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Abstract
Photovoltaic functions in organic materials are intimately

connected to interfacial morphologies of molecular packing in

films on the nanometer scale and molecular levels. This review

will focus on current studies on correlations of nanoscale

morphologies in organic photovoltaic (OPV) materials with

fundamental processes relevant to photovoltaic functions, such

as light harvesting, exciton splitting, exciton diffusion, and

charge separation (CS) and diffusion. Small molecule photo-

voltaic materials will be discussed here. The donor and acceptor

materials in small molecule OPV devices can be fabricated in

vacuum-deposited, multilayer, crystalline thin films, or spin-

coated together to form blended bulk heterojunction (BHJ)

films. These two methods result in very different morphologies of

the solar cell active layers. There is still a formidable debate

regarding which morphology is favored for OPV optimization.

The morphology of the conducting films has been systematically

altered; using variations of the techniques above, the whole

spectrum of film qualities can be fabricated. It is possible to form

a highly crystalline material, one which is completely amor-

phous, or an intermediate morphology. In this review, we will

summarize the past key findings that have driven organic solar

cell research and the current state-of-the-art of small molecule

and conducting oligomer materials. We will also discuss the

merits and drawbacks of these devices. Finally, we will highlight

some works that directly compare the spectra and morphology

of systematically elongated oligothiophene derivatives and

compare these oligomers to their polymer counterparts. We

hope this review will shed some new light on the morphology

differences of these two systems.
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T
he photovoltaic effects and photoconductivity

in organic materials have been studied extensively

for decades (1�5), and, as a result, the mass

production of organic solar cells is well within our reach.

Collaborative efforts in such an interdisciplinary field

have greatly improved our understanding of the funda-

mental processes occurring in these devices: (1) light

harvesting, (2) exciton diffusion, (3) CS, (4) charge carr-

ier diffusion, and (5) charge collection. These fundamen-

tal processes (Fig. 1) occur in both (a) multijunction

and (b) bulk heterojunction solar cells. While all of

these processes affect the overall device power conver-

sion efficiency (PCE), only the first three processes are

discussed in this review. The PCE is calculated by

measuring the open circuit voltage (VOC) and the short

circuit current (JSC) of solar cell devices, and by

calculating the fill factor (FF), which is the ratio of the

maximum device power divided by the power calculated

by the product of VOC and JSC. The PCE (h) is then

expressed as h�
VocJscFF

A � I
; where I is the total light

intensity and A is the illuminated area of the device.

The external quantum efficiency (hEQE(l)) is related to

JSC by hEQE(l)�
Jsc(l)=e

I(l)l=hc
; where JSC(l) is the incident

wavelength (l) dependent short-circuit current, e is the

elementary charge, I(l) is transmitted monochromatic

light at l, h is Planck’s constant, and c is the velocity of

light in vacuum. The hEQE(l) can also be expressed by

the efficiencies of individual processes listed above:

hEQE �hAhEDhCShCT; (1)

where hA, hED, hCS, and hCT are efficiencies for the

light absorption, exciton diffusion, CS, and charge trans-

port and collection processes, respectively (6). When the

efficiency for each process is optimized, the device PCE

is maximized. Interestingly, the first of these processes,

light harvesting/absorption, is one of the parameters in

organic photovoltaics (OPV) that has not been impro-

ved significantly until recent years, and more improve-

ments are still in progress. The first solar cells had a

relatively narrow overlap between their absorption profile

and the solar spectrum, whereas conjugated conducting

molecules with a smaller optical gap developed in recent

years have very wide absorption spectra in the visible

region, which is one of the main improvements in the

enhancement of h.

In contrast, one of the first issues effectively tackled

in OPV cell production was the CS. Although the

photoconductive effect on these materials was studied

as early as the 1950s (7), the first truly viable organic

solar cell with small molecules was not developed until

1985 (1). The generation of photocurrent and voltage

using a bilayer p/n junction made from small molecule

films was a revolutionary breakthrough. An electron

donor forms the first layer and is photoexcited to create

an exciton that subsequently diffuses to the bilayer

junction, where the electron can hop to the electron

acceptor, which makes up the second layer in the device.

The exciton splitting at the junction creates two well-

separated charge carrier species: the electron and the

hole (Fig. 1). This concept has proven to be the best suited

for interpretation of OPV effect and is widely accepted

in almost all solar cell device design today.

Although the molecular bilayer p/n junction has

established potential for the OPV effect in solar cell

applications, the PCE at that time was still below 1%

because this device architecture was not optimized for

interfacial CS and interactions between the electron donor

and acceptor. The quality of each material individually

will affect both the exciton and charge carrier diffusion in

the films. Exciton diffusion has been a serious bottleneck

for many years in OPV systems compared to their

inorganic counterparts. Because of the disorder in organic

materials, the exciton diffusion length is orders of

magnitude smaller (�10 nm) compared to conventional

inorganic solar cell materials, such as silicon, which can

have diffusion lengths over 100 microns (8). Because

exciton diffusion lengths in organic materials can be

many times smaller than their optical absorption lengths,

maximizing the light harvesting capabilities by making

thicker bilayer cells is often detrimental to the exciton

diffusion efficiencies, while thinner cells will increase the

exciton diffusion efficiency but lower the light harvesting

efficiency. Therefore, an overall optimal efficiency must

be achieved that balances light harvesting and exciton

diffusion. In order to have effective CS and charge carr-

ier generation, the prerequisite for photon-to-electron/

hole conversion is for excitons to migrate quickly to
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Fig. 1. (a) Carrier generation and transport in a two layer junction. First, excitons are created upon light excitation (light

harvesting). Some of the excitons then diffuse through the donor (or, in some cases, the acceptor) material and reach the donor

acceptor material (exciton diffusion). Once the excitons reach the donor acceptor interface, the potential energy difference of the

electronic states of the two materials provides a driving force for the electrons in the excitons of the donor material to transfer to

the acceptor material (charge separation). Finally, the separated charges diffuse back to their respective electrodes, where these

charges are collected (carrier diffusion and charge collection). (b) Carrier generation and transport in a bulk heterojunction

(BHJ) device. The same five processes are necessary for efficient photocurrent generation. In the two layer junction device, the

largest bottleneck in the PCE is the exciton diffusion mechanism while the optimization of BHJ devices focuses on improving

the carrier diffusion process in these blended films. (c) An energy schematic of the donor-acceptor OPV motif.
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the donor:acceptor junction before they decay back to

the ground state. If the exciton diffusion lengths are too

small, the CS in these materials will be inefficient,

which will in turn affect the overall PCE. Therefore,

the distance between the donor and acceptor materials

needs to be relatively small, or the diffusion length of the

excitons needs to be enhanced. The film thickness cannot

simply be lowered to the exciton diffusion length of these

materials or the light harvesting effects will be diminished.

