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Defect states influence the operation of organic solar cells altering transport, recombination, and

energetic mechanisms. This work investigates how processing conditions induce morphology-related,

electrically active defects in the donor polymer of bulk-heterojunction solar cells. Structural order is

inferred from absorption and X-ray diffraction data, while defect density is determined from

capacitance methods. A correlation is observed between the polymer nanocrystallite size, the defect

concentration, and the output voltage. For the case of poly(3-hexylthiophene), processing that

promote crystallinity is beneficial for the device performance as it decreases the defect density

(energy disorder) that finally enlarges the maximum achievable open-circuit voltage. Defect states

within the effective bandgap modulate the downshift of the hole Fermi level upon illumination

that in turn establishes the achievable open-circuit voltage. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4841475]

Organic photovoltaic (OPV) devices have recently wit-

nessed an impressive improvement in the power conversion

efficiency (PCE) now reaching 9.2%.1 In a bulk heterojunc-

tion device, a conjugated polymer donor is intimately

blended with a fullerene acceptor molecule. In this configu-

ration, materials form a highly connected, interpenetrating

network, in which generation of excitons give rise to sepa-

rated charges at the donor-acceptor interface enabling an

efficient transport of carriers towards the electrodes.2 The

nanoscale morphology can be controlled by a number of

ways such as the selection of appropriate solvents,3,4 drying

processes,5 donor:acceptor ratio,4 concentration of materi-

als,6 thermal treatments,2,7 or use of additives.8 Processing

conditions of the films control the blend morphology which

is then critical to ultimately improve the photovoltaic param-

eters and OPV performance.4,9

One of the strategies to enlarge the open-circuit voltage

Voc consists on reducing charge recombination flux.10

Limiting recombination pathways increases the amount of

free carriers within the active layer in operating conditions

which in turn modifies the Fermi level position of electrons

(EFn) and holes (EFp), and ultimately the output voltage as11

qVoc ¼ EFn � EFp: (1)

Another factor influencing photovoltage has a purely ener-

getic origin. Energy disorder of both fullerene acceptor and

polymer donor induces bandgap density-of-states (DOS)

(exponential or Gaussian tails and traps) that modulate the

light-induced Fermi level shift.12 This last mechanism

explains how processing conditions, which modify the struc-

tural order and crystallinity of the active layer compounds,

can alter the output Voc. Recent studies have found that var-

iations within the fullerene DOS related to their dissimilar

aggregation ability affect the final achieved Voc.13 It was

observed that large fullerene DOS limits the Fermi level

upward shift yielding as a result lower Voc values. However,

the influence on photovoltage of the polymer energetic

disorder/crystallinity has been much less explored.14 How

processing conditions induce morphology-related electronic

defects in the donor polymer and the repercussion on the

achieved Voc will be the specific aim of this work.

One of the most commonly studied OPV system is based

in the semicrystalline blend composed by the donor material

poly(3-hexylthiophene) (P3HT) and the acceptor fullerene

derivate [6,6]-phenyl-C61-butyric acid methyl ester

(PC60BM) with reported efficiencies around 3%-5%.15 The

efficiency of P3HT:PC60BM solar cells are drastically

improved upon annealing as the P3HT-crystallinity is

increased leading to improved optical absorption and trans-

port of carriers.3 The fibrillar-like P3HT crystals are embed-

ded in a matrix mainly comprised by PC60BM nanocrystals

and amorphous P3HT.16 As it will be shown here, a clear

correlation between the crystallinity of materials and the

concentration of electrically active defects is observed.

Moreover, we show how polymer structural order and defect

density modulate the achievable output voltage.

The studied polymer photovoltaic devices are fabricated

in the configuration glass/ITO/P3HT:PC60BM/Ca/Ag.17

PEDOT:PSS was deposited by spin coating over clean ITO

to provide a film thickness of about 35 nm. Films were dried

followed by deposition of the active layer P3HT:PC60BM.

