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Abstract: This review deals with the correlation between rhotpgy, structure and

performance of organic electronic devices includinigp film transistors and solar cells.
In particular, we report on solution processed dewvigoing into the role of the 3D
supramolecular organization in determining the@cgbnic properties. A selection of case
studies from recent literature are reviewed, regyion solution methods for organic
thin-film deposition which allow fine control of ¢h supramolecular aggregation of
polymers confined at surfaces in nanoscopic layarspecial focus is given to issues
exploiting morphological structures stemming froime tintrinsic polymeric dynamic

adaptation under non-equilibrium conditions.
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1. Introduction

The discovery in 1976 by Heeger, MacDiarmid and&4dawa [1,2] of conductive polymers opened
a new field of research at the boundary betweemitiey and the physics of condensed matter. These
materials display the electrical and optical propsrof metals or semiconductors and preserve the
desirable mechanical and processing propertiesobfmers. The growing interest in this class of
materials has led to the origin of a new technolgyell as a new market, namely plastic electsgj@k
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From a structural point of view, these materialse generally characterized by a carbon-rich
backbone which offers mechanical flexibility and &y-conjugated electronic system that is able to
access the full range of electrical propertiesmfiosulators to metals, depending on their molecula
structure and/or doping condition [4]. Indeed, pussibility to tune the molecular structure to abta
the desired electro-optical properties, the medarilexibility along with the wide availability ah
solution processability of these materials enalbhes realization of a wide landscape of low-cost,
lightweight, flexible and even disposable organievides such as LEDs [5,6], displays [7,8],
bio-/sensors [9,10], transistors [11] and solalsdél2].

Essentially, the beating heart of all these devicassists of thin-flms (about 100-300 nm in
thickness), deposited on suitable substrates @dags or plastics) and composed of either a sioigée
blend of two or more polymeric materials dependinghe type of device and application. However, it
is well known that the properties of a thin film dot depend only on the physico-chemical properties
of the constituent materials but also strongly loa film nanostructure needing to be optimized. Thus
the developing of organic electronic devices musectly involve the nano-engineering of thin
films [13,14]. For this reason and also pushedhigyrequirements of an emerging new market, saentif
and technological effort has became increasinglyremimtense in the set-up of new strategies
not [15,16].only able to control the morphology blsb enabling process scale-up for large scatiiption

The structural assembly of a thin-film involves@mnplex system and the control of its molecular
order requires a supramolecular approach [17].irAt, fin order to introduce inside the thin-filmeth
required structure-related functions, it is necgsst act on both the intermolecular and
molecule/substrate interactions [18,19]. Then, Bplating the feasibility of solution-processing
across a bottom-up approach, two main self-prosess@ be exploited, namelpermodynamic
self-assembly (steady-state structures) @ymhmicself-organization (non-equilibrium structures) Jj20
Importantly, while the first is limited to those haoular arrangements close to the energy minimum,
dynamic self-organization may lead to the developm& a large spectrum of non-equilibrium
thin-film structures. Thermodynamic self-procesaes quite easy to develop and lead to a relatively
simple organization, whereas the non-equilibriunesoare characterized by structural fluctuations
allowing even ordered geometries like periodic stgbrictures or supra-molecular aggregates [21].
Thus, by freezing these complex structures on arngsubstrate, it is possible to makeaatificial
selectionamong infinite energy levels (in principle) copeading to as many thin-film organization
paths [22].

Recently, literature has developed a new lexiconinicate new classes of self-assembly
phenomena. Thus for instance, the expression ‘“totighal dynamic chemistry” refers to systems
able to react to external stimuli by modifying theiructure through the exchange or reorganizaifon
components and leading to different final configumras [23]. Another example is Directed
Self-Assembly (DSA) which consists of accurateliitig self-organization through the careful design
of the molecular structure of building blocks [2A]so, through Controlled Evaporative Self-Assembly
(CESA) it is possible to arrange ordered structwrecontrolling the solvent evaporation kinetics of
solutions confined at surfaces [25]. However, thesgresent only some examples, sisoeh a
vocabulary is continuously increasing as an intbeadf the research effort in this field.

By the comprehensive expressianificial selectioncited above, it is intended that the opportunity
to program the nanostructural order is given byidg the assembling system along one of the
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possible configurations eventually toward a famfrequilibrium state. A structure can be frozen in a
far-from-equilibrium state exploiting speed as ae#inold parameter in developing different
aggregation pathways using a proper experimentdabpol. Thus an ordered structure may be frozen
on a surface by acting on the kinetic parameteti@fleposition process (as solvent evaporati@) rat
film-transfer speeatc) which in turn bias the competing forces involviadhe structural evolution
(intermolecular and surface-molecule electromagnfetices, chemical potential gradiemss) [26].
These competing forces arise from the chemicalreaitithe building-blockschemical pressujeand
from the physical parameters of the procgdg/gical pressune that have to be conveniently balanced
to achieve the desired nanostructures. Then, byerempntally exploring the effect of changing
physical and/or chemical parameters it is possiblénd, for a given system, a multitude of struatu
shapes and domain sizes [14,27,28].

Here, we deal with two major players of organic ataistic electronics, namely organic thin film
field-effect transistors (OFETSs) and organic saklts (OSCs).

In particular, OFETs are becoming increasingly intgiat for the development of low-cost new
applications as flexible displays [7,8] sensors hiodsensors [9,10] even with a disposable view.

As for OSCs, their potential contribution to the rdoenergy issue and features such as
cost-effectiveness and easiness in large-areacédiom, make them imaginable as future renewable
energy sources, especially for the developing camf29,30]. Furthermore, many original applicato
as building-integrated photovoltaics, stand-alormver sources for portable devices or remote
applications can be envisaged thanks to interefiayres like semi-transparency, lightness, trsane
flexibility and eco-compatibility [31,32].

This review focuses on the role of the thin-film mpizology in OFETs and OSCs. It aims to show
the relation between molecular 3D order and depedormance, reporting some significant case
studies from the most recent literature, which emgasses some of the principal solution methods for
organic thin-film deposition and structural manggidn.