The fabrication of bulk heterojunction materials via

spin casting methods was first used in 1995 to optimize

both the light harvesting and exciton diffusion conditions

(2). By depositing the donor and acceptor materials

simultaneously, the average segregated domain size of

the donor and acceptor materials is reduced, making the

distance for the exciton travelling to the donor/acceptor

boundary sufficiently short and CS efficiencies higher

compared to the molecular bilayer devices. While the

films prepared by this method, known as bulk hetero-

junction (BHJ) films, have efficient exciton diffusion, the

smaller crystalline domain sizes also degrade the over-

all crystalline quality of the domains. This crystal

degradation can have adverse effects on the carrier

migration through the materials, which occurs after CS.

The presence of both crystalline and amorphous materi-

als leads to a combination of complicated ‘exciton

hopping’ and ‘random walk’ components of the charge

migration (9), which is not as efficient as a well-ordered

crystalline diffusion. Therefore, there have also been

several investigations into increasing the crystallinity

and diffusion length of the organic materials used in

solar cell devices (5). By increasing the diffusion length

of the materials, the limit imposed on the domain sizes

by this property can also be increased, which will give

more order in the charge migration and exciton diffusion

of the films. The interplay of the maximum interface area

for CS and the optimal crystallinity for charge migration

lies at the heart of solar cell optimization today. This

interplay is greatly affected by the active film morphol-

ogies. As a consequence to optimize these two character-

istics, there have been two main veins of organic solar

cell research: (1) small molecule and oligomer materials

and (2) conjugated oligomer and polymer materials

blended with buckminsterfullerene derivatives.

Organic solar cells are typically made by vapor depo-

sition, which produces more ordered layers, or spin

coating, which produces BHJ films and can be annealed

to improve crystallinity. Spin casting is ultimately more

inexpensive and scalable compared to vapor deposition

methods, while vapor deposition allows for a higher

degree of morphological control. As the processing

conditions for organic solar cell devices continues to

improve, some overlap and refining of the aforementioned

film production methods has occurred. For instance,

vapor deposited solar cells can contain neat or blended

film layers and the optimized blended film morphology

for various devices can be crystalline, nanocrystalline,

or amorphous (10, 11). Some preparations have utilized

both spin casting and vapor deposition methods (12).

In November 2010, the highest efficiency of both small

molecule and polymer solar cells reached an efficiency

of 8.3% (13, 14). The small molecule devices were vapor

deposited while the polymers were spin cast from solu-

tions. Some materials, such as oligothiophene deriva-

tives, can be processed using either vapor deposited or

spin casting methods. These materials have recently

shown promise in creating high efficiency OPV cells,

and they also serve as a representative system to study the

physical processes in the materials to better understand

the mechanisms leading to enhanced solar cell efficiencies.

In this review, we will first discuss the optimal qualities

and state of the art of materials used in small molecule

and oligomer solar cells. We will then discuss some of

our current findings of systematically elongated thio-

phene oligomer materials and their spectral and morpho-

logic properties. Finally, we will compare the morphology

and transient absorption spectroscopy of an oligomer

species, MF, and its polymer counterpart, PF.

The evolution of device optimization in small
molecule OPV materials

1. Phthalocyanines: a first case study in organic
photovoltaic (OPV) materials
The first organic solar cells created were based on

phthalocyanine (Pc) and perylene (PER) derivatives (1).

Their structures are shown in Fig. 2. The Pc electronic

properties have been extensively studied for several

reasons: Pc structures are similar to those of chlorophyll

naturally occurring in photosynthetic membrane pro-

teins. These relatively large, planar, conjugated molecules

have intense absorption bands in the UV-vis region,

and are capable of donating electrons from their excited

states to the LUMO of the PER acceptor material.

The first single heterojunction solar cells were made of

Pc as the electron donor layer and had a PCE of B1%.

In the past 25 years, considerable molecular engineering

and film quality investigations have led to a significant

increase in the overall device PCE. Two breakthroughs

developed using Pc materials have been instrumental

to the improvement of many different small molecule

and polymer photovoltaic devices. One breakthrough was

the addition of an ‘electron blocking layer’ between the

acceptor and the cathode (15), preventing organic

film damage during the evaporation of the cathode layer

and directing the excitons’ diffusion to the junction,

which in turn increases the CS. A schematic of the energy

levels of an organic solar cell with this blocking layer is

shown in Fig. 1c. The second breakthrough, which is

currently where the main thrust of organic electronic
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research still lies, is in increasing the interaction area or

junction area between the donor and acceptor materials.

There have been several methods employed to achieve

this goal, such as the co-depositing of donor and acceptor

materials (16, 17) and the production of ‘graded hetero-

junction’ materials by systematically changing the ratio

of the donor and acceptor materials being deposited

onto the substrate (18). The delicate interplay of film

crystallinity and donor:acceptor interface optimization

has been the subject of many investigations and is still

undergoing improvements as our understanding of film

morphology increases.

Although the investigations of Pc-based solar cells

have produced a wealth of understanding and improve-

ment of these devices, there are drawbacks in using Pc

materials for OPV devices. The main drawbacks are

the overlap of the Pc absorption (Fig. 3) with the solar

spectrum and the energy level alignment between the

donor and acceptor materials for the CS. Compared to

the spectrum of the sun, the Pc absorption spectra

with two intense but narrow absorption peaks can only

allow these materials to harvest a very limited amount

of solar photons. In order to circumvent this limit, many

Pc derivatives have been synthesized to broaden the

absorption spectra in order to increase the light harvest-

ing efficiency (19). Chemical synthesis, as well as film

fabrication engineering, can also optimize the alignment

of the Pc HOMO and LUMO levels with respect to the

acceptor materials. The second parameter that is less than

ideal for these materials is the film characteristics (20).

