-Si with Ti(OiPr)4 and Si(OEt)4 leads to hybrid solar cells with 

PCEs up to 1.09%. Interestingly best results were obtained with 

a high amount of SiO2 as the molar fraction of TPV-Si:TiO2:SiO2 

was 1:2:4. 

The utilization of partially pre-hydrolysed TiO2 sols as 

precursor marks the borderline to the classical approach. 

For example such an approach was used by Wang et al. for

TiO2/PPV hybrid solar cells with modest PCEs below 0.02% 

[66]. Pre-hydrolysed TiO2 sols have also been used for the 

preparation of highly ordered mesostructured TiO2/MEH-PPV 

materials. In the presence of an amphiphilic block copolymer 

as templating agent, a cubic interpenetrating bi-continuous 

network of the donor and acceptor phase was formed. However, 

only efficiencies of 0.034% have been obtained [67]. Possible 

reasons might be the remaining structuring agent in the layer or 

again the low crystallinity of the nanostructures. In a subsequent 

paper, different block copolymers have been used as structure-

directing agents all yielding similar cubic structures. However, 

the interaction between the TiO2 and the MEH-PPV chains 

strongly depends on the type of block copolymer as analyzed by 

TEM and 2-dimensional-NMR studies. In the case where a direct 

interaction between donor and acceptor was possible also the 

highest PCE value of 0.082% was observed [68].

2.2.2. ZnO-conjugated polymer hybrid materials
ZnO is a very interesting material concerning solar cells, used 

as electrode buffer material, as transparent electrode, but 

also as acceptor in hybrid solar cells [69]. ZnO nanoparticles 

and nanostructures can be easily prepared and have good 

electronic properties. Like TiO2, it is an UV-absorber and does 

not contribute significantly to light absorption.

The most prominent in situ preparation route for ZnO was 

developed by the group of Janssen via the decomposition of 

during storage depending on the humidity, but the flat layer 

devices thereby showed a slightly better performance (0.3% 

versus 0.14%). Based on external quantum efficiency (EQE) 

measurements on TiO2/P3HT layers prepared by the same 

method showing a response in the energy range below the P3HT 

edge, Healdermans et al. postulated a ground-state charge 

transfer complex from the HOMO of P3HT to the conduction 

band of TiO2 [58]. 

Using Ti(OiPr)4 [59] or a mixture of Ti(OiPr)4 and a functionalized 

titanium alkoxide, tetrakis(9H-carbazole-9-yl-ethyl-oxy)titanium 

(see Scheme 3) [60], and poly(N-vinylcarbazol) (PVK) as polymer 

component, TiO2/PVK nanocomposites have been prepared. 

The authors showed a good distribution of the inorganic phase 

in the material but only a small photovoltaic effect was observed 

with negligible PCE far below 0.01% [61].

The hydrolysis and condensation of Ti(OiPr)4  in the solid 

state directly in the matrix of a conjugated polymer did not yet 

yield efficient photovoltaic devices. One reason might be that the 

crystallinity of the TiO2 phase is not high enough. In addition, in 

comparison to ZnO/polymer hybrid solar cells using diethylzinc 

(see below), the mass of volatile species gassing out of the film 

(4 mol isopropanol per TiO2) is much higher than in the case 

of ZnO which could also negatively effect the homogeneity of 

the absorber layer. However, the low quantity of the reported 

experimental results does not allow a final conclusion.

TiO2/polymer hybrid materials have also been prepared by 

the solution in situ approach. Chang et al. use Ti (OC4H9)4  as 

precursor for the preparation of TiO2 nanoparticles in a solution 

of chlorobenzene containing either P3HT or a copolymer, poly{(3-

hexylthiophene)-co-[3-(6-hydroxyhexyl)thiophene]} (P3HT-OH)

[62]. The hydroxyl group of P3HT-OH interacts with the growing 

TiO2 sol-particles preventing precipitation of the nanoparticles 

and also leads to a homogenous distribution in the hybrid 

film after coating while the incompatibility of P3HT with the 

growing TiO2 nanoparticles leads to large agglomerates and fast 

precipitation. Photovoltaic devices of TiO2/P3HT-OH exhibited 

a higher PCE value of 0.12% compared to TiO2/P3HT devices 

with a PCE of 0.05% which originated mainly from differences in 

short circuit current (ISC) values. 

Chen et al. use chlorophenol as solvent for the preparation 

of TiO2 nanocrystals from Ti(OiPr)4 in the presence of MEH-PPV 

[63,64]. The phenolic hydroxyl group interacts with the surface 

Scheme 3. �Chemical strucutures of a carbazol-functionalized titanium alkoxide [60] and TPV-Si [65].
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obtained from solar cells of a thickness of about 225 nm showing 

that also the nanocrystalline ZnO has a good connected network 

with reasonable charge carrier mobility. The 3-dimensional 

morphology of the hybrid material served as input for the 

development of a simulation tool using a stochastic multiscale 

sphere model allowing to predict the morphology obtained by 

varying the spin coating velocity [73]. This parameter does not 

only influence the thickness of the active layer but also the phase 

separation of the inorganic from the organic phase. 

Because of the phase separation observed in the ZnO/P3HT 

hybrid layers caused by the immiscibility of the two phases, the 

charge carrier generation is not very efficient, whereas the large 

agglomerates are very efficient in charge extraction. Guided by 

the search for improvements of the charge carrier generation, 

the same group investigated a poly-3-hexylthiophene based 

copolymer, poly[(hexylthiophene-2,5,-diyl)-co(3-(2-acetoxyethyl)

thiophene-2,5-diyl)] (P3HT-E) [74]. The more polar 2-acetoxyethyl 

side chains of the introduced co-monomer (amount of the co-

monomer: 30%) bearing an ester functionality should improve 

the interaction with the polar ZnO phase. By comparing these 

new ZnO/P3HT-E hybrid materials with the classical ZnO/P3HT 

layers, a more homogeneous distribution of the ZnO phase 

was created. The comparison of the 3D-morphologies of both 

materials is shown in Figure 5, exhibiting large differences in 

structural features and dimensions of the phase separation.

diethylzinc under moisture (see Scheme 1B) [70]. Using MDMO-

PPV as polymer phase, already promising PCEs of about 1.1% 

were obtained. Diethlylzinc is very sensitive to humidity and 

oxygen. The conversion to ZnO probably starts already during 

the spin coating process, if this step is carried out under ambient 

conditions, but usually an annealing step at comparatively low 

temperatures e.g. 110°C compatible with conjugated polymers 

is applied to enhance the crystallinity of the ZnO nanostructures.  