Some samples were slowly dried, spin coating was carried

out at 900 rpm for 10 s, and then substrates were introduced

into a petri dish and covered for 2 h (devices 1 and 2). Other

samples were completely dried during the spin coating pro-

cess at 3500 rpm for 2 min. These are denoted as fast drying

devices. Films were heated at the temperatures stated in

Table I. The active layer thickness of the film was approxi-

mately 300 nm. Finally, the cathode electrode was deposited

(5 nm Ca/100 nm Ag) by thermal evaporation for all samples

at a base pressure below 3� 10�6 mbar. The devices were

then encapsulated with epoxy and a glass slide before
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testing. An additional thermal treatment at 130 �C for 10 min

was carried out for device 2 noted as post-cathode annealing.

More experimental details can be found as supplementary

material.29

Active layer morphology is varied by either a control of

the drying time of the film (long drying times for device 1),

by a thermal treatment of the deposited films (devices 3–5),

or by both conditions (device 2). Absorption spectra of the

films are shown in Fig. 1(a). The absorption spectrum of a

neat film containing P3HT has been added as a reference.

Results are similar to previously reported experiments.3,18

Below 400 nm, the absorption of PC60BM is dominant19 and

the P3HT band is visible between 400 and 650 nm. At about

500 nm, it is observed a characteristic peak that provides

information on the degree of conjugation of the P3HT

chains, and a peak at around 600 nm informs on the degree

of interchain order.5,20 Figure 1(a) shows red-shifted absorb-

ance of the slow dried P3HT:PC60BM films (device 1),

indicating longer polymer conjugation lengths than the fast

dried samples (devices 3–5) and a narrower bandgap. In fact,

the band gap decreases about 85 meV, when comparing

the less crystalline sample (device 3) with the more crystal-

line film (device 2). The height of the vibronic shoulder at

600 nm increases systematically from fast drying and

un-annealed film (device 3) to fast drying, 130 �C-annealed

film (device 5), being even higher for P3HT:PC60BM

slow drying films (devices 1 and 2). These results indicate

a poor degree of interchain order for the un-annealed

P3HT:PC60BM film. The P3HT-polymer film absorbance

spectra exhibit a slightly larger absorbance at 600 nm respect

to the other blend films which evidences that the introduction

of fullerene as PC60BM into the blend film disturbs

the polymer local ordering. These experiments show that

absorption measurements are very sensitive to differences

in crystallinity. In addition, XRD data of our films (see sup-

plementary material) exhibit a diffraction peak that corre-

spond to the a-axis orientation related to the packing of the

alkyl chains of the P3HT crystallites. From the width and

position of the diffraction peak, an estimation of the P3HT

nanodomain size is calculated (see supplementary material),

which results within the range of 15–20 nm (Table I).

Unfortunately, XRD data do not provide any information on

the b- or c-axis orientations and consequently valuable infor-

mation on the packing of the thiophene rings is missing.

Crystallinity issues will be discussed relying upon variations

in absorption features, particularly the relative height of the

vibronic shoulder at 600 nm with respect to the maximum at

�500 nm and crystallite size extracted from XRD data.

The photovoltaic parameters of P3HT:PC60BM devices

are summarized in Table I and current density-voltage j� V
curves measured under AM1.5G illumination (1000 W m�2)

are shown in Fig. 1(b). Similar results are obtained for depo-

sition conditions in which crystallinity has been enhanced ei-

ther by controlling the drying process or through a thermal

treatment. Only the least crystalline film dried fast with

no annealing treatment (device 3) shows a remarkably lower

short-circuit current (jsc) and fill factor. The j� V curves

are in agreement with previously reported results in which

film morphology is modified with similar processes.21

Remarkably, the most crystalline film (device 2) provides

higher Voc.

Although absorption spectra in Fig. 1(a) and XRD data

reveal variations in the polymer structural order among

samples, they do not allow for a direct quantification of

electrically active morphological features. For this reason, it

is necessary to explore the response to purely electrical

FIG. 1. (a) UV-Vis absorbance spectra of films deposited from

P3HT:PC60BM blends. The spectra have been normalized to the maximum

of the P3HT peak at around 500 nm. Devices correspond to those listed in

Table I. (b) Current density vs. applied voltage plot measured under simu-

lated 1 sun illumination for the devices fabricated in this work.