Due to their planar structure, many Pc polymorphs have

been observed in the literature (21) due to many weak

intermolecular interactions, affecting the film morphol-

ogy and stability. Furthermore, a large number of Pcs

are insoluble in most solvents, so the materials can only

be created using the expensive vapor deposition rather
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than spin casting (22). Some efforts have been made to

make soluble Pc materials (23), but they have not been

very successful. The use of a new Pc derivative, boron

sub-Pc (sub-Pc) (Fig. 2), has helped in solving the

issues of band level alignment and film morphology

(24, 25). The VOC of the sub-Pc device is larger when

prepared with conventional solar cell acceptor materials,

and the PCE is consequently higher compared to the

corresponding Pc-based devices. The sub-Pc molecules

have a C3 symmetry, rather than a C4 symmetry in Pc,

and their less planar structures make them more

soluble in common solvents and hence easier processing

than Pc materials. The lower order symmetry also makes

the molecules more susceptible to changes in film

morphology due to growth conditions. Currently, the

highest efficiency Pc solar cells use these sub-Pc deriva-

tives in a graded heterojunction morphology. The effi-

ciency of a single heterojunction device is 4.2% (18).

2. OPV materials based on squaraines: increasing the
energetic overlap with the solar spectrum
In spite of progress in using Pc OPV materials in the

past 25 years, there is still room for improvement in

the small molecule-based OPV devices, such as using

different types of small molecule materials for higher

solar cell efficiencies. Squaraines (Fig. 2) are one series

of the materials as alternative of Pcs. There are three

main reasons why squaraines were initially investigated

as potential electron donors in organic solar cell devices

(26, 27). The first was the increased overlap of their

absorption spectrum with the solar spectrum. These

molecules have an internal donor-acceptor character,

which in turn lowers the bandgap of the material. The

donor-acceptor character of these molecules can also

enhance the CS of the excitons in these devices. The

absorption spectrum is also significantly broadened in

films, further enhancing the absorptive overlap with the

solar spectrum and the light harvesting efficiency in

solar cell devices. The second reason for studying

squaraines is that the HOMO energy levels of these

molecules are relatively low, so a sufficiently high open

circuit voltage can be maintained while lowering of

the bandgap (21). Moreover, the squaraines films have

significant crystallinity due to strong interactions be-

tween squaraine molecules, which will enhance the carrier

transport in these films (12, 28). The stacking distance
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between squaraine molecules in a film is approximately

3.4 Å (27). This densely packed structure facilitates

carrier transport and also further broadens the optical

absorption spectrum. The feasibility of spin casting

squaraine thin films minimizes the production cost of

solar devices using these materials. Squaraine films

have been made using both vapor deposited and spin

casting methods (12, 26). The highest efficiencies for

single heterojunction devices has been achieved by using

squaraine derivatives and a combination of vapor depos-

ited and spin casting methods. Efficiencies as high as

5.2% have been reported (29). Therefore, it is expected

that the study of squaraine films in OPV devices will

remain as an intense area of study in future works.

3. Perylene derivatives: systematically controlled
acceptor materials
Small molecule acceptor materials are typically used

in both vapor deposited and spin cast devices. Two

acceptor materials have been used extensively in the

past, PER and buckminsterfullerene derivatives, which

are highlighted below. Although other materials are being

investigated as electron acceptors in organic films, their

properties lie outside the scope of this review. The first

electron acceptor material utilized in OPVs was a

PER derivative (see Fig. 2). These were the first set of

molecules to show the n-type electronic character neces-

sary for electron acceptor materials. As an added benefit,

these compounds are well known to have a very high

degree of crystallinity when incorporated into films.

Therefore, most initial works were performed on this

compound (30). This higher degree of crystallinity led to

the assumption that the exciton diffusion length is

very large for most PER derivatives. In fact, these

molecules have only a moderate diffusion length of �3

nm (31). Although the exciton diffusion length is

relatively small for PER derivatives, there are still many

investigations into the potential use of this material

in organic solar cells due to their high electron mobility

in solid films. Although the exciton diffusion length of

PER derivatives is not significantly enhanced by the

superlative crystal packing, the charge carrier diffusion

length is enhanced. The highest efficiency solar cells

require a delicate balance of exciton diffusion and carrier

transport optimization. capitalized, such as PTDCA and

PPEI, are potentially promising materials that have

an exciton diffusion length as large as 88 nm (31).

Perhaps the most challenging issue in these small pigment

molecule-based OPV materials is to form an optimal

morphology through self-assembly to significantly con-

trol the CS dynamics in these films (32, 33). In particular,

one would like to tailor the materials so that the

controlled self-assembly via intermolecular interactions

can be achieved to form dual continuous channels

respectively for the donor and acceptor for the carrier

transport while the donor and acceptor are covalently

linked (32�36). Perylene is an ideal electron acceptor

in this application. The planarity of the molecule

will facilitate favored self-aggregation in these films.

The improvement of the bound pair devices demonstrates

the huge potential this approach offers and further

enhancement is expected by optimizing processing and

post-production treatments.