Interestingly, the open circuit voltage (VOC) obtained by this 

method with a value of 1.14 V was much higher than that for 

similar layers obtained from ZnO nanocrystals and MDMO-PPV 

by the classical route (0.81 V) [71].

The comparison of MDMO-PPV with P3HT using the same 

method by Moet et al. showed that during the conversion 

process few of the double bonds in MDMO-PPV react leading 

to a slight degradation, whereas the poly(thiophene) skeleton 

remains unaffected during this reaction. Thus, the PCEs of 

P3HT-ZnO solar cells reached a value of approx. 1.4% [72].

Oosterhout et al. thoroughly characterized the 

3D-morphology of this system by electron tomography and the 

dependence of the photovoltaic parameters on the thickness 

of the active layer [30]. The solar cell parameters improved 

drastically by increasing the film thickness up to 100 nm. But also 

thicker layers up to 250 nm show good performance, especially 

the ISC values remain high. The best solar cell performance was 

Figure 5. �Comparison of the 3D-morphology of a ZnO/P3HT blend with a ZnO/P3HT-E blend. TEM images of ZnO/P3HT (a) shows larger agglomerated 
structures than in the case of ZnO/P3HT-E (b) which is also demonstrated by the reconstructed volumes from electron tomography, ZnO/
P3HT (c) and ZnO/P3HT-E (d). Reprinted with permission from [74]. Copyright (2011) Wiley.
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as graft co-polymers. The structures are depicted in Scheme 4. 

These polymers were coated from chlorobenzene solutions. The 

resulting precursor film of the active layers contains the zinc 

source coordinated directly to the polymer phase. This leads to an 

overall homogeneous distribution of zinc in the bulk, but already 

with a somehow predefined phase separation caused by the self-

assembling properties of such polymers. In a following step the 

ZnO phase is formed via hydrolysis by immersing the precursor 

film in a 1 mol/L NaOH aqueous solution at 60°C. In the case 

where the authors used zinc dimethacrylate, already crosslinked 

polymeric structures were obtained during polymerization [77,78], 

whereas non crosslinked polymer chains were obtained by using 

the asymmetric zinc acetate methacrylate as monomer [79].

This approach has the attractiveness that the phase 

separation can be tuned by the polymer design, however, the 

work load to synthesize and purify such polymers is rather 

high. By the use of zinc dimethacrylate a partial crosslinking 

already of the parent polymer is observed, which might reduce 

solubility, whereas the residual double bonds can be crosslinked 

afterwards which could in principle enhance the stability [78]. In 

addition, the hydrolysis process using sodium hydroxide solution 

in the device fabrication process might be not compatible with 

all underlying electrode and interfacial layers. Nevertheless, 

promising PCEs of 0.6% have already been obtained with this 

approach.

In all above described routes to ZnO/polymer hybrid 

materials, the formation of the ZnO phase takes place in the 

layer by hydrolysis and condensation reactions. Alternatively, 

these reactions can be carried out in a solution in situ approach 

before the active layer is coated. The conjugated polymer thereby 

controls the growth and prevents the crystals from agglomeration 

and precipitation. Thus, functional groups in the polymer capable 

to interact with the ZnO are favourable for this concept. 

In this spirit, the growth of ZnO nanoparticles was controlled 

by poly(3-alkylthiophene)s, e.g. poly(3-[(2´-(2-ethoxy)ethoxy)

ethoxy]-thiophene) P3EEET [80]. The alkoxy-side chains can 

coordinate to the used zinc cations, which control the growth 

and interact also with the final ZnO nanoparticles. Luminescent 

materials have been obtained but working solar cells have not 

been presented. 

The growth of ZnO nanoparticles starting from zinc 

acetate in a mixture of polyvinylalcohol (PVA) and a 

Based on these 3D-morphologies, an enormous difference 

in charge carrier generation efficiency between ZnO/P3HT 

(40%) and ZnO/P3HT-E (96%) was calculated. Together with 

a sufficient connectivity this would have indicated towards 

an improved performance of the new system. However, the 

maximum PCE of the new material was lower with a PCE value 

of only 0.7% instead of 1.7% observed in the classical P3HT 

system comparing solar cells with similar layer thickness of 

approx. 120 nm. The reason was found in the much lower hole 

mobility in the P3HT-E phase. Smaller domains in the polymer 

are complicating the charge transport paths and reducing the 

crystallinity of the polymer phase, both factors decreasing the 

hole mobility. In thinner devices of approx. 50 nm, in which the 

negative effect of charge carrier mobility is less important, the 

P3HT-E/ZnO device (PCE: 0.83%) outperformed the P3HT/ZnO 

(PCE: 0.22%) because of its higher charge generation.

In a follow-up paper, P3HT was substituted by P3HS – poly(3-

hexylselenophene), the selenium containing analogue exhibiting 

a lower band gap than P3HT [75]. Despite the hopes of the 

authors, that the combination of P3HS/ZnO improves the light 

harvesting, the prepared solar cells showed lower performance 

of only 0.4% PCE under AM1.5G illumination. 

As already pointed out by Ref. [73] the conditions during 

the deposition of the active layer using diethylzinc as precursor 

determine not only the film thickness but also the phase 

separation. Han et al. investigated the influence on the relative 

humidity (values between 3 and 40%) on a diethylzinc/P3HT 

system during the spin coating process [76]. Photoluminescence 

data on the blends showed that the green emission of the 

ZnO – attributed by the authors to surface defect states of the 

nanocrystals acting as radiative trap sites for electrons – is lower 

in blends obtained at higher humidity. The authors concluded 

that in these blends the surface area of ZnO is reduced resulting 

in less defect states and higher photovoltaic activity. This 

would also implicate that the humidity has an influence on the 

morphology (i.e. particle size, agglomeration), however, this was 

not investigated.