2. Morphology and Device Performance: Relations an@ptimization
2.1. Organic Field Effect Transistors

In 1947, John Bardeen, William Shockley, and WaBeattain invented the transistor bringing to
history one of the major discoveries of the lasttagy. Actually, their invention marked the birtli o
modern electronics, the transistor being its ppaticomponent. In the last sixty years, research an
microelectronic manufacturing has briskly develgperhssing from the first centimetre-sized
Ge-based device to microprocessors containing leasdrof millions of transistors. Inorganic
electronics, however, is characterized by soment@olgical limits (costs, weight, stiffness) whileet
employment of organic semiconductors in FETs wduldg different advantages. In order to enhance
the performance of OFETS, it is essential to mazénthe charge carrier mobility by inducing order in
the organic semiconductor. However, while it is gpbke to obtain single crystals of organic small
molecules [33-36], the achievement of long-ranggenin polymers is a difficult task since they
generally show microcrystalline domains embeddeanimmorphous matrix [37]. This matrix hinders
charge transport between neighbouring domains gati low mobility. Still, polymers afford very
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important advantages as polymer-based OFETs caeabiy processed at low temperature from
solution. All this is very desirable for plasticeetronic applications including systems like fldgib
displays and electronic papers [38—40]. Furthermtre possibilities given by organic synthesis to
choose the material propertiea “la cart¢, permits materials to be wisely tailored for
specific challenges.

There are a large number of factors that influetheeperformance of an OFET. For example, the
choice of metal electrodes for efficient chargeedtipn [41], the dielectric material influencing
field-effect properties and charge trapping [42+-44hd most importantly the choice of organic
semiconductor which plays a key role in transistesign and performance. Actually, the organic
semiconductor charge carrier mobility) (crucially determines the OFET performance inahgdi
current modulation and switching speed. While tharge transport in inorganic semiconductors is
generally agreed to occur via delocalized electrtwainds, limited by lattice defects and vibratidhs,
charge mobility in organic semiconductors is ugualiggered by -conjugated molecular orbitals
affording the right percolation pathways betweemrse and drain electrodes. Obviously, charge
mobility is likely high when charges move betweehitals without sensible hindrance, that is usually
by providing the highest intermolecular overlapvesn -orbitals, thus mimicking the typical band
charge transport of inorganic semiconductors. Wailycintermolecular van der Waals forces in
organic semiconductors are much weaker than coval@mds in the inorganic onese(, silicon or
germanium) and thermal fluctuations (electron-phmoooupling) are able to avoid molecular order and

- coupling (especially for weakly interacting mol&s) causing lower mobility than that observed
in inorganic crystalline semiconductors. By failitg have an effective- coupling, charges would
travel between molecules through a slow phonorstessihopping mechanism [45-47]. In this view,
the optimization of orbital overlap, responsible tn effective charge transport, would maximize
charge mobility.

In order to understand some more details of chaegesport mechanisms in polymeric thin films,
let us refer to the peculiar well-ordered configima depicted in Figure 1, showing polymer chains
packed face-to-face in an edge-on structure wipeaet to the dielectric substrate. As indicatedhay
red arrows, for such a structure charge carrieng mave along three different directions in response
to an electric field:

() Intrachain transport along the molecular bacidd@x-direction in Figure 1a). Here, in an ideal
chain the whole molecule is wrapped by a uniqugugated -orbital allowing fast charge diffusion.
Unluckily, molecular defects like twisted bondssteric effects may affectconjugation, thus cutting
down charge mobility. For this reason, a polymeaicimay be conveniently divided into different
conjugated fragments, whose extension would reptdke conjugation length, the intrachain charge
current taking place by hopping between neighbguionnjugated sections. Therefore, intrachain
transport is a major component of charge mobilitgd @uality and extensive chain alignment may
provide higher conjugation length, then fast chargetion; (ii) Interchain transport along the

-stacking direction (z-direction in Figure 1a) Isaimportant for charge mobility, although a slowe
rate is expected in this way. Here, face-to-faeelshg and interchain distance are crucial. Indeed,
narrow separation between parallel chains leadantextended - stacking and thus to a high
mobility. With this view, strictly-packed self-asabled polymers may allow high performance FETS;
(i) Finally, the structure depicted in Figure dgrees with the picture in which charge transplornag
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the y-direction brings only a small contribute twetwhole charge mobility. High performance
semiconducting polymers are often functionalizedhwlateral alkyl chains in order to improve
solubility, and these solubilizing groups are ubualectrical insulators hindering the diffusion of
charge carriers across the chain-to-chain directioaddition, this insulator effect increases wiitle
steric hindrance of the substituents. Thereforgesthe transport mechanism is mainly controlled by
the interchain transport in thestacking direction and the intrachain trasportngldhe molecule
backbone, it is expected that the optimization lése two features would lead to high charge
mobility values.

Figure 1. (a) Schematic depiction of charge transport in a emlggpacked polymer

assembly. Yellow bricks indicate monomers alonggblymer backbone. X, Y, Z denote
the charge transport directions along the polynteirg across the alkyl moieties of
parallel chains and between face-to-face pilednshaespectively;t) Schematic depiction

of the -stacking and chain-to-chain packing of polymers.tHe inset, the reading-key
shows the example of P(NDI2OD-T2) that is discudssdw.
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Depending on the assembly optimization, charge lityban span over several orders of magnitude
according to the materials used for the semicomagiocthannel [48]. Indeed, it can range from
10* cnf/(V s) or lower for weakly conductive organic seomductors to the range ~1—10 %W s)
for the well-ordered ones [49].

What the above reveals is that despite the impbrtala played by other factors such as contact
resistance [50], interface charge trapping [51&68] dielectric properties [43,44,53-55], supermabec
structure is fundamental [56]. Essentially, theucinre control depends not only on an accurate
chemical design which looks at the specific intdenolar interactions to achieve an effectively
ordered polymer self-assembly, but also on thet mgiposition method. Indeed, by suitable thin-film
processing, molecules can be driven to long-ramganization. Moreover, regardless of the method
employed to deposit the organic material, the stineccan also be improved after deposition. In this
regard, thermal annealing [57,58] is frequentlydugest to exploit the molecular reorganization
induced by thermal motion. Polymer semiconductore aypically annealed around glass
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transition/melting temperatures. Furthermore, sthannealing has also been proved to enhance the
structural properties, and then to improve the deperformance [59,60].