4. Buckminsterfullerene derivatives: more ideal
electron acceptor materials
Around the same time that the first single heterojunction

solar cells were being produced, the buckminsterfullerene

molecule (C60) was also discovered (37). This revelation

led to an explosion of interest on the chemical, optical,

and electronic properties of the material. In particular,

the conductivity of C60 was quickly established, and the

use of this material in electronic applications such as

OPVs became an emerging field of study (4). One

attractive feature of C60 is its long electron diffusion

length. To increase the overall PCE of the perylene-based

devices, a material with an increased electron diffusion

length is required. The reported exciton diffusion length

of the acceptor material C60 is substantially longer

compared to PER derivatives such as PTCBI, which is

attributed to the rapid intersystem crossing of the sing-

let excited state to the long-lived triplet excited state

allowing ample time for its diffusion (31). In single

heterojunction devices with narrow absorption bands,

the exciton absorption in the acceptor material can

significantly affect the overall solar cell efficiency. The

absorption spectrum of C60 is shown in Fig. 3. The initial

experiments on solar cell devices used polymers as the

active donor material were initiated in 1993 (38). It was

not until 2001 that PER was substituted by C60 for single

heterojunction small molecule devices (39). One reason

for the lag time of using C60 in vapor deposited small

molecule devices was the concern that the relatively small

extinction coefficient of C60 would lower the light

harvesting efficiency and hence the device PCEs. Com-

pared to Pc and PER derivatives whose extinction

coefficients are in 104�106 M�1cm�1, C60 has an

extinction coefficient of only 103 M�1cm�1 in the visible

spectral region (40). Although the extinction coefficient is

lower for C60 compared to PTCBI, the longer diffusion

length and therefore the exciton diffusion efficiency,

overcompensates for the reduced light harvesting effi-

ciency in C60. The films can also be made thicker, which

will enhance the light harvesting. Therefore, replacing

PTCBI with C60 increases the EQE for wavelengths

within the C60 absorption band.

Another reason for the long lag time of the fullerene

derivative in small molecule solar cells is the initial low

power conversion efficiencies of the material. The first

fullerene derivative solar cells, which were used with
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polymer donor materials, had efficiencies lower than 0.1%

(38). This low efficiency was attributed to the poor donor-

acceptor interface of the material. A revolutionary break-

through in the field of OPVs occurred when a derivative of

C60, [6,6]-phenyl-C61-butyric acid methyl ester (PCBM),

was synthesized in 1995 (41). This material is more soluble

compared to the unsubstituted fullerene. The high solu-

bility of this material led to the fabrication

of the bulk heterojunction (BHJ) films, which enhance

the interfacial interactions between the donor and the

acceptor (2). Since then, this material and its derivatives

have been used almost exclusively in polymer solar cell

devices.

The low absorption of C60 derivatives in the visible

and infrared spectrum can be attributed to a high degree

of symmetry, making the lowest-energy transitions for-

mally dipole forbidden. Therefore, when the C60 moiety,

PC61BM is replaced by a less symmetrical or elliptical

fullerene, PC71BM, these transitions will become allowed

and a dramatic increase in light harvesting is expected.

The use of C70 and PC71BM has been shown to increase

solar cell efficiencies (42). The absorption spectrum of

PC71BM is also shown in Fig. 3. The enhanced absorp-

tion over the entire visible range increases the overall

short circuit current in the film devices. The electronic

band level alignment is very similar for C60 and C70

derivatives (43), so the open circuit voltage and fill factors

are similar for the two kinds of devices. Therefore, the

PCE in many solar cell devices has been enhanced by

using C70 derivatives as the acceptor material. Never-

theless, C60 is still often used as the acceptor material

for comparative purposes or in devices where the donor

material has a high extinction coefficient over the entire

visible spectrum. The C70 derivatives are more difficult

and expensive to separate, so C60 is used in cases where

the increase in the efficiency does not increase signifi-

cantly using C70 derivatives. The production of other

fullerene derivatives, such as indene-substituted fuller-

enes, continues to increase solar cell efficiencies (44).

5. Oligothiophene derivatives: a new avenue in OPV
donor material optimization
Oligothiophene derivatives have been studied for a

wide array of organic electronics and have shown much

promise in field effect transistors in past years. They have

high hole mobilities and the charge carrier mobility can,

in turn, ensure high carrier transport in these materials.

One of the main reasons why these materials are not

favorable for solar cell devices is the very high bandgap

of these small molecule materials. Early works on small

molecule bulk heterojunction solar cells were focused

on branched oligothiophenes (45). More recently, there

have been substitution methods employed to lower

the bandgap of these materials (46). Promising results

have recreated recent interest in the investigation of

oligothiophene derivatives as a potential donor material

in BHJ solar cells. Some results are highlighted below.

Representative structures of three conjugated aromatic

oligomers and fused aromatic ring derivatives are shown

in Fig. 2. The number of these kinds of systems studied

for the purpose of OPVs is actually quite extensive.

For arrays of small molecule organic systems developed

in the past, the reader is directed to previous reviews

(47). Because of the limited scope of this review, only

two specific systems will be discussed in detail here,

representing the current state-of-the-art materials for

organic oligomer photovoltaics. Essentially, the improve-

ment of these materials has been focused on the

optimization of four main properties: (1) the reduction

of the bandgap, (2) the improvement of the film structure,

(3) the enhancement of solubility for easier film produc-

tion, (4) the increase in electron affinity to yield high open

circuit voltages and device stability (48�50).

There is an enormous number of chemicals produced

for use as dyes and pigments, many of which have

been investigated for OPVs applications. These molecules

have several advantages over larger molecular materials

because they are small, exhibit self-assembly, and are

easily modified and processed. Pigment chemistry is a

well-established field and has produced many commer-

cially available products with long-term stability and low

production costs. For organic solar cells, pigments can

be optically tuned to desired spectral characteristics,

such as maximizing the spectral overlap with the

solar spectrum. These molecules have been fabricated to

be easily substituted, so fine tuning their properties

is a fairly straightforward process. For instance, by

the addition of structurally or electronically viable side

groups, the film morphology or band level alignment

can be controlled. One particular group of pigments

that has been modified to create very high efficiency

small molecule bulk heterojunction (SMBHJ) solar cells

contains a 3,6-diaryl-2,5-dihydro-pyrrolo-[3,4-c]pyrrole-

1,4-dione (DPP) central unit (Fig. 2) (49, 51, 52). The

DPP unit lies in the center of this molecule. The optical

properties of the molecule can be altered by attaching

electron donating aromatic side chains such as thiophene

(TH), furan, or phenyl groups. Aliphatic side chains

can be added at the nitrogen atoms in order to optimize

the film morphology and solvent solubility. The central

DPP unit also lowers the relative energy levels, which

increases the open circuit voltage and stability in these

devices. In short, these pigments have shown superlative

outputs for all of the four properties mentioned above.