TABLE I. Photovoltaic parameters of P3HT:PC60BM measured under 1 sun illumination using different processing conditions. Defect density n extracted

from capacitance-voltage measurements under dark conditions and at 100 Hz. P3HT domain size L calculated from XRD data.

Device Conditions jsc (mA cm�2) Voc (mV) FF (%) PCE (%) n (�1016) (cm�3) L (nm)

1 Slow dry 7.31 566 54 2.2 4.0 14

2 Slow dry, 130 �Ca 7.57 621 64 3.0 0.2 21

3 Fast dry 2.45 587 32 0.5 1.2 14

4 Fast dry, 90 �C 7.67 572 54 2.4 2.0 18

5 Fast dry, 130 �C 8.28 608 50 2.6 0.4 18

aPost-cathode annealing.
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methods. It is believed that larger polymer ordering gives

rise to smaller amounts of structural defects originated at

less crystalline zones where the periodic spacing is broken.

Polymer defect states acting as acceptor impurities might

originate free holes, as evidenced by monitoring the polymer

conductivity or photoluminescence quenching.22 The density

of defect states is accessible by means of capacitive methods

that measure the width of the depletion zone built-up in the

vicinity of the cathode contact. Here, we use capacitance-

voltage measurements carried out in dark conditions from

�1 to 0.5 V at constant frequency of 100 Hz following

previously described methods.23 The Mott-Schottky plots

C�2 � V are shown in Fig. 2(a), exhibiting a linear relation

given by the following expression

C�2 ¼ 2

A2qee0n
ðVfb � VÞ: (2)

Here, A corresponds to the device active surface, e is the rel-

ative dielectric constant of the blend (e � 3), e0 is the permit-

tivity of the vacuum, Vfb is the flat-band potential, and n is

the total concentration of defects (doping level). Then, using

Eq. (2), the concentration of electrically active acceptor

impurities n and Vfb can be extracted at reverse and low for-

ward bias from the slope and the extrapolated intersection

with the voltage axis, respectively (Table I). Interestingly,

the Mott-Schottky plot does not show full depletion at �1 V

for most of the devices, except for the most crystalline film

(device 2) in which the geometric capacitance can be derived

from the saturation at reverse bias.

It is important to note that devices have not been

exposed to air at any time. Then, the measured defect

densities should mainly correspond to intrinsic, structural

impurities/defects of the active layer rather than originated

by air-related polymer oxidation.24 Recalling now absorption

measurements, it is observed that increasing the crystallinity

of the polymer leads to decreased doping densities. Indeed,

processing conditions that provide poorly crystalline blends

such as devices 3 and 4 show relatively higher doping den-

sities. In contrast, for a device annealed after a slow drying

process (device 2), the doping density is about one order of

magnitude lower than those observed for devices 3 and 4.

Then, it appears that the defects are related to the actual sur-

face area of the polymer crystallites. It is plausible to assume

that polymer molecules present at the boundary between reg-

ular domains will show a different energetic landscape than

those molecules found in the middle of a crystallite. Then,

the doping density decreases at higher temperatures as the

P3HT molecules aggregates enabling for a less disperse

energetic landscape. For comparison purposes, devices based

on the highly amorphous system PCDTBT:PC70BM have

been measured (see the XRD spectra and the Mott-Schottky

plot in supplementary material). For this system, doping den-

sity of 1.4� 1017 cm3 has been observed which is two orders

of magnitude higher than those observed for device 2. These

results further suggest that the doping density is highly

related to the polymer and its degree of structural order.