In this way the structure can be controlled by o#dly amorphous boundaries by pursuing the
principle that the stronger/extended the intra- amgr-chain - coupling, the higher is the
charge mobility.

In addition it has to be noted, although to a lessgent, that the structural nature of the dielect
layer may also be important for the OFET’s perfamo@ Thus, the dielectric chemistry, roughness,
morphology, polarity along with other parameters/ratiect the overall self-structuring of the organi
thin films [61,62]. Also, effort on dielectric syshs is being continuously spent to develop new
high-k gate insulators, which in turn can be vesgful in developing low voltage transistors or othe
devices [43]. In any case, usually gate insulatwesfunctionalized by self-assembled monolayers or
other surface agents able to lower the dielectrifase tension thus minimizing the interaction with
the active semiconductor along with the chargepirap Nevertheless, an exhaustive discussion on
this point goes beyond the scope of this reviewclvis intended to focus on how deposition methods
may affect the structure and function of the actigmiconducting thin film.

Although a lot of experimental and theoretical stgdhave been accomplished, the correlation
between supramolecular interactions, film morphgl@gd the comprehension of charge transport
mechanism still remains a complex matter and, mesexperiments, contrary to what might have been
expected, poorly ordered films have shown highe&iop@ance.

Self-assembling in polycrystalline lamella architees might be expected to be the optimal
packing for an efficient charge transport. Up tdegdaamong the most investigated semiconductor
polymers is the regioregular poly(3-hexyl-thyophefl3HT; Figure 2). It is also one of the reference
materials for the OFET market, thanks to its highulsility and performance. P3HT showed one of the
highest charge carrier mobilities recorded for byper OFET, with values of about 0.1-0.2%fY s).
Sirringhauset al. [63] first demonstrated these values, while alsmgaring thin films deposited by
methods allowing a different kinetic control on timelecular self-assembly of the polymeric layer.
P3HT has been deposited through both spin-coatiigch typically froze the system toward a
dynamic adaptive one, and solution-casting whick halower kinetic and allows the system to
self-organize, in principle, closer to its energynimum. Actually, the self-organization of the
polymer going from solution into the solid stateswaund to be greatly dependent on the deposition
process, which led to different order and degreerg$tallinity. Authors found that solution-casting
affords both higher crystallinity and charge mdbilthan spin-coating. The high charge mobility
achieved, a worthy 0.1 &V s), was essentially attributed to the headaibregioregular conformation
of the P3HT which likely self-assembles in a 2Drthedynamically favoured lamellar structure (see
Figure 3) [64,65].
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Figure 2. Molecular structures of materials used in orgahic film field-effect transistors
(OFETS) reported as examples in this review.

Figure 3. (&) Scanning tunneling microscope image of chain ifgdfor regioregular
poly(3-dodecylthiophene);(b) Calculated model of chain foldingReprinted with
permission from reference [64]. Copyright 2002 WH¥CH Verlag GmbH & Co.).

(a) (b)

Thus, authors demonstrated that better controuohh & structural anisotropy, allowing for a truly
delocalized transport, would be the route to higbbitity. Still, regioregular P3HT has shown even
higher charge mobility. For instance, Wagtgal. [66] obtained a hole mobility of about 0.2 %W s)
for 2-4 nm thin-films with increased on/off ratidtex thermal treatment, depositing P3HT by
dip-coating. Such a procedure allowed an almodilestarystalline structure (presumably close to
equilibrium) of the thin film at the interface withe SiQ gate insulator with an improved structural
order. Furthermore, depending on the solvent, PBHS shown the formation of fibrillar structures
(see Figure 4), which have also been employed im. Ranofibers of regioregular P3HT were
deposited onto SifBi substrates by casting from dilupexylene solutions [67] yielding a fibre
network displaying hole mobility of about 0.06 ¥s with on/off current ratios greater than®10
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Besides P3HT, other conjugated polymers show sinfiitee structures which are believed to be
induced by -stacking supramolecular interactions [68].

Figure 4. (a,b) AFM image of P3HT nanofibers across electrodes i@y/Si substrate;
(c) cross section of the dashed line shown in (bg filtre heights from top to bottom are
5.6, 6.3, 3.9, and 3.3 nm. (Reprinted with perrmoissirom Reference [67]. Copyright
(2003) by the Wiley-VCH Verlag GmbH & Co.).

Actually, in the last few years, higher mobility lwves have also been achieved by employing
n-type polymers. Fabianet al. [69] exploited controlled deposition methods taldumonolayer and
multilayer field-effect transistors using an aiaise, soluble n-type polynaphtalene-bithiophene
(P(NDI20D-T2); N2200 ink by Polyera; Figure 2). Bging Langmuir Schaefer (LS), a monolayer
FET with a vertical (edge-on) alignment of the P(RDD-T2) molecules with respect to the dielectric
surface underneath (Figure 5a,c) was experienced.
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Figure 5. (a) Superficial pressur@s. mean molecular area graph showing the rise in
pressure as the polymer self-assembly proceedsrdoina edge-on packing. (Reprinted
with permission from Reference [69]. Copyright (2Dby the Wiley-VCH Verlag GmbH

& Co.); (b,c) Descriptive depictions respectively of a mixed facdedge-on structure and
of a strictly packed edge-on structure (Reprintath ypermission from Reference [70].
Copyright (2006) by the Nature Publishing Group).