Therefore, these molecules have proven to be very

promising in the field, and efficiencies as high as

4.4% have been reported for these devices (51). This is

the highest efficiency for a completely solution processed

small molecule single cell reported to date. Due to the

modular nature of this molecular system, the side chains
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can be systematically altered in future works to improve

device characteristics even further.

In particular, the addition of cyanovinylene moieties to

the oligothiophene units creates donor:acceptor character

within the oligomer, which in turn lowers the bandgap

of the material. An example of such an oligomer is

shown in Fig. 2. There have been many studies on the

dependence of the oligomer length and number of

cyanovinylene units on the oligomer to study the optimal

electronic properties for this material (53). Cyanovinylene

additives are promising side groups because they lower

the optical bandgap by lowering the LUMO level of

the oligothiophene while the HOMO level remains fairly

constant (54). These units act as electron acceptors while

the oligothiophene acts as an electron donor, which puts

these oligomers in the ‘push-pull chromophore’ category.

The oligomer shown in Fig. 2, DCV6T, has shown the

best efficiencies for OPV devices. The HOMO and

LUMO levels are at �5.22 eV and �3.44 eV, respectively

(55). Compared to unsubstituted or alkyl substituted

sexithiophenes, whose HOMO and LUMO energy levels

lie at �5.3 eV and �3.0 eV, respectively (56), the

HOMO level of DCV6T is constant while the LUMO

energy position is reduced. The addition of two cyano

units to each vinylene side chain, as is shown for the

DCV6T molecule, creates the optimal electronic struc-

ture. One cyano end unit does not significantly lower the

LUMO level while three cyano units lower the bandgap

and energy levels so far that the material can no longer

act as a p-type electron donor and has actually been

studied as an n-type electron acceptor in OPV applica-

tions. For vapor deposited single cell devices, PCEs as

high as 4.9% have been reported (57). A similar dicyano

oligothiophene, DCN7T, has shown efficiencies as high

as 3.7% in solution cast films (58). The high efficiencies

are due to the combination of the structural and

electronic properties of the material. A p-i-n tandem

solar cell containing two vertically stacked solar cells (one

cell containing ZnPc:PCBM and one cell containing

DCV6T:PCBM as the active layer) has been thoroughly

analyzed and PCEs close to 6% were reported (59).

The devices also exhibit very high long-term stability.

The same authors have very recently reported a tandem

solar cell efficiency of 8.3% (13). Although the exact

device structure has not yet been reported, these cells

presumably contain the same active materials. These solar

cells have also been prepared industrially so they are

very close to the mass production stage.

Although the field of oligothiophene OPV devices is

not investigated as widely as their polythiophene counter-

parts, they have very recently shown some promising

results regarding their device efficiencies. Furthermore,

a wide variety of information can be determined by

studying oligomer species. These systems can be more

systematically regulated, which can in turn improve our

understanding of the physical properties of these mole-

cules. In some of our previous studies (60, 61), four

co-oligomers were synthesized, each of which consists

of one thieno[3,4-b] thiophene derivative (TT) unit at its

center linked at both ends with one hexyl oligothiophene

fragment attached on either side. The oligothiophene

fragments were symmetric and were 1, 2, 4, or 8

thiophene units in length. The co-oligomers were, hence,

named M3, M5, M9, and M17 with their numbers

corresponding to the total monomer units in the co-

oligomers. The structural schematic for these molecules

is shown in Fig. 2. A fluorinated analog of the M17

molecule, MF, and it corresponding polymer, PF, were

also synthesized and are shown in Fig. 2 (62). With these

systems, we systematically characterized both electronic

and intrachain structural effects arising from the addition

of the fused ring in the TT unit to these co-oligomers.

The spectral, structural, and kinetic details of these

materials are highlighted in the section below.

Specific case studies
The studies outlined below compare spectral, structural,

and temporal characteristics of conducting polymer and

oligomer species related to their applications in photo-

voltaic devices. We highlight our investigations on one

oligomer series, the ‘M series oligomers’ (Fig. 2, M(2n�
1)). These results give meaningful insight on the interplay

between the various parameters in these photovoltaic

materials and their influences on device performance.

Comparative studies were also carried out on bench-

mark systems such as oligothiophenes and poly-

3-hexylthiophene (P3HT).

1. The ‘M series’ oligomers: co-oligomers with a
central thienothiophene attached to oligothiophenes
of various lengths

1.1. Spectral effects: systematic control of the optical
bandgap
The main motivation for this oligomer comparison work

was to systematically investigate the range of electronic

effects from a single unit in a conjugated backbone in

oligomers (60), to characterize the thin film morphology

of these oligomers (61), and to optimize the overlap of

the oligomer absorption with the solar spectrum. These

co-oligomers share a common central (TT) unit, but

differ with the number of TH side units attached (Fig. 2).

The direct connection of the TT unit with higher electron

affinity with those of TH units of lower electron affinity is

the approach used in construction: efficient light harvest-

ing charge transfer copolymers for solar cell materials.

However, the details of how the two or more kinds

of units interact along the conjugated backbone are

not clear. This series of co-oligomers serve as models for
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our understanding of electronic effects propagating from

a single TT unit along a p-conjugated backbone.

First, the spectral effects of lengthening the TT

oligomer units were investigated as a means to optimize

the collection efficiency in these materials. The steady-

state absorption spectra are shown in Fig. 3 for the M3,

M5, M9, and M17 molecule in toluene solutions. The

absorption peaks red-shift as the oligomer length in-

creases, which suggests that the electron delocalization

length in the excited state increases with the oligomer

size. There were also two electronic peaks present in

the absorption spectrum. The lower energy peak, denoted

as S1, was attributed to a pseudo charge transfer state.