Besides the diethylzinc route, alternative approaches have 

been introduced. Scientists at the Nanchang University prepared 

several copolymers consisting of a polythiophene-chain serving 

as the absorber and donor material and poly(zinc methacrylate) 

chains [77-79]. The authors prepared block copolymers as well 

Scheme 4. �Structure of P3HT – Zn-methacrylate copolymers: PTh-g-PZMA [77], P3HT-b-p[Zn(MAA)OAc)] [79], P3HT-b-p[Zn(MAA)2] [78].
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the preparation of the nanocomposite layers. TEM images 

show that the crystalline nanoparticles are non-aggregated 

and well dispersed in the polymer matrix (see Figure 6A). The 

high resolution TEM image of a single nanoparticle (Figure 6B) 

indicates the high crystallinity of the in situ prepared PbS 

nanoparticles.

Hybrid MEH-PPV/PbS solar cells comprising an active layer 

prepared following this solution in situ approach were presented 

by Watt et al. [91]. The solar cells with a device architecture of 

glass/ITO/PEDOT:PSS/MEH-PPV:PbS/Al (ITO: indium tin oxide) 

exhibited a VOC of 1 V, an ISC of 0.13 mA/cm² and a fill factor 

(FF) of 0.28, which leads to a PCE of 0.7% under 5 mW/cm² 

illumination. The moderate ISC and FF were ascribed to a high 

series resistance. A possible reason could lie in the separation 

and thus relatively large particle-particle distance of the PbS 

nanoparticles (see Figure 6).

Additionally, the charge carrier transport in the MEH-PPV/

PbS nanocomposites was investigated using time of flight and 

steady state current-voltage techniques [92]. It was found out 

that in the composite the electron and hole mobilities are more 

balanced and increased compared to a pure MEH-PPV layer 

as the PbS nanoparticles contribute to an increased electron 

mobility in the nanocomposite. 

An advantage of this solution in situ synthesis route is that 

size and shape of the nanoparticles can be tuned quite easily. 

The nanoparticle size can be primarily controlled by variation of 

the reaction time and temperature. This is particularly interesting 

as altering the nanoparticle size leads to a shift in their absorption 

spectrum due to quantum confinement effects, and thus, 

also the absorption properties of the hybrid solar cells can be 

tuned without changing the material combination. A controlled 

formation of nanosized PbS particles in the presence of the 

conjugated polymer was shown and attributed to steric effects 

of the long polymer chains. A dependence of the nanoparticle 

size on the molecular mass of the polymer was observed: a 

higher molecular mass of the conjugated polymer led to smaller 

nanoparticles [88]. Without the polymer, ‘bulk’ PbS was formed 

in the reaction solution. Though, as the molecular mass has a 

poly(paraphenylenevinylene)  (PPV)-precursor polymer has 

been studied by Wang et al. [81]. By controlled hydrolysis/

condensation zinc hydroxide is formed in solution, then the 

precursor solution is casted onto a PEDOT:PSS layer and during 

annealing at 160°C for 6 h, the zinc hydroxide is converted to 

ZnO and at the same time the PPV-precursor to PPV. Solar cells 

prepared with this method show a PCE of 0.026%. Major issues 

for these low PCEs could be the remaining PVA polymer – which 

is a non-conjugated polymer – or that the nanoparticles are not 

connected to form continuous pathways as indicated by the 

TEM images. 

2.3. �In situ approaches to metal sulfide/selenide/
telluride – conjugated polymer hybrid materials

Compared to ZnO and TiO2, many metal sulfides, selenides 

and tellurides have the advantage of a better suited bandgap 

for photovoltaic applications. While the most often used metal 

oxide semiconductors are wide band gap materials (TiO2: 3.2 

eV [82], and ZnO: 3.4 eV [83]), metal sulfides and selenides have 

band gaps below 3 eV where higher theoretical efficiencies 

according to the Schockley-Queisser limit [84] are possible (e.g. 

CdS: 2.4 eV [85], CdSe: 1.7 eV [86], CuInS2: 1.5 eV [87], PbS: 

0.4eV [86]). However, in the case of metal sulfides and selenides, 

instead of hydrolysis/condensation reactions induced by water, 

other reaction paths have to be followed and sulfur, selenium 

or tellurium has to be supplied by co-reactants or is present as 

molecular part in a “single source precursor”.

2.3.1. Solution in situ syntheses
First reports on the synthesis of semiconducting metal sulfide 

nanoparticles in a solution containing a conjugated polymer stem 

from Watt et al. published in the years 2004 and 2005 [49,88,89]. 

Watt et al. describe the in situ preparation of PbS nanoparticles in 

the presence of a conjugated polymer, either MEH-PPV or P3HT 

[90], by heating a solution of PbAc2, elemental sulfur and the 

polymer in a solvent mixture of DMSO and toluene to 160°C for 

15 min. Removing excess lead and sulfur ions by precipitation 

and re-dissolution followed by coating on substrates completes 

Figure 6. �A: dark field scanning TEM image of PbS nanocrystals prepared in a MEH-PPV matrix; B: high resolution dark field TEM image of the lattice 
planes in a single nanocrystal (bar = 1 nm). Reprinted with permission from [91]. Copyright (2005) IOP Publishing Ltd.
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situ synthesis for CdSe nanoparticles using Na2SeO3as selenium 

source was introduced.

Dayal et al. [98] also prepared CdSe nanoparticles in situ 

in a P3HT solution in a solvent mixture of trichlorobenzene and 

1-octadecene. Dimethylcadmium, which is a quite hazardous 

reagent, and elemental selenium were used as CdSe-precursors. 