Indeed, the surface pressure exerted by two TdRoners at the air water interface on the polymer
chains, allows accurate control of the long-rangalecular order and then the self-assembly of
densely packed monomolecular films with predominadge-on alignment over large areas. The
obtained edge-on packing was proved to be quitelestaadicating the achievement of a close to
thermodynamic minimum-energy state. In fact, thertial annealing treatment had minimal effect on
the film morphology and surface roughness. The astishowed monolayer FETs exhibiting good
injection properties, relevant current on/off rati@0® and a remarkable long lasting (five weeks)
in-plane saturated electron mobility of about 30 Tnf/(V s) in a monomolecular layer (about 3 nm
thick, i.e., the molecular lateral size) FET. By increasing tiumber of layers up to 15, carrier
mobility was observed to grow up to a plateau istgrfrom six layers at 2 x 0 cnf/(V s), the
switch-on voltage of the field-effect changed fratB8 V (monolayer) to +16 V (15-layers FET)
approaching that of spin-coated P(NDI20OD-T2) tratwss. Although a significant value, the 15 layers
mobility achieved in the LS edge-on configuratimabout one order of magnitude lower than that
commonly observed for far-from-equilibrium thinnfil structure, prepared by spin-coating with the
same P(NDI20OD-T2) polymer. Actually, typical chang@bility of such a device, which shows also
weak ambipolar behaviour [71] is about 0.45-0.85/¢vhs). Through a dynamic self-organization
process, spin-coating yields a dominant face-oma(lgh to the surface, Figure 5b) orientation of th
P(NDI20OD-T2) chains. This has been demonstratethdgaa thermal annealing experiment, beyond
the melting point of P(NDI20D-T2), which led in fato a shift from largely face-on packing to a
pronounced edge-on texture [72]. Furthermore, LUMN&IS, rising due to the edge-on conformation,
may also negatively affect charge injection [73lthAugh the edge-on molecular packing was found
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to be beneficial for several high performance paym®RETs due to the fast two-dimensional charge
transport along the chain backbone and #ts¢acking direction, Fabianet al. [69] showed that such
ordering for P(NDI2OD-T2) may be less efficient flsansport in multi-layered (about 10 layers)
structures whereas it is a fundamental for monooubde layer FETs. Actually, the anisotropy of
P(NDI20OD-T2) in multilayered LS devices limits theharge transport to the in-plane direction
(Figure 6a) with inefficient out-of-plane transpbetween backbones separated by the insulating long
octyl-decyl side chains (red bars in Figure 6) [74]

Figure 6. Graphical depiction showing the charge carriehpaivailable ind) an edge-on;
and in p) a mixed edge-on/face-on ordered thin-film (tiltpdases are missing in this
scheme for simplicity). In the inset, the readimy ks reported by using again the example
of P(NDI2OD-T2).

Better, a non-equilibrium face-on rich arrangem@pin-coated films) leads to three-dimensional
charge transport through adjacent layers that@uspled by the out-of-planestacking (Figure 6b) [75].
This directly entails an enhanced in-plane andofydlane electron mobility, as confirmed by bulk
charge transport measurements [76]. Thus, the lelectron mobility for LS multilayer FETs
would depend on the reduced interchain verticahsppart that lowers the number of efficient
percolation paths.

As for other examples comparing well-defined stites in different kinetic configurations giving
significant charge mobility, we can report the casé poly(2,5-bis(thiophene-2-yl)-3,7-
ditridecanyltetrathienoacene (P2TDC13FT4; Figure P£§j7] and cyclo-penta-di-thiophene-
benzothiadiazole copolymer (CDT-BTZ; Figure 2) [7BRTDC13FT4 spin-coated thin-flms show a
mobility exceeding 0.3 c{V s). As for CDT-BTZ, spin-coating deposition @lls dynamic
organization of molecules in ring-shaped structse® Figure 7) whose film presents a mobility as
high as 0.67 cAi(V s), probably because of the reduced numberagdping and scattering sites.
Nevertheless, the same CDT-BTZ is observed givireménigher mobility if deposited by dip-coating
(Figure 8a) [78]. Different from the spin-coatingpbsition, dip-coating is a slower film-forming
process. Moreover, the choice of a solvent witluitable boiling point allows kinetic control of il
formation, in which the structure depends on thieesd evaporation rate as well as on the dipping
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speed. In this way, dip-coated CDT-BTZ showed fildte structures aligned parallel to the dipping
direction (Figure 8b) (instead of the ring struetaf the spin-coated film), constituted by a laruell
edge-on packed polymer. The reduced grain bourgjatiee enhanced crystalline order and the
anisotropy of elongated fibres lead to a chargeilitpls high as 1.4 cM(V s) along the alignment
direction, which is more than twice the value remthfor the ring-shaped structures by the
spin-coating process.

Figure 7. AFM image of spin-coated CDT-BTZ-C16 copolymer fimowing ring-shaped
structures (Reprinted with permission from Refeeen@8]. Copyright (2012) by
Wiley-VCH Verlag GmbH & Co.).

Figure 8. (a) Graphical depiction of the CDT-BTZ deposition byp-dioating showing the
polymer backbones aligned parallel to the dippingation; (b) AFM image showing the
polymeric fibres (red arrow) aligned along the dngpdirection (yellow arrow) (Reprinted
with permission from reference [78]. Copyright (2Dpby Wiley-VCH Verlag GmbH & Co.).

Nonetheless, dip-coating turns out to be unsuitdbtepoorly soluble high molecular weight
polymers because of the need for high solvent teatypes avoiding an evaporation rate control. In
this case, controlled film formation has been earrout by zone-casting deposition [79] (Figure 9),
which permits control of both the temperature d¥ent and substrate. As evidenced in the drawing of
Figure 9a, a nozzle can move along the substrateacgu dispensing the polymer solution.
Furthermore, tuning parameters such as the rat®zidle refuelling and the speed of the underlying
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substrate enable gain of precise control of tha fileposition as well as obtaining the formation of
complex patterns (Figure 9b—e). Among other methadse casting has been exploited to build
OFETs based on dithiophene-tetrathiafulvalene (OFTFigure 2) [80] and pentacene, obtaining
long-range ordered features showing mobilities eespely of 0.17 and 0.4-0.7 éfV s) with a
noticeable on/off ratio of £810’ in this latter case.