As reported previously, Voc is related to the HOMO

level of the Donor and the LUMO level of the acceptor,25

and more precisely to the difference in Fermi levels of elec-

trons and holes of Eq. (1). It is known that thermal treatment

produces an upward shift of the polymer HOMO manifold.26

This is indeed confirmed by the red-shifted absorption spec-

tra in Fig. 1(a). Therefore, Voc for device 3 should show an

increase of about 40 meV (85 meV is the difference in

bandgap) in comparison with device 2 caused by differences

in the polymer bandgap. However, the observed trend in our

experiments is just the opposite as device 3 shows a Voc

about 35 mV lower than that observed for device 2. Then it

is clear that apart from the effective bandgap of the materials

there may be other factors affecting the achievable Voc. We

remark here that there exists a correlation between the poly-

mer disorder degree (lack of crystallinity) and the defect den-

sity as observed from the doping level extracted by means of

capacitive tools.

By examining Fig. 2(b), one can observe an exponential

trend between the calculated doping density from capaci-

tance analysis and Voc for the P3HT:PC60BM system, in

which Voc increases with a reduction of the impurities. The

right axes of Fig. 2(b) correspond to a measurement of the

polymer structural order, extracted either from the inverse

value of the nanodomain size (XRD data) or from the inverse

of the relative P3HT absorption intensity peak of the

vibronic shoulder at 600 nm (data extracted from Fig. 1(a)).

Inverse values are used here in order to directly compare

with density measurements. It is observed that crystallinity

degree and defect density correlate with the achieved Voc. It

is worth noting that P3HT crystallite size corresponds to a

concentration of order of 1017 cm�3 in good accordance with

the defect density encountered (1015 � 1016cm�3). The

trends are observed in Fig. 2(b) for the studied devices with

the exception of device 1. This is a special case (slow drying

FIG. 2. (a) Mott-Schottky curves in dark conditions from �1 to 0.5 V meas-

ured at constant frequency of 100 Hz for P3HT:PC60BM devices listed in

Table I. (b) Defect density n extracted from CV analysis, inverse of the rela-

tive P3HT absorption intensity peak at 600 nm, and inverse of the crystallite

nanodomain size L from XRD data vs. open-circuit voltage. Device 1 param-

eters do not follow the general trend.
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without thermal treatment) in which residual solvent might

be present as a source of external chemical impurities that

contribute to increase the doping density. Then, in spite that

slow drying promotes crystallinity, the output Voc exhibited

by device 1 is the lowest. This exception would imply that

defect density rather than the actual structural order lies

behind the achieved Voc.

Only by considering differences in jsc and the diode

equation is not possible to explain the observed variations in

Voc among solar cells. The electronic effect of gap defects is

linked with their ability to modulate the position of the hole

Fermi level EFp, which in fact establishes the achievable Voc.

Under illumination conditions, EFp undergoes a downward

shift with respect to the equilibrium Fermi level EF0 which is

situated at an upper lying level for more crystalline polymers

(see Fig. 3). Energy shift results larger when defect density

is smaller because there are less available electronic states

within the bandgap to be occupied by photogenerated

charges. Then more crystalline samples that exhibit lower

defect density allow for a larger EFp downshift. Therefore,

the defect effect is dominant over variations in the band gap

and it determines the final achievable Voc. For simplicity, we

consider in Fig. 3 that the number of defects created from

different processing conditions and/or other annealing treat-

ments, affects mainly the polymer. Figures 3(a) and 3(b) rep-

resent high and low density of defects of the polymer for a

standard photovoltaic device under illumination, respec-

tively. Without the decrease in the bandgap, the maximum

achievable Voc should be about 40 mV higher reaching val-

ues of about 660 mV. Electronic states corresponding to full-

erene molecules might also vary under different device

processing27 or even more when different fullerenes deriva-

tives are used.28 This alters the position of the electron Fermi

level and the final output Voc as discussed in the previous

work comparing the influence of the acceptor LUMO level

bandgap tails.13 Here, we highlight the effect of polymer

structural order and how it influences (modulates) the

light-induced shift of EFp. In conclusion, we have shown that

device processing that enables an increased crystallinity of

the film is beneficial for the device performance as it

decreases the defect density (energy disorder) that finally

enlarges the maximum achievable Voc, despite the upward

shift of the polymer HOMO manifold.
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