By heating to 200°C or even higher, well dispersed nanoparticles 

were formed in the P3HT matrix. The prepared nanocomposites 

were used for the preparation of nanocomposite layers after 

purification by precipitation and re-dissolution. The P3HT/CdSe 

nanocomposite layers exhibit photoinduced charge separation 

between the nanoparticles and P3HT, which confirms that this 

material is well suited for applications in hybrid solar cells.

However, to our knowledge, no data on P3HT/CdSe hybrid 

solar cells prepared via the described in situ routes have been 

published so far, even though the material combination would 

be prospective, as already a PCE of 2.6% has been shown with 

solar cells prepared via the classical route using CdSe nanorods 

and P3HT [99,100].

The situation is different in P3HT/CdS hybrid materials. 

The positive effect of the in situ prepared nanorods concerning 

photovoltaic applications was elaborated in detail by Liao et al. 

[95,96]. Hybrid P3HT/CdS layers containing nanorods with 

higher aspect ratio exhibit more efficient photoluminescence 

quenching as well as higher solar cell efficiencies compared to 

devices using spherical nanoparticles [95]. This can be attributed 

to an increased interaction strength of the nanostructures to the 

sulfur atoms in P3HT with increasing aspect ratio, as analysed by 
1H-NMR spectroscopy [96]. Solar cells prepared with nanorods 

having an aspect ratio of 16 showed the best PCEs exhibiting 

values up to 2.95%, which are currently the highest reported 

values for hybrid solar cells prepared via in situ routes [96]. 

The devices were annealed for 60 min at 160°C to improve the 

crystallinity of the P3HT chains. As the longer nanorods facilitate 

percolation, and thus, electron transport, which is changed 

from a hopping dominated mechanism in nanoparticles to band 

conduction dominated transport in nanorods [10], ISC as well as 

FF are higher with increasing aspect ratio.

strong influence on the viscosity of the polymer solution and 

therefore on all diffusion processes in solution, this might also 

be an explanation. Additionally, a passivation of surface states 

of the nanoparticles by the polymer was postulated. 

The shape of the nanoparticles can be controlled on the 

one hand by the precursor materials and on the other hand 

by the solvents or solvent mixtures used for the synthesis. For 

example, by using elemental sulfur for the reaction, spherical 

nanoparticles are prepared, while using H2S as sulfur source, 

cubic nanostructures are formed [49].

Furthermore, Stavrinadis et al. [93] showed that nanorod-

like structures can be formed in a MEH-PPV matrix by a 

post-synthetic treatment. A precipitation of spherical PbS 

nanoparticles in MEH-PPV solution using alcohols with 

appropriate polarity like ethanol, propanol or hexanol led to 

dipole-induced oriented strings of PbS nanoparticles. As the UV-

Vis absorption of the nanocomposite stays the same after the 

precipitation it is suggested that the nanorod structures consist 

of chains of nanoparticles rather than single-crystalline nanorods. 

A precipitation in methanol for example led to nanocubes and 

also various other superstructures like elongated parallelograms 

were observed after precipitation and a mild oxidation of the 

PbS-nanoparticles in the polymer solution [94].

Following the concept explored for the in situ preparation of 

PbS nanoparticles in a solution of a conjugated polymer also other 

metal sulfides and selenides, e.g. CdS or CdSe, are accessible. 

Liao et al. prepared CdS/P3HT hybrid materials from Cd(acetate)

(H2O)2 and elemental sulfur following the same approach as 

described above for PbS/polymer materials. They showed that 

the shape of the nanostructures can be adjusted by the choice of 

the solvent or solvent mixture [95,96]. By using different ratios of 

dichlorobenzene (DCB) and dimethyl sulfoxide (DMSO), nanorods 

with various aspect ratios were prepared in a P3HT matrix. More 

DCB in the solvent mixture led to an increased aspect ratio of the 

prepared nanorods, see also Figure 7 [95].

Instead of elemental sulfur, Na2S was used by Sonar et al. 

to prepare CdS nanoparticles with sizes of 5-6 nm in a P3HT 

matrix [97]. In the same article, also a method for a solution in 

Figure 7. �TEM image of CdS nanorods synthesized in P3HT with volume ratios DCB-to-DMSO of (a) 9:3 and (b) 7:5. Reprinted with permission from 
[95]. Copyright (2010) American Chemical Society.
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et al. [109]. The CdTe nanoparticles were synthesized from 

cadmium acetate dihydrate and a tellurium precursor prepared 

from elemental tellurium and trioctylphosphine in a P3HT 

solution in chlorobenzene. In the prepared P3HT/CdTe/PCBM 

solar cells an increase of ISC and VOC was observed compared 

to P3HT/PCBM solar cells, however, the FF decreased. Thus, 

the overall PCE increased slightly from 0.72% to 0.79% for the 

ternary system.

Kwak et al. [110] prepared PbS nanoparticles in a P3HT 

solution by reacting lead chloride and sulfur in a solvent 

mixture of dichlorobenzene and DMSO at 180°C. The size of 

the nanoparticles was 15-25 nm. After adding PCBM to the  

P3HT/PbS solution, solar cells were prepared and an increase of 

efficiency compared to the reference P3HT/PCBM device was 

observed.

However, in these studies pure polymer/PCBM reference 

systems with relatively low efficiencies, compared to standard 

values of this solar cell technology [1], are used. If nanoparticle 

sensitizers also further enhance the efficiency of a polymer/

PCBM solar cell with, for example, an efficiency higher 6%, or 

not, is still an open issue to be clarified.

2.3.2. Solid state in situ syntheses 
Alternatively to the preparation of the nanoparticles in a solution 

containing the conjugated polymer, the reaction to the metal 

sulfides can be carried out without solvent via a mild thermal 

treatment of precursors, which react to the metal sulfides, 

directly in the polymer matrix in the solid state.