Figure 9. (a) Schematic representation of the zone-casting diéposnethod; i) TEM
large-area microgragh of a linear pattern. (Repdmith permission from Reference [79].
Copyright (2005) Wiley-VCH Verlag GmbH & Co.)c,d,© Optical micrographs of
microcrystalline columnar patterns of DT-TTF depedi on glass by zone casting at
different casting ratesc) 6 um/s; @) 10 um/s; €) 16 um/s. Arrows indicates the casting
direction(Reprinted with permission from Reference [80]. @aght (2008) by Elsevier).

In order to achieve a thin film structural and mwilwmgical control, Langmuir-Blodgett (LB)
deposition is one of the finest methods allowing ttieposition of molecular thin-films in a
close-to-equilibrium state, and it has been empmloyethe preparation of several devices [81-85].
Moreover, it is well known that the employed solveray importantly affect the final film structure.
For example, OFETs based on ultrathin-films comsistof multilayered P3HT with the typical
lamellar structure were realized, comparing diffiiérgolvents, by Xuet al. [83] reaching a maximum
mobility of 0.02 cri/(V s) with xylene as solvent. Nevertheless, desflieir potential in structure
control, semiconductor polymers have proved to mguitable for LB deposition. Much better results
have been obtained with this technique for orgasnwall molecule FETs. Indeed, LB films of
cyclo[8]pyrrole [81] (Figure 2), which showed ardered layer structure parallel to the substratee ga
an outstanding charge mobility of 0.68 %W s). Besides, OFETs have been developed using LB
monolayer only 1.3 nm thick of copper phthalocyanif82] showing a bulk-like mobility of
0.04 cnf/(V s) and a noticeable on/off ratio >°10



Materials2013 6 1171

Whereas LB is a slow deposition process and uridait@r large area deposition, this is not the
case for inkjet-printing which is one of the mosbmpising solution-based methods for the controlled
deposition of organic semiconductors. Indeed,afsability for large scale production is very desiea
for industry. Although inkjet-printing generally dds to amorphous structures, it has been
demonstrated for pentacene FETs that it is posdibleontrol the coverage uniformity of film
morphology and the pentacene nanocrystal sizedayaeng the solvent evaporation rate; for example
varying the temperature of the substrate, by addinigable additives or by overlapping printed
droplets [86,87]. In this way, a mobility enhancemep to threefold has been observed. However, in
this respect it is important to note that in theecaf polymers some poorly ordered thin films
far-from-equilibrium have been reported to exhibriexpectedly high OFET mobility. This is for
instance the case of the above discussed spinecdhie-films of the air-stable n-type polymer
P(NDI20D-T2) [71] showing ultimately a remarkablearon mobility of 0.85 ci(V s). Indeed, for
this system, the wide-angle X-ray diffraction (XRBEQans revealed only negligible Bragg reflection
intensities, indicating no long-range order ancexplain charge transport in such systems different
theoretical models have been proposed [88,89].

2.2. Organic Solar Cells

One of the major issues which the scientific comityuimas been called to face this century, is to
cope with growing worldwide energy consumption whidespite the economic crisis of recent years,
is expected to increase at an annual rate of 1.9¥6;2on average [90]. Most of the energy used
today, derives from the exploitation of non-renelgdiossil fuels including oil, coal and natural gas
which, at this rate will be fast exhausted. Morgpwamnd even more urgent, the combustion of fossil
fuels for producing energy, pumps into the atmospleehuge amount of greenhouse gases that are
responsible for the global warming we are expeirentoday (2-5 °C in this century). Conversely,
solar light is green, renewable and with quite mitkd access. It is estimated that the sun pous on
the Earth’s surface an amount of energy so greatnione year it is about twice the energy obtama
from all the Earth’s non-renewable fossil resou@s92].

Thus, one of the most promising strategies to &atddlay’s energy issue would be the exploitation
of solar energy by photovoltaic technology. Curkerthe majority of photovoltaic cells are based on
inorganic materials that, as in the case of tramsishave some limitations such as high matendl a
manufacturing costs, which limit a broad diffusiohthe technology (see for instance the Annual
Energy Review by September 2012 from the U.S. Bnémfprmation Administration) [93]. More
recently, research has made an intensive effortartasv the development of new low-cost PV
technologies; organic solar cells (OSCs) are orthefmost promising solutions.

As in the case of OFETs, OSCs are mainly basedeomcenductor -conjugated polymers, also
coupled with other conjugated materials such akerkme-derivatives or other organic conjugated
molecules. In paragraph 2.1, we have already dseclthe difference between organic and inorganic
semiconductors in terms of charge transport meshaiNevertheless, another major point concerns
more precisely the photovoltaic application. Intjgaitar, organic semiconductors have low dielectric
constants ( 2-4), considerable electron-lattice interactiorl aectron correlation effects [94].
Therefore, while in inorganic materials the phototation yields free charge carriers, in organic
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semiconductors it results in bound electron-holesp@&renkel’s excitons) having a binding energy of
about 0.3-1.0 eV [95,96]. This means that in theeabe of a dissociation mechanism to produce free
charges, most of the excitons would radiatively/andon-radiatively recombine. This is the reason
why the first primitive OSC, consisting of a singlelymer layer and two electrodes arranged in a
Schottky diode structure, had negligible power @eion efficiencies (PCE <<1%) [97,98].
This issue was partially fixed by Tang in 1986 [99fho introduced the concept of bilayer
heterojunction. He obtained an appreciable effiyenf about 1% for a high-vacuum deposited
Cu-Phtalocyanine/perylene-derivative electron-dofD)/acceptor (A) bilayer device. Indeed, the
difference between the donor ionization potentiadl @acceptor electron affinity creates at the D/A
interface a potential drop sufficient to split eéwcis. However, the efficiency of bilayer heterojtioe
OSCs is limited by the requirements of the excddfusion at the D/A interface. Suprisingly, organi
semiconductors present an exciton diffusion lergjtlabout 10 nm meaning that after diffusing for
such a distance, the exciton recombines. This dirtlie thickness and then the amount of light
absorbed by the photoactive layer, since in a fiiroker than the exciton diffusion length most loé t
excitons would not be able to reach the D/A infalhis drawback was fixed by Hiramoto [100]
who introduced in 1992 the concept of bulk heterojion (BHJ) by co-evaporating D and A materials
in high-vacuum conditions. However, the first affitt BHJ OSCs were demonstrated in 1995 by
Halls [101] and Yu [102] who respectively processeom solution a polymer:polymer and a
polymer:fullerene D:A BHJ OSC. In the latter devie@ impressive PCE of 2.9% was demonstrated
along with the potential of fullerene-derivatives Amaterials. Today, solution deposited BHJs, gisin
fullerene-derivatives as A component, dominatesitene and OSCs are now approaching remarkable
PCEs of about 10% [103-105]. Very recently, Hekatmnounced he had achieved a new world
record of 10.7% [106]. The solution processabildl these materials, which allows low-cost
manufacturing and the possibility to use flexibledalight substrates, makes these devices very
attractive for the new market of plastic electran[@07,108]. Thanks to co-deposition by solution
processes, the D/A interface of BHJs may be exténdethe whole film, to a certain extent
independently of its thickness, likely forming adaintinuous interpenetrating network of D and A
nanoscopic phases. This reduces significantly teemte that the exciton has to travel to reach the
D/A interface, increasing the dissociation probabind thereby PCE. The conventional mechanism
of photocurrent generation for a polymer:fulleradidJ OSC is sketched in Figure 10. Photons are
mainly absorbed by the D component to generatetansidiffusing across the film until the D/A
interface where they may dissociate by transferangelectron to the fullerene-rich phase. Once
generated, free holes and electrons migrate toegective electrodes through the D and A phases
generating an external current flow. Thus, frons thigure it is easy to understand that OSC PCE is
affected by several factors including the D/A enderyel offset, the materials absorption spectna, t
total amount of light absorbed and the photoactiv@ thickness, but the role of the BHJ
nanomorphology stemming from the material blendprgcess is crucial for the achievement of
high PCEs.