The electron density is pulled from the TH oligomers

toward to the central TT unit. As the number of TH units

increases by an increment of two units on each side of the

TT unit, the amount of red-shift decreases. The S1 peak

position has only a slight red-shift in the M17 spectrum

compared to that of M9, suggesting an obvious saturation

of the red-shift as a function of the length. The S1 peak

for the longest oligomer M17 was at 2.31 eV (535 nm),

which was 0.45 eV lower than the lowest energy peak

of the P3HT absorption spectrum in solution at 2.76 eV

(450 nm) (63, 64). This result clearly indicates the

significant effect of a single TT unit in lowering the

bandgap of the oligomer due to the nature of this pseudo

charge transfer state. The question, therefore, is what the

optimal number of TT units would be for the highest

possible efficiency photovoltaic with multiple factors

considered.

We investigated the effects of the TT unit on the

exciton diffusion length by determining the conjugation

length of this series. In order to more accurately

determine the conjugation length of the lower energy S1

state, the relationship between the optical bandgap and

the oligomer backbone units was determined. It is well

known that for longer oligomers, the optical bandgap of

the material can become saturated, which then follows

the relationship (65):

E(n)�E��(E1 �E�)exp(�s(n�1)); (2)

where E� is limiting optical bandgap for n0�, E1 is the

energy of the monomer, s is a parameter related to the

saturation length of the molecule, and n is the number of

monomer units. The s was determined to be 0.5490.02

from the absorption and the fluorescence spectra, which

suggests that the oligomers investigated in this work

reached over 95% spectral shift saturation within seven

monomer units. The effective conjugation length (ECL)

is defined as the smallest number of units in which

the optical bandgap differs by less than 1 nm compared

to the limiting optical bandgap (in nm). Using the

relationship above, the ECL for the S1 state is 11 units.

In contrast, the ECL for benchmark oligomers such

as oligothiophene is 17�20 units (65). Therefore, we

concluded that the ECL for the M series oligomers was

shortened by a factor of two compared to the unsub-

stituted hexyl-oligothiophenes. Nevertheless, the ECL

of the S1 state was surprisingly long considering the

electronic state was formed by the effects of a single TT

unit.

1.2. Morphology dependence: intermolecular packing of
the oligothiophene and thienothiophene side chains
When the aforementioned oligomers are used in photo-

voltaic materials, they will be processed into thin films.

It has been commonly acknowledged that the film

morphology, namely their domain size and crystallinity,

can significantly influence the photovoltaic device per-

formance (66). In order to better understand the film

morphologies and their difference on oligomers of

varying length, atomic force microscopy (AFM) and

grazing incident x-ray diffraction (GIXRD) measure-

ments were carried out on the M series oligomers to

probe molecular packing in these self-assembled archi-

tectures at different levels, from local molecular struc-

tures to packing domains (61). We focused on molecular

and domain packing structures and their dependence on

oligomer lengths and the interplay of different relevant

forces that control the oligomer film morphology, a

key parameter in device optimization. The AFM images

for three oligomers (Fig. 4) show that differences in

backbone lengths of the oligomers result in distinctly

different morphologies in these thin films. The fibrous

morphology appearing only in M9 is in stark contrast

to those appearing in the M5 and M17 films. After

investigating several AFM images of the M9 films, we

determined that the fibers have two distinct dimensions.

The wider crystalline fibers were roughly 0.8�1.2 mm

wide and �26 mm long while the thinner fibrils were

roughly 80�100 nm in width. The thickness of the

fibers was approximately 20 nm. The films of M5 and

M17 both show domains without apparent order. The

random domains in M5 were approximately 150�300 nm

in diameter, while those in M17 were approximately 75�
300 nm in size.

In order to investigate the nature of the fiber formation

in the M9 films and further understand the forces involved

in self-assembly processes, GIXRD was also performed

on these films where an x-ray beam strikes the surface

of a material at very small angles. A two-dimensional

scattering image is collected by an area detector. The

scattering angle and, therefore, the scattering vectors (q) in

reciprocal space are collected in two dimensions. The

domain sizes and orientations are thus obtained. The

GIXRD patterns for the oligomers can be obtained in

different q ranges via grazing incidence wide angle

x-ray scattering (GIWAXS) and grazing incidence small

angle x-ray scattering (GISAXS) studies. The d-spacing

is determined by the relationship d�2p/q. Here the
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GIWAXS results are discussed first. Only the M9 and

M17 films are presented here, because no evidence of any

ordering in the M5 films was observed. The M9 and M17

scattering patterns show that the oligomers had an ‘edge-

on’ orientation to have the oligomer backbones parallel

but the conjugated backbone planes perpendicular to the

substrate, similar to the orientation of hexyl thiophene

oligomers and polymers observed previously (67).

The out-of-plane GIWAXS reflections of M9 and M17

were associated with the d-spacing of the width of the

oligomer backbone including the extended aliphatic

side chains, which for convenience is referred to as the

‘side chain direction’. This direction corresponds to the

(h00) scattering peaks in the GIXRD data (Fig. 5).

The position and spacing of these peaks were very similar

for the two films, but the M9 showed even and odd

(h00) peaks, while M17 only showed even (h00) peaks.

Although M9 diffracts signals at the odd-ordered reflec-

tions, these peaks were lower in intensity compared to the

even-ordered reflections. These out-of-plane diffraction

signals were rationalized by adjacent stacking layers with

oppositely directed ester-chains, which are attached to

the central TT units (61). For example, if one layer’s

ester chains point toward the substrate, then its neighbor-

ing layers have ester chains pointing away from the

substrate. The odd-ordered peaks observed in the M9

film originate from a slight break in the adjacent layer

symmetry due to the systematic orientation of the ester

chains. In the case of M17, the odd-ordered peaks are

completely absent. There are increased orientational

defects in M17, indicating that the ester chain interac-

tions in the side chain axis are weaker relative to M9,

where the assembly is more ordered. Therefore, the forces

of the ester chain packing are stronger in the M9 film,

while this unit is considered to be a more randomized

quasi-defect site in the M17 film. There are fewer ester

chains in the M17 oligomer, which weakened the overall

interacting forces of the ester chain and, therefore, the

packing order in the film. Diffraction features associated

with p-stacking along the in-plane direction appeared at

q�1.61 Å�1 for M9, 1.65 Å�1 for M17, or d�0.39 nm

and 0.38 nm, respectively. M17 had a greater orienta-

tional distribution of p stacking as well, which was

indicated by the broad semicircular pattern centered at

approximately q�1.6 Å�1. This increased isotropic

nature of this feature further substantiated the claim

that M17 has increased orientational defects relative

to M9. In contrast, this feature is more anisotropic in

M9, suggesting that M9 has a more epitaxial orientation

upon the substrate.