In a first report CuInS2 nanoparticles were prepared in a 

polymer matrix by using CuI and InCl3 as well as thioacetamide 

as precursors for the nanoparticles [111]. Due to the limited 

solubility of these precursors, a solvent mixture of water, ethanol 

and pyridine was used in which also the precursor for PPV, 

poly(p-xylene tetrahydrothiophenium)chloride, is soluble. After 

coating the solution on the substrate and slow evaporation of the 

solvents, the layer is heated to 200°C. During this heating step, 

thioacetamide decomposes and releases reactive sulfur-species 

which react with the metal ions present in the layer to form 

CuInS2 nanoparticles in the PPV matrix. The conjugated polymer 

PPV is also formed during the annealing step by cleavage of HCl 

and tetrahydrothiophene from the PPV precursor material. By 

this method hybrid solar cells with an efficiency of 0.75% could 

be obtained and the incident photon-to-current conversion 

efficiency (IPCE) spectrum showed that both the organic and 

the inorganic component contribute to charge generation 

in the active layer. Despite this promising efficiency, further 

optimization of this system was challenging due to the limited 

solubility of the precursors. Additionally, the poor stability of 

PPV based materials, known from literature [112], directed the 

research towards more stable conjugated polymers.

Thus, in subsequent studies, nanocomposite layers containing 

CdS, ZnS [113], and CuInS2  [114] nanoparticles have been realized 

starting from the corresponding metal salts and thiourea. As 

conjugated polymer poly(3-(ethyl-4-butanoate)thiophene) (P3EBT) 

was selected due to its solubility in pyridine which is enabled by its 

Another interesting approach uses unimolecular (‘single 

source’) precursors containing already the metal as well as the 

sulfur source for the formation of metal sulfides. These precursors 

definitely have the advantage that the sulfur is already covalently 

linked to the metal atom. Cadmium dodecanthiolate and 

cadmium benzylthiolate, see also Scheme 1, were introduced 

as suitable precursors for the synthesis of CdS nanoparticles in 

polystyrene (PS) [101,102] and poly(methyl methacrylate) (PMMA) 

[103] matrix. As discussed before, also using these unimolecular 

precursors, the size of the nanoparticles can be controlled by the 

temperature as well as by the reaction time. By variation of these 

two parameters, nanoparticles between 1.0 and 4.6 nm were 

prepared in a PS matrix [102]. At a reaction temperature of 300°C 

the nanoparticles grew much faster than at 240°C.

A similar approach was followed to prepare P3HT/CdS 

nanocomposite layers by using cadmium dodecanethiolate 

as precursor for photoluminescence studies [104] and the 

preparation of hybrid solar cells [105]. The prepared glass/ITO/

P3HT:CdS/Al solar cells exhibit very low EQE, which is ascribed 

to the relatively high decomposition temperature of cadmium 

dodecanethiolate. Unreacted precursors lower the conductivity 

in the film and remaining dodecanethiol groups attached to the 

nanoparticle surface may hinder charge separation. Changing 

the linear alkyl side chain to benzylic side chains and introducing 

methyl imidazole as co-ligand reduces the decomposition 

temperature of the thiolate precursor to 175°C, which is about 

100°C lower than for the linear alkyl thiolate [106]. However, 

up to now, no results on hybrid solar cells prepared using 

the optimized thiolate-precursors with lower decomposition 

temperature have been reported.

Recently, a not defined cadmium ethyl xanthate complex 

was used as precursor for the preparation of a P3HT/CdS 

nanocomposite [107]. The photoluminescence of P3HT in the 

nanocomposite is partly quenched compared to pure P3HT 

implying charge transfer from P3HT to CdS. However, no results 

on solar cells have been reported, so far.

Overall, despite a relatively high number of publications 

deals with the solution in situ fabrication of nanocomposites 

containing metal sulfide nanoparticles and a conjugated polymer 

and the versatility of this approach to prepare nanoparticles 

with different sizes and shapes was demonstrated, only very 

few works focused on solar cell fabrication using this in situ 

approach. Nevertheless, PCEs exhibiting values up to 2.95% 

have already been reached [96], which shows the potential of 

this approach.

Some works are focusing on the combination of polymer/

[6,6]-Phenyl C61 butyric acid methyl ester (PCBM) solar cells 

with in situ prepared semiconducting nanoparticles. Here, 

the nanoparticles may act only as sensitizers, contributing 

to increased light-harvesting and thereby to higher charge 

generation, but not necessarily to charge transport, which is in 

contrast to classical hybrid solar cells where the nanoparticles 

are also responsible for charge transport [108].

The influence of in situ prepared CdTe nanoparticles in a 

P3HT solution on P3HT/PCBM solar cells was studied by Khan 
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For the preparation of the nanocomposite layer, the solution 

containing metal xanthates and conjugated polymer is coated 

onto a substrate and the dried layer is subjected to a mild 

thermal annealing step at temperatures of about 160-200°C, 

which is compatible with many conjugated polymers, with 

roll-to-roll fabrication processes, and with the use of flexible 

substrates [119]. During this annealing step, the metal xanthates 

decompose and the metal sulfide nanoparticles are formed in 

the polymer matrix. All the by-products of the decomposition 

reaction (COS, CS2, and the corresponding alkene and alcohol), 

which proceeds related to the Chugaev reaction [120] are volatile 

and evolve from the layer, so that no remaining side-products 

could be detected in the active layer [35].

A first report on hybrid solar cells prepared in situ using metal 

xanthate precursors was published in 2010 by the group of Haque 

[117]. Cadmium ethyl xanthate (Cd(ethylxanthate)2(pyridine)2), 

see also Scheme 1C, was chosen as CdS precursor in this study, 

as this compound is more soluble as the uncomplexed analogue. 

The decomposition of the Cd-xanthate starts at 50°C and is 

completed at 150°C. After this annealing, an interpenetrating 

P3HT/CdS network is formed and the nanocomposite layers 

show high yield of photogenerated long-lived charges. The 

prepared P3HT/CdS solar cells exhibited efficiencies of 0.7%. 

By optimization of the annealing temperature, which influences 

the nanomorphology of the P3HT/CdS layers, and the device 

architecture, the PCE of the hybrid solar cells was increased to 

2.2% [118]. A comparison of this approach with the classical 

approach [31] was already discussed in section 2.1.