To date, a lot of research has been devoted toy shed correlation between the thin film BHJ
structure and the OSC'’s performance [109,110], iarsdwidely accepted that control of the material
phase separation is strategic to maximize the ghatent. Essentially, the D/A interface extent and
the material domain size must be balanced in daleeduce the exciton recombination favouring an
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effective charge photogeneration. Indeed, on the lwend large domain size (small D/A interface)
would determine scarce exciton dissociation, sexatons may not reach a D/A interface due to their
short diffusion length. On the other hand, a véiig phase separation (large D/A interface) may even
increase the exciton recombination. In particulathe domain size is smaller than the Coulomb
capture radius, charges will not be able to escHm@r own attraction and may undergo
recombination [111]. Afterwards, once free chargesengendered they need a continuous percolative
path to the electrodes, otherwise electrons aneshebuld be trapped inside the film, recombining an
thereby leading to current losses. Thus, in ordeefficiently transport charges to electrodes, ¢hes
paths would have to have the highest possible ehaapility. Concurrentlya proper balance of holes
and electrons mobilities would help to suppresapeharge formation, drastically decreasing the
PCE [112]. As a matter of fact, it has been reges@imonstrated that in the case of all-polymer QSCs
a high fill factor may be achieved by using matdniands with similar hole/electron mobilities [1]13
Then, considering all these requirements, the iflkal morphology must be structured as a highly
conductive, bi-continuous and interpenetrating wekwof D and A components with a phase
segregation having a domain size on the same etéte exciton diffusion length and with balanced
hole/electron mobilities.

Figure 10. Schematic depiction of the photovoltaic operation & bulk heterojunction
solar cell. (Reprinted with permission from Referen[107]. Copyright (2008) by
Materials Research Society).

Although morphology control can be achieved by plgyon many parameters, the optimization of
such kind of architectures remains a challengisg.tBven more so if we look at the growing evidence
that a BHJ may be not the simple combination of teaderial pure phases with well-defined interfaces
but rather a more complex system characterized leaat three phases, including the pure D and A as
well as one or more amorphous intermixed ones [118}-

The formation of a BHJ structure generally concexriar-from-equilibrium organization of D and
A systems and its optimisation passes throughealdadance between the thermodynamic and kinetic
control of the thin-film formation.

Thermodynamic control may be achieved by designsngable molecular structures (block
copolymers, double-cable materiag$c) [117-120] including functionalization to get ingmed D:A
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solubility and miscibility or by properly tuning ¢hsurface free energy of the substrate which may
drive phase-separation. On the other side, kimetntrol deals with the dynamic parameters employed
during the thin film deposition. In addition to thestrumental speed parameters, these include
important chemical properties like the solvent gty and boiling point, as well as the
reorganization/crystallization in terms of diffusioate of the components induced by post-deposition
annealing proceduregtc In the following, some case studies are reportehling with
solution processed BHJ OSCs in order to illustrite influence these factors may have on
morphological control.

Until now, among the most widely studied systemse dahose based on P3HT and
poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-1,4-phefgnevinylene] (MDMO-PPV) as D and on the
fullerene-derivative 1-(3-methoxycarbonyl)propyphenyl-[6,6]-methanofullerene (PCBM) as A
components (Figure 11), which have shown amondpidieest PCE [121-123]. However, many other
promising and innovative nano-materials (e.g., wives of carbon nanotubes [124],
graphene [125,12@]tc) are potentially of emerging interest.

Figure 11. Some of the most used organic semiconductor metenaDSCs. (Reprinted
with permission from Reference [110]. Copyright12Dby American Chemical Society).

The effect of the solvent used for deposition heenbwidely demonstrated for MDMO-PPV:PCBM
dyad, which showed a significant increase in PC&n{f0.9% to 2.5%) [121] by exchanging toluene
with chlorobenzene.

Actually when spin-coated from toluene, the BHJvehia coarse morphology (see Figure 12a)
since the well-known crystallization of PCBM hindean effective exciton dissociation. Instead, by
using chlorobenzene, a smaller and more favounalidese separation is achieved (Figure 12b) with a
smaller PCBM domain immersed in a MDMO-PPV mattixis has been attributed to the larger
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solubility of PCBM in chlorobenzene [121,127-128j. addition, it has been considered that the
solvent evaporation rate may drive the depositipeed which is a crucial factor for morphology.