(a) (b)

(c) (d)

Fig. 4. The AFM images of (a) M5, (b,c) M9, and (d) M17. Both M5 and M17 are shown on a 5 mm scale while M9 is shown on

two different length scales: 8 mm and 26 mm.
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For the small angle scattering signals, the M17 in-plane

signal at q�0.0911 Å�1 in the GISAXS image (Fig. 5d)

denoted a d-spacing of 6.89 nm, which is close to the

calculated oligomer backbone length of 6.9 nm. M9

showed an in-plane signal in both GIWAXS and GISAXS

at q�0.236 Å�1, corresponding to a d-spacing of 2.66

nm. This scattering feature corresponds approximately to

the length of the M9 backbone. Therefore, the backbones

of M17 and M9 both lie parallel to the substrate surface.

The M5 diffraction signal (not shown in this review;

see Yin and colleagues) (58) shows a lack of regular

order, displaying only a single isotropic ring at q�0.341

A�1 (d�1.84 nm) corresponding to the backbone length.

No other features were observed, which indicated that

the M5 film is highly randomized. The linecut of the

three films are shown in Fig. 5e.

Finally, the addition of PCBM to the M9 and M17

oligomer films was investigated using GISAXS to observe

the presence of phase-separated domains in the blended

films. The linecuts of the GISAXS images for the M9,

M9:PCBM, M17, and M17:PCBM polymers are also

shown in Fig. 5f. It is well known that the polymers

tend to phase separate when blended with PCBM (68).

This plot is presented in the log scale to better elucidate

the form factors indicating the formation of domains

in the films containing PCBM due to phase separation.

In these films, the form factor shows a bended curve or a

‘knee’, which is called the Guinier region. In this region,
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Fig. 5. (a,b) The wide angle grazing incidence x-ray scattering images of (a) M9 and (b) M17. The Bragg indices are indicated to

the right of or on the peaks. (c,d) The small angle grazing incidence x-ray scattering images of (c) M17 and (d) the M17:PCBM

blended film. (e,f) The linecuts of (e) the wider angle and (f) the smaller angle scattering images of the various films. In (e), the

change in the degree of order for M5, M9, M17 is monitored by the changes in the scattering of the lamellar 200 Bragg peaks. In

(f), the enhancement of the phase separation in M17 compared to M9 is observed.
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the size of the phase separated domains were determined.

The neat M9 and M17 films do not have any observable

domains in the �1�50 nm region. The slight curve on

the M9 trace does indicate that this film may have

larger domains that cannot be recorded in this range,

but cannot be confirmed or quantified in the scope of

thee experiments. The AFM images of M9 do indicate

that very large micron domains were present in this

material. In the M17 neat film only shows the ordered

peak due to the backbone chain. When PCBM is added

to the M17 film, a 6 nm phase separated domain was

observed while the M9 does not show a substantial

change in the GISAXS form factor. The rationale for this

lack of domain formation was that the intermolecular

forces in M9 are much stronger, so there is no interaction

of the M9 with the PCBM material. The overall solar cell

device efficiency was extremely low for the M9 film. This

low efficiency is attributed to the lack of PCBM and

polymer interaction in the films. If M9 form micron

domains in the film, and PCBM cannot intercalate in

between these films, then there will be very little exciton

splitting in the material.

These results enabled us to form the following conclu-

sion: the intermolecular forces of the M5 oligomer are

the strongest. In fact, they are strong enough to over-

whelm the interaction with the substrate surface. The M9

is an intermediate case where the interactions no longer

out compete the surface tension and, therefore, the M9

spreads out over the substrate. However, it does not

spread out uniformly and instead forms aggregates with

ester chains regularly oriented toward each other in

adjacent stacking layers. In the M17 case, the ester chain

contributions are the weakest and, therefore, the ester

interactions are not strong enough to prevent the

oligomers from exhibiting orientational defects along

the side chain axis. At the same time, the opposite trend

takes place in the p-stacking and aliphatic chain interac-

tions, which are strengthened with increasing numbers of

hexylthiophene monomers in the backbone. Therefore,

M17 has the strongest p-stacking and aliphatic chain

interactions, followed by M9, and lastly M5.

2. Oligomer and polymer comparisons: a spectral,
morphological, and dynamic investigation

2.1. Optical properties
To investigate the difference of oligomer BHJ films

compared to their polymer counterparts, two species,
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Fig. 6. (a) GISAXS and (b) GIWAXS images of MF. (c) Horizontal linecuts of the GISAXS images of the following films: MF,

MF:PCBM, PF, PF:PCBM. The enhanced order of the phase separation in the MF:PCBM film compared to the PF:PCBM film

is shown by the lower q values and smaller width of the Guinier region.
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MF and PF, were also fabricated (62). Their structures

are shown in Fig. 2. These species are structurally similar

to the M series oligomers. The UV-vis absorption spectra

of MF and PF were measured in dilute chlorobenzene

solutions as well as in spin-coated films and are shown in

Fig. 3. The bandgap of MF and PF was about 0.20 eV

smaller than that of P3HT, which further demonstrated

that the incorporation of the TT moiety into the oligomer

or polymer backbone significantly lowered the material

bandgap. The enhanced interchain interaction in the

films can cause a significant red shift in the absorption

spectra relative to that of the solution samples (69). When

the MF and PF films were compared, the latter showed

a slightly larger red-shifted absorption as a result of

increasing conjugation length.