Using copper and indium O-2,2-dimethylpentan-3-yl 

xanthate (see Scheme 1D), hybrid solar cells having absorber 

layers, consisting of in situ prepared copper indium sulfide 

polar side chains. The pyridine solutions allowed a more convenient 

coating and precursor layers with better homogeneity have been 

obtained. The conversion to the hybrid materials was realized at 

temperatures of 180°C under reduced pressure. However, the PCEs 

remained low: P3EBT/CdS solar cells exhibited PCEs of about 

0.06% and P3EBT/CuInS2 solar cells PCEs of 0.4%. We ascribe 

these moderate efficiencies to the formation of the non-volatile 

by-product melamine originating from the trimerization reaction of 

thiourea [114]. In addition, theoretical considerations indicated that 

the insignificant energy level offset between the HOMO of P3EBT 

and the valence band of CuInS2, also limits the theoretical PCEs of 

this material combination [115,116]. 

Nevertheless, the stability of the prepared CuInS2/P3EBT 

hybrid solar cells were improved compared to CuInS2/PPV 

hybrid devices.

In the last years, metal xanthate precursors have been 

developed for the solid state in situ synthesis of hybrid materials, 

outpacing the problems of solubility and side products. Via this 

metal xanthate route polymer/CdS and polymer/CuInS2 hybrid 

solar cells have been prepared so far [35,117,118]. In both 

routes metal xanthate derivatives, soluble in apolar organic 

solvents, are used as precursors. Figure 8 illustrates this new 

in situ approach. Metal xanthates are dissolved together 

with a conjugated polymer in an apolar organic solvent. The 

advantages of metal xanthates are that they decompose at 

temperatures significantly below 200°C and that their solubility 

can be tuned by varying the alkyl moiety of the xanthate group. 

Additionally, co-ligands like pyridine can be introduced to 

optimize decomposition temperature and solubility. Despite their 

relatively low decomposition temperatures, they are stable over 

a long time at room temperature, even in solution.

Figure 8. �Scheme of the metal xanthate – solid state in situ route (Me: metal ions, Cu, In, Cd; n=oxidation number of the metal; R1, R2: H, alkyl).

Brought to you by | Imperial College London
Authenticated

Download Date | 10/20/16 2:40 PM



T. Rath, G. Trimmel

28

introducing tailored interface layers, could lead to a further 

improvement of in situ prepared hybrid solar cells.

Another possibility would be to work on the controlled 

variation of nanoparticle size by modification of the precursors, 

as it was successfully shown for the in situ metal sulfide formation 

in solution, where it was demonstrated that the nanoparticle sizes 

vary by using different precursors. In smaller nanoparticles, the 

number of surface atoms is higher compared to bulk atoms, 

which, overall, leads to more surface defects due to dangling 

bonds in the nanocomposite layer. By using bigger nanoparticles 

the density of such surface defects would be intrinsically reduced, 

which should lead to an improved device performance [123]. 

Remaining dangling bonds could be further reduced by the 

introduction of small molecules like pyridine or butanethiol [124].

On the other hand, the strategy to prepare nanorods by 

changing the intermolecular distance between the polymer 

chains by using solvent mixtures cannot be implement directly 

to this solid state approach due to the lack of a solvent as 

influencing factor. However, maybe such structures could be 

achieved also in a solid state reaction by pre-templating of the 

polymer matrix by self-assembly during the coating and drying 

step of the precursor solution.

A disadvantage of this solid state in situ approach is that 

metal selenides are not accessible with the currently known 

precursors. Selenourea would be a possibility, however, expected 

side product formation [114], challenging solubility and toxicity 

are arguments lowering the attractiveness of this precursor.

nanoparticles and the low band gap polymer (poly[(2,7-

silafluorene)-alt-(4,7-di-2-thienyl-2,1,3-benzothiadiazole)]) PSiF-

DBT exhibited PCEs of 2.8%, so far [35]. The IV-curves of a 

typical PSiF-DBT/CuInS2 (CIS) solar cell are depicted in Figure 

9 A. The solar cell exhibits a quite high ISCof 10.3 mA/cm² and a 

VOC of 540 mV. With a FF of 50% an efficiency of 2.8% is obtained 

under 100 mW/cm² AM1.5 illumination. The device architecture 

(glass/ITO/PEDOT:PSS/PSiF-DBT:CIS/Al) is shown in Figure 9 B. 

The bright field TEM image of a cross section of the solar cell 

(Figure 9 C) shows that in the active layer (4) nanoparticles with 

sizes of 3-5 nm form a dense network in the PSiF-DBT matrix. 

The generated copper indium sulfide nanoparticles are indium-

rich, a Cu:In ratio of 1:1.6 was found.

By modification of the Al-electrode of the PSiF-DBT/CIS 

hybrid solar cells it was possible to improve the FF to 56% [121]. 

Before the deposition of the Al-electrode, a very thin layer of Ag 

was deposited on the nanocomposite layer, which led to Ag 

nanoparticles in the aluminium oxide layer, which forms at the 

interface to the nanocomposite layer. Using these Ag/Al electrodes, 

the series resistance of the devices is significantly lowered, which 

can be ascribed to the Ag nanoparticles, which facilitate charge 

transport through the aluminium oxide layer. In addition, it was also 

successfully shown that solution-processed small molecule/CIS 

hybrid solar cells can be prepared via the xanthate route [122].

This xanthate in situ approach is very prospective keeping 

in mind that this is a rather young research topic. Further 

optimization of the device architecture, as well as for example, 

Figure 9. �A: Current-voltage ( I – V ) characteristics of a typical PSiF-DBT/CIS nanocomposite solar cell with Al-electrodes; B: solar cell architecture; 
C: BF-TEM of a cross-section (FIB-lamella) of the solar cell, 1: glass; 2: ITO; 3: PEDOT:PSS; 4: nanocomposite layer; 5a: aluminium oxide;  
5: aluminium. Reprinted with permission from [35]. Copyright (2011) Wiley.
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TiO2 nanoparticles capped with polymerizable pyrrole ligands, 

these precursors were coated on a substrate and the pyrrole 

ligands were polymerized in the layer [133]. In the case of TiO2/

polyaniline, the functionalized nanoparticles were copolymerized 

with aniline in solution using emulsion polymerization protocol 

giving the final hybrid materials [134]. Similar approaches 

have also been developed for e.g. CdSe/PPV [135] or CdSe/

oligofluorene [136] nanocomposites, in both nanoparticles were 

capped with polymerizable ligands. 