Indeed, a lower evaporation rate (longer depositione) is expected to result in a broader
phase-separation for immiscible systems. In thevabmase, the thin-film takes a longer time to
organize, then a slow kinetic results in a thernmadghyically favoured large crystallization of PCBM

domains [127].

Figure 12. AFM surface morphology of MDMO-PPV/PCBM (1:4 wt%)HB thin-film
spin coated with different solventsa)(toluene; ) chlorobenzene. The cross sections
below the images are taken horizontally correspundavith the arrows. (Reprinted with
permission from Reference [121]. Copyright (200¢t American Institute of Physics).

Another important parameter that affects the thiim fblend morphology is the solution
concentration and the ratio of D and A materialst Example in MDMO-PPV:PCBM BHJs, the
higher the whole component concentration the largehe phase separation [130]. As for the D:A
ratio, it has been curiously demonstrated for alemof polymer:PCBM blends, that a strong excess
of PCBM with a blend ratio of about 1:4 (as for BEJ in Figure 12) leads to a sudden increase of
PCEs along with the expected PCBM phase separgfi6f,131]. Truly, PCBM gives a poor
contribution to the overall amount of light absatbhowever a low content of only 5% is still abde t
completely quench the D photoluminescence, indigaéi quite complete exciton dissociation [132].
Thus, the reason for the enhanced PCEs is that aublgh concentration is needed to trigger
percolative pathways to the electrode, meaningithttis case, charge transport is the limitingdac
more than exciton separation. For example, Fig@eslHows that by increasing the PCBM content
from 20% to 80% in a PF10TBT:PCBM BHJ, a nanos¢al® nm) phase separation occurs leading to
50-100 nm sized PCBM clusters (Figure 13c) for thiims spin-cast from chlorobenzene. As is
visible, at 80 wt% PCBM clusters come together rafifty a continuous pathway. Indeed, passing
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from 20 to 50 to 80 wt% of PCBM, the cell PCE irages from about 2% to 2.5% up to 4%,
respectively [133]. In another example, P3HT wagnded with a Boron-rich polymer as
A-material (polyphenylborane; PDB) [120]. By moding the D:A blending ratio to 80:20 wt%, it
was possible to obtain a phase separation of 18r20wnhich is close to the exciton diffusion length
scale of P3HT. Nevertheless, it was demonstratatl ttte 50:50 wt% blend, although displaying a
slightly coarser A:D separation (Figure 14), afolmbtter photovoltaic performances. This is because
a trade-off between phase-separation and continwaugcal percolative pathways is needed.
Accordingly, the 50:50 wt% BHJ would offer more tionous and effective paths, favouring charges
to reach the respective electrodes.

Figure 13. AFM height images of PF10TBT:PCBM BHJs spin-casted chlorobenzene
(see Figure 11 for molecular structures) containf@g20; @) 50; and ¢) 80 wt% of
PCBM. The horizontal scale bar is 200 nm; z-scalé nm. (Reprinted with permission
from Reference [133]. Copyright (2008) by Americaimemical Society).

Figure 14. AFM topography &) and phase-lag imaged;,€) of 50:50 wt% P3HT:PDB
BHJ thin-film; (d) Size distribution of the phase-separated domaiReprinted with
permission from Reference [120]. Copyright (2019 Miley-VCH Verlag GmbH & Co.).
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It was demonstrated also that the component maecwkeight may affect the morphology.
In this regard, van Bavedt al. reports an interesting study on the 3D chara@gom of morphology.
These researchers studied the phase separatiopay(@,7-(9’,9’-dioctyl-fluorene)-alt-5,5-(4",7’-d
2-thienyl-2’,1’,3’-benzothiadiazole) (PFTBT):PCBMin-film, reporting for low MW PFTBT a very
fine phase separation, whereas for a higher MWpimal domain size of 10—-20 nm comparable to
the exciton diffusion length was achieved [134].

One of the main tools in the three-dimensional k@mf BHJs is the post-deposition thermal- [135]
or solvent-annealing [60,136] or a combination ofhb Actually, when a BHJ thin-film undergoes an
external stimulus such as solvent vapours or hgatiove the glass transition temperaturg),(T
molecules gain mobility and diffuse toward a thedyramically favoured 3D organization. In this
way, the post-treatment annealing allows furthentrd of the critical thermodynamic-kinetic
interplay enabling an efficient 3D organization time final BHJ to beobtained. Post-deposition
annealing introduces a higher crystallinity by mhaseparation, partially reducing the D:A total
interface useful for exciton separation [137]. Hoes the increased crystallinity brings an enhanced
charge carrier mobility which offsets the losshe exciton dissociation efficiency, still leadirggtigh
PCEs OSCs [138]. As an example, in P3HT:PCBM systdhre post-annealing treatment drives a
thermodynamic reorganization of P3HT molecules wHiarm highly crystalline micrometric long
nanofibres yielding a conductive and percolativergiwork (see Figure 15). In addition, these fibres
act as fences that hinder the diffusion and largase segregation of PCBM [134,139,140]. The
control of PCBM crystallization can be also expeced by using a material with a high glass
transition temperature gfwhich limits the PCBM diffusion leading to nonteliprium structures.

Figure 15. (a) AFM image of a solvent-annealed P3HT:PCBM BHa-im. (Reprinted
with permission from Reference [60]. Copyright (ZD®y Wiley-VCH Verlag GmbH &
Co.); b) 3D electron tomography of P3HT nanofibres in &IPCBM BHJ displaying a
bi-continuous percolating network. In the bottorft-t®rner, the 3D image is integrated in
an artistic view on energy conversion by OSCs (Répd with permission from
Reference [139]. Copyright (2009) by American CheahBociety).