2.2. Molecular packing structures: higher order in the
oligomer films
Fig. 6 shows the GISAXS and GIWAXS images of the

MF film. The scattering profiles for q�0.006�0.155 Å�1

are shown in Fig. 6a, while Fig. 6b shows the scattering

profile for q�0.14�1.00 Å�1. The domain spacing was

obtained by the relationship d�2p/q. In Fig. 6a, the

broad ring corresponds to an average d-spacing of 6.45

nm and is comparable to the thiophene chain length in

the MF molecule. Higher order peaks were also observed,

which indicates lamellar order in the film. Similar peaks

were observed in the M17 film. Although this d-spacing

was present in all four samples (MF, MF:PCBM, PF, and

PF:PCBM), it was the most prominent in the MF sample.

The horizontal line profiles of images of the four thin

film samples are shown in Fig. 6c. The Guinier region

was also analyzed for these samples in a similar fashion

to the analysis of the M17 films discussed in the previous

section. For the MF:PCBM film, the Guinier region

represents a larger domain than in the PF:PCBM sample.

The form factor of the MF:PCBM film indicated that

the domains are more ordered and closer together in

this sample. These experiments indicate that there are

larger and more ordered structures in the MF:PCBM

film compared to the PF:PCBM film, which will lower

the exciton splitting efficiency due to the exciton diffusion

length limit in the films.

2.3. Charge separation (CS) and charge recombination
(CR) dynamics of MF/PCBM and PF/PCBM films: effects
of domain size and crystallinity on the charge carrier
kinetics
The ultrafast transient absorption spectroscopy probes

the dynamics of fundamental processes in PV materials

such as exciton generation, CS, and charge recombina-

tion (CR). The CS and CR dynamics of MF:PCBM and

PF:PCBM were measured by ultrafast optical transient

absorption (TA) spectroscopy with an excitation wave-

length of 600 nm. A broad absorption from 670�1060 nm

that was found in the TA spectra of the PF:PCBM was

observed and was attributed to the cation absorption of

PF after charge transfer from PF to PCBM. The transient

spectra of MF:PCBM show the cation absorption of MF

extends from 620 to 1040 nm. Therefore, the CS and CR

dynamics in MF:PCBM or PF:PCBM films were mon-

itored by the kinetic traces at a probe wavelength of

700 nm to record the formation and decays rates of

the cationic state in both films. Fig. 7 shows the kinetic

traces of MF:PCBM and PF:PCBM films monitored

at 700 nm. The MF:PCBM has a faster CS rate and

slower CR rate than PF:PCBM. However, the cation

yield of PF:PCBM at 3 ns is about 70% higher than

that of MF:PCBM. This suggested that the free charge

carriers generated in PF:PCBM is much higher than

MF:PCBM. As a result, the PF:PCBM cell showed

a higher efficiency than the MF:PCBM cell although

the CS and CR dynamics is more favorable for the

MF:PCBM cell. The low charge carrier yield in the

MF:PCBM film was correlated with the lower exciton

splitting efficiency due to the crystalline domains with

sizes exceeding the exciton diffusion length in the film

as was suggested in the AFM and GIXS results.

2.4. Photovoltaic properties of MF and PF in relation to
their physical properties in films
The solar cells containing MF or PF were fabricated with

the structure of ITO/PEDOT-PSS/polymer:PCBM/Al,

and the PV performance measurements were carried

out under ambient atmosphere. The current density of

the PF:PCBM solar cell reaches to 10.2 mA/cm2, which

is comparable to reported P3HT:PCBM devices (70).

However, a slightly lower open circuit voltage (0.56 V)

and a low fill factor (0.4) limits its efficiency to 2.4%.

The solar cells prepared from MF are inferior in their

physical performance to the PF devices, with a current

density of �70% of the PF solar cells (7.42 mA/cm2),

comparable open circuit voltage (0.54 V), and fill factor

(0.36) to yield an overall efficiency of 1.46%. The

considerably lower efficiency of the MF films is once

again rationalized by the larger and more ordered

domains in the MF films.

Summary and perspective
In the interdisciplinary effort to optimize small mole-

cules for solar cell applications, a variety of molecular

and bulk properties have been investigated and fine-tuned.

However, we have discussed how this task is made difficult

by the often competing optimization rules for these

properties. Competition between exciton diffusion dis-

tance and active layer thickness for sufficient optical

absorption necessitated the engineering of bulk hetero-

junction morphologies; but, in turn, this required a

substantial effort first to functionalize the electron accep-

tor PCBM, and secondly to optimize the complicated
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morphology inherent in this device architecture. Finding

the conditions for maximal PCE is therefore

a subtle negotiation requiring an acutely tuned set of

optimal conditions, because these competing considera-

tions must be satisfied simultaneously. The investigation of

oligothiophene derivatives has improved our understand-

ing of such processes. The higher degree of processing

abilities has made oligothiophenes and attractive candi-

date as donor materials in OPV devices. The ability to

systematically alter the structure of these materials

has also enabled us to better understand the fundamental

processes in such materials. Through the study of the

interplay of morphology, energetics, kinetics, as well

as the optimization of fabrication techniques, we are

converging on mass marketable solar cell efficiencies

composed of these kinds of materials.

Great interests in OPV research holds on the promise

of low-cost, readily manufacturable alternatives to tradi-

tional inorganic systems for producing solar electricity.

However, the main present obstacles in OPV commercia-

lization are still low PCE and limited operating lifetime

in OPV devices. Based on impressive advances recently,

power conversion efficiencies as high as 10�12% may be

achievable if crucial scientific understanding challenges

can be surmounted. These challenges involve fundamen-

tal material issues of how light interacts with soft

matter, how excitons diffuse and split, and how holes

and electrons are transported in the soft matter then

extracted by both transparent and metallic hard matter

electrodes. All these issues are closely related to nano-

scale morphology in organic materials. As new materials

such as graphene and carbon nanotubes, and new cell

structures such as tandem cells emerge for OPV applica-

tions, the cost of OPV devices can be further reduced

and the operating time could be further extended.

Although OPV devices will unlikely replace their counter-

parts made from inorganic materials in the near future,

they have their niche in solar electricity generation.

We can envision that the so called ‘solar paint’ may be

realized in the next decade, which can harvest solar

photons in many different ways using light, inexpensive,

flexible and renewable materials to equip building walls,

windows, fabrics, and other areas exposed to sunlight.
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