These few, not comprehensive, examples demonstrate that 

there are many interesting possibilities to fabricate inorganic-

organic hybrid materials following other innovative synthesis 

approaches besides in situ formation of nanoparticles in the 

polymer matrix which is the subject of this review.

3. Conclusions and Outlook

Table 1 summarizes important examples of inorganic-organic 

hybrid solar cells prepared by in situ routes. The record PCEs 

of in situ prepared hybrid solar cells are approaching 3% and 

are thereby about only 1% behind the efficiencies of hybrid 

solar cells prepared via the classical approach, which exhibit 

currently a maximum PCE of 4.1% for P3HT/CdS hybrid solar 

cells [5]. Looking at in situ prepared solar cells, this material 

combination is also in the lead. PCEs of 2.9-2.95% have been 

obtained for solar cells containing solution in situ prepared CdS 

nanorods in P3HT matrix [95,96]. Efficiencies which are closely 

behind are already reported for hybrid solar cells prepared 

by the metal xanthate route, a solid state in situ approach.

For CuInS2/PSiF-DBT solar cells, efficiencies of 2.8% were 

demonstrated [35], whereas for CdS/P3HT, PCEs of 2.17% 

have been shown [118]. Only for one metal oxide/polymer 

material combination, ZnO/P3HT, solar cells with efficiencies 

of 2% could be obtained via the diethylzinc route [30]. In this 

context, it should be noted that all of these combinations 

have quite different polymer/nanoparticle volume ratios. The 

volume fraction of the CdS nanorods in the in situ prepared 

record solar cells with PCEs of 2.95% exhibits only a value 

of 20% or even lower. Similar low values are reported for the 

ZnO/P3HT combination, whereas in the materials prepared by 

the xanthate route, the volume fraction of the inorganic phase 

was much higher, approx. 50% in CdS/P3HT and 65% for 

CuInS2/PSiF-DBT solar cells. Interestingly, in the cases of CdS 

nanorods and ZnO nanoparticles, the thickness of the reported 

solar cells is in the range of approx. 200 nm. High efficiencies 

can only be reached in such thick layers if the charge carrier 

mobility in both phases is also sufficiently high. In contrast to 

this, the layer thicknesses of CuInS2/PSiF-DBT and CdS/P3HT 

solar cells were only in the range of 80-100 nm, indicating lower 

charge carrier mobility in, at least, one phase. Thus, it should 

be emphasized that also in the case of inorganic-organic hybrid 

solar cells, a thorough optimization is necessary for each 

new material combination and all parameters regarding light 

absorption, charge carrier generation, transport, and extraction 

have to be adjusted.

2.4. Examples of further ligand-free methods for the 
preparation of nanocomposite layers

There are also other routes, belonging mainly to the infiltration 

approach, which are often denoted as “in situ” routes.

The infiltration method for the preparation of organic/

inorganic hybrid layers is well-known for metal oxide/polymer 

composites [24,55], but recently also a related method for the 

preparation of metal sulfide nanostructures (e.g. nanosheet 

arrays, nanoflakes) of In2S3 [125], Ag2S [126], and Bi2S3 [127] 

was introduced. The nanostructures are prepared during the 

device assembly on the electrode and after infiltration with a 

conjugated polymer the hybrid solar cells are finished with the 

deposition of metal electrodes. The best PCEs (2.04%) following 

this route were achieved using Ag2S in combination with P3HT. 

The Ag2S nanosheet arrays on the ITO substrate were formed by 

treatment of an elemental silver layer on the ITO substrate with 

elemental sulfur in DMF at 25°C for 8 h. Afterwards, the metal 

sulfide structure was infiltrated and covered with P3HT from a 

chlorobenzene solution before gold electrodes were deposited 

on top. The resulting solar cells exhibited an amazingly high 

ISC of 18.2 mA/cm², a VOC of 0.27 V and an efficiency of 2.04% 

[126]. The same group also prepared P3HT/In2S3 hybrid solar 

cells via a quite similar route. Differences lay in the treatment of 

the elemental indium layer, where ethanol was used as solvent 

and the reaction to In2S3 had to be carried out in a sealed 

autoclave at 180°C, as well as in the solar cell assembly, where a 

PEDOT:PSS layer and aluminum instead of gold electrodes were 

used. Anyway, in this case PCEs of only 0.04% were obtained 

[125]. P3HT/Bi2S3 hybrid solar cells, which were also prepared 

according to the described procedure, exhibited very low VOC, 

which led to an efficiency of 0.005% [127]. However, the material 

combination P3HT/Ag2S highlights the potential of this approach 

and enhancement of the efficiencies can be expected by further 

optimization in the near future.

As infiltration of polymers into nanopores is often 

challenging, the conjugated polymer can be polymerized 

in situ in the nanostructures. Prominent examples are the 

in situ polymerizations of P3HT or MEH-PPV in or on TiO2 

nanostructures [128-131].

A further approach to prepare metal sulfide nanoparticles 

in a polymer matrix was reported by Mejía et al. [132]. They 

introduced a seeded growth of CdS nanoparticles within an 

electropolymerized conducting metallopolymer matrix. The 

metal atoms in the metallopolymer consisting of N,N’-((2,2’-

dimethyl)propyl)bis(5-(2,2’bithiophene-5-yl)salcylideniminato 

cadmium(II) monomers act as seed points for the defined growth 

of the approx. 5 nm big CdS nanoparticles in the polymer 

matrix. The CdS growth is realized by repeated treatment of the 

electropolymerized thin films with a saturated solution of H2S in 

CH2Cl2 followed by a solution containing Cd(NO3)2.