The formation of BHJ thin-film is a complex mechemi and non-homogeneous vertical
segregation is generally expected [141], especiahgn the surface free energy of D and A differs
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significantly. In order to minimize the total fremergy, the composition at the substrate/BHJ and at
the BHJ/air interfaces should be different depegdin the surface free energies of components and of
the substrate on which they are deposited [142,148]an example, researchers demonstrated such a
substrate surface tension dependence for a P3HTPBIBI. They revealed a vertical concentration
gradient with a PCBM-rich region near the substBid interface and P3HT-rich domains at the
BHJ/air interface [141]. Even in this case, anmgplireatment can be used to modulate the vertical
diffusion of components and to obtain an effectieetical distribution [142].

Although spin-coating is the most widely used mdtho obtain high efficiency OSCs, it is
unsuitable for large scale deposition since it meguquite rigid substrates of reduced dimension.
Nonetheless, in order to access the market, O®Chnblogy needs massive deposition tools (such as
roll-to-roll deposition [16], ink-jet printing [144gravure printing [144]etc) which are generally able
to guarantee an appropriate control of the morgholo

For example, by means of a roll-to-roll based metfsee Figure 16), Pagk al.[145] succeeded in
controlling the P3HT:PCBM morphology by placing dhe cast film (Figure 16a, step 1) a
gas-permeable silicone membrane (Figure 16a, sfepn@er pressure for regulating the solvent
evaporation rate (Figure 16a, step 2 and b). Thespire induced a shear flow (Figure 16a, step 2 and
b) helping to align the D polymer chains while 8wvent evaporated through the silicone film. After
the removal of the silicon membrane, the BHJ wédgestied to a short thermal annealing (1 min) and
to the final electrode deposition (Figure 16a, Sep). Of course, the thickness of the film obtdimne
also affected by the solution concentration, rgtlexssure, and rolling speed [146]. Besides praduci
OSCs with a rate of 10-20 mm/s, these researchi#asned a finer interpenetrating network along
with a more uniform distribution of the blend, heghPCE and charge mobility compared to
spin-coated samples.

Gravure printing [147,148] has been also employedetlize OSCs. Voiget al. [147] obtained
high quality printed BHJ by treating substrate waitasma and using optimized ink viscosity, substrat
surface tension and roughness. Besides, a desmmadrighology was achieved by using high boiling
point solvents in order to modulate the solventpevation rate. These authors prepared Gravure
printed OSCs and found that by this method invededfiguration cells had significantly longer
lifetime than non-inverted ones.

Moreover, the usage of high boiling point solventseduce the drying speed of deposited films is a
strategy also exploited in ink-jet printed OSCs94451]. Eomet al. [151] found that the addition of
high boiling point additives to the main D:A sotuti offers great control on the morphology showing
improved light absorption, reduced recombinatiossés due to an improved crystallinity and charge
mobility. These authors built ink-jet printed P3WTBM BHJ solar cells having a remarkable PCE
of 3.71%.
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Figure 16. Schematic depiction of a roll-to-roll process the large scale fabrication of
OSCs: &) casting of the D:A blend solution (ITO is indiuin oxide); @) dynamic layer
formation by controlled solvent evaporation, thetsk describes the solution shear flow
inducing chain alignment;c] A picture of the roll-to-roll apparatus (in thaset, the
flexible OSCs before contact deposition). (Repdntgth permission from Reference [145].
Copyright (2010) by Wiley-VCH Verlag GmbH & Co.).

Finally, a few words must be written on the longwiestability of these devices. Truly, the word
“stability” is not appropriate in this case, singe are speaking about far-from-equilibrium struetur
Thermodynamically, a structural change of the &ctivm is favoured and it may be even accelerated
by the operating conditions (thermal stress by ist@diation),i.e., an “intrinsic degradation” [152].
Further detrimental processes including the chdmiederioration of electrode metals [153] and
polymer molecules in the presence of oxygen ancemfib4] as well as the photo-oxidation of
polymers [155] are grouped under the term “extdmiggradation” [152]. While extrinsic issues can be
fixed by improving the manufacturing technology damgan effective encapsulation [156], intrinsic
degradation continues to degrade cells althougfeq®y sealed and this is one of the main causes of
the limited lifetime of OSCs that is the real betck for their successful commercialization.

In a study on the demixing of polythiophene:perglddHJ, Keivanidiset al. [157] observed a
decline of the photophysical properties alreadgraftvo weeks from the layer deposition because of
the phase separation of components and the congegdeiction of D:A interface.

Interestingly, it has been proposed that polymejioregularity may also have a role in the
long-term durability of devices [158]. OSCs basedhighly regioregular P3HT:PCBM BHJ have
shown decreased photoconversion performance upeingagoecause the higher crystallinity of the
P3HT favour the segregation of the PCBM reducirg EhA interface. Conversely, low regioregular
P3HT:PCBM cells offer lower but more stable coni@rsfficiency (over four months), since the low
regioregular polymer limits the PCBM diffusion. wmiew of this, the selection of a proper
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regioregularity grade seems to be a crucial painbrder to set a trade-off between high-efficiency
and long-durability.

The ease of diffusion is also connected with thehmgrical characteristics of polymers which are
related to the J- An interesting study on PPV based polymers:PCBNJ Blevices revealed that high
Tgypolymers display an enhanced thermal stabilityhefBHJ structure with long-lasting performance.
This is probably due to the “stiffer” highspolymeric matrix that may hinder the diffusion guitase
segregation of the PCBM component [159].

3. Conclusions

Despite a huge effort over the last three decatlesnanoscopic control of morpology in thin
molecular films remains still a matter of basic e@msh. There is no consolidated theoretical
framework to predict and explain the non-equilibristructures of thin films and experimentalists
usually work by trial and error procedures to ojtienthe structures frozen in the confined layers of
single polymers or blends over suitable substrates.

However, it is clear that polymers and specificalljppra-molecular structures may adapt in 3D in a
large variety of complex states and the abilitytddor their functions requires a fine nanoscopic
morphological control. Here, we reviewed the moipgg-performance relationship by selecting some
case studies dealing with a variety of structurekiewvable also by employing similar systems
deposited under different dynamic conditions fovisieg thin film transistors and OSCs. Explicitly,
the increasing massive market in organic and gladéctronics has to take into account the above
issues dealing with processing low cost technoBgpeobtain improved performances together with
lowering the cost/performance ratio of devices systems.
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