An alternative “inverse” in situ concept describes 

the preparation of functionalized nanoparticle sols with 

polymerizable ligands e.g. for TiO2/polypyrrole or TiO2/polyaniline 

hybrid materials. In this route the polymers are formed in the 

presence of TiO2 nanoparticles. After the preparation of the 
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To bring in situ prepared hybrid solar cells to the next 

level, the same challenges also experienced in polymer/PCBM 

solar cells and hybrid solar cells prepared via the classical 

route have to be tackled. These include issues of morphology, 

energy level engineering, device architecture, interfacial layers, 

electrodes and stability. In this context, the morphology in 

in  situ preparation routes can be more easily influenced in 

solution in situ approaches, whereas it is more difficult to 

“design” morphologies with solid state in situ routes. In the first 

case, nanoparticles as well as nanorods of CdSe have already 

been realized. In general for both in situ approaches, thorough 

investigations on the formation mechanism and its kinetics for 

In this regard, it is remarkable that solar cells with PCEs 

approaching 3% have been already realized, even though only 

approximately 30 publications dealing with in situ prepared 

nanoparticle/polymer hybrid solar cells with significant PCEs 

have been reported.

Comparing this situation with the literature on e.g. the one 

material combination P3HT/PCBM with more than hundred 

papers dealing with different aspects how morphology, interfacial 

layers, electrodes, device architecture and many other parameters 

influence the solar cell properties, it can be assumed that a lot of 

potential improvements might be disclosed in near future if research 

on in situ prepared hybrid solar cells is conducted with similar effort.

Table 1. �Important examples of in situ prepared hybrid solar cells.

Inorganic 
Phase

Organic Phase Precursor
Solution/

Solid State
ISC / mA/cm² VOC / V FF / % Eff. / % Year Ref.

CdS P3HT
CdAc2.2H2O,

Elemental Sulfur
Solution - - - 2.95 2011 [96]

CdS P3HT
CdAc2.2H2O,

Elemental Sulfur
Solution 9.0 0.64 48 2.9 2009 [95]

CuInS2 PSiF-DBT Xanthates Solid State 10.3 0.54 50 2.8 2011 [35]

CuInS2 PSiF-DBT Xanthates Solid State 10.4 0.46 56 2.66 2012 [121]

CdS P3HT Xanthates Solid State 4.85 0.84 53 2.17 2011 [118]

ZnO P3HT Diethylzinc Solid State 5.2 0.75 52 2.0 2009 [30]

ZnO P3HT Diethylzinc Solid State 3.3 0.83 50 1.4 2007 [72]

CuInS2 p-DTS(FBTTh2)2* Xanthates Solid State 5.5 0.46 52 1.3 2013 [122]

ZnO P3HT Diethylzinc Solid State 2.7 0.78 49 1.19 2012 [76]

ZnO MDMO-PPV Diethylzinc Solid State 2.3 1.14 42 1.1 2005 [70]

TiO2/SiO2 TPV-Si* Ti(OiPr)4 / Si(OEt)4 Solution 2.79 0.72 54 1.09 2006 [65]

ZnO P3HT-E Diethylzinc Solid State 2.1 1.02 40 0.83 2011 [74]

CuInS2 PPV CuI, InCl3, Thioacetamide Solid State 2.1 0.7 30 0.75 2010 [111]

PbS MEH-PPV
PbAc2,

Elemental Sulfur
Solution 0.13 1 28 0.7 2005 [91]

CdS P3HT Xanthates Solid State 3.54 0.61 33 0.7 2010 [117]

ZnO P3HT** p(Zn-MAA2) Solid State 2.9 0.5 43 0.62 2012 [78]

ZnO P3HS Diethlylzinc Solid State 1.8 0.6 38 0.42 2011 [75]

CuInS2 P3EBT CuAc, InCl3, Thiourea Solid State 1.4 0.66 27 0.42 2011 [114]

TiO2 P3OT Ti(OiPr)4 Solid State 1 - - 0.22 2004 [56]

TiO2 MDMO-PPV Ti(OiPr)4 Solid State 0.87 0.52 42 0.19 2003 [29]

ZnO P3HT** p(Zn(MAA)(OAc)) Solid State 1.7 0.37 31 0.19 2011 [79]

TiO2 MDMO-PPV Ti(OiPr)4 Solid State 1 - - 0.17 2004 [56]

TiO2 MDMO-PPV Ti(OiPr)4 Solid State - - - 0.14 2005 [52]

TiO2 P3HT-OH Ti(OnC4H9) Solution 0.67 0.43 48 0.12 2008 [62]

CdS P3EBT CdAc2.2H2O, Thiourea Solid State 0.46 0.51 28 0.06 2011 [113]

TiO2 P3HT Ti(OnC4H9) Solution 0.20 0.55 41 0.05 2008 [62]

ZnO PPV Zn(OAc)2
Solution/

Solid State
0.09 0.94 30 0.026 2009 [81]

* small molecule
** P3HT as part of the copolymer
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situ prepared nanoparticles and how it can be influenced to 

tune the interface between nanoparticles and polymer is almost 

unexplored up to now.

Altogether, it can be expected that the rapid development of 

in situ routes for the preparation of nanocomposites for hybrid 

solar cells will stay as dynamic in the future and by exploring new 

material combinations, and novel precursors in combination with 

optimized morphology and well-designed hybrid interfaces also 

further improvements in device performance will be achieved in 

near future.
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each precursor route would help to gain information about how 

to tune the shape and size of the inorganic nanostructures. 

For example, it will be especially exciting to follow if it will also 

be possible to synthesize nanorods in solid state reactions in 

conjugated polymer matrices. 

Moreover, purity is an important aspect in in situ prepared 

nanocomposite layers, as purification is often not possible. 

Therefore, the selection of precursor materials and reactions 

to form the nanoparticles has to be done also concerning 

yield and by-product formation, whereby close to quantitative 

yields and volatile by-products, if there are formed any, are 

essential.

A further issue is the tuning of the interface between the 

inorganic and organic semiconductor. While in the classical 

route a lot of effort was spent to optimize the nanoparticle 

surfaces by various ligands, the surface chemistry of the in 
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