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To obtain high carrier mobility, better charge injection capability, and high photovoltaic device conversion eÆ-

ciency, a powerful strategy is to improve the morphology of the polymer/dye composite �lms. Conjugated conducting

polymer (CP) thin �lms doped with perylene derivative (PV) of various concentrations were prepared by spin-casting

method, and their morphology and photovoltaic characteristics were examined. The change in morphology and molec-

ular reorientation occurring in CP-PV composite �lms upon annealing at di�erent temperatures was investigated using

scanning electron microscopy, x-ray di�raction, Fourier transform infrared and UV-vis absorption. By changing the

annealing temperature, PV microcrystallines of 8{10�m in size lying parallel to the substrate surface can be obtained.

Annealing e�ect improved the photovoltaic performance of ITO/CP-PV/Al Schottky-type solar cells, which can be

attributed to the formation of an electron conducting PV crystal network. Preliminary studies indicate that the mor-

phological structure in CP-PV composite �lms has an important in
uence to their photovoltaic properties.

Keywords: morphology, organic photovoltaic device, conducting polymer composite, perylene, an-

nealing
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1. Introduction

Organic solar cells based on organic molecules and

conjugated polymers are currently attracting growing

interest worldwide.[1�4] One essential reason for this

is the possibility to realize 
exible and low-cost pho-

tovoltaic cells. Especially, polymer -based solar cells

could o�er many advantages in fabrication, such as

low-cost roll-to-roll production of large-area 
exible

solar cells. Because of these advantages, the develop-

ment of polymer solar cells is supposed to have a ma-

jor impact. However, in many conjugated polymers,

the poor photo-induced charge separation and trans-

port of photogenerated charges are considered respon-

sible for the low eÆciencies of energy conversion.[5] In

order to maximize the photo-induced charge separa-

tion, the introduction of another material into poly-

mer photovoltaic devices for improving electron trans-

port is a powerful strategy. The presence of a sec-

ond material also provides interfaces and pathways for

charge transfer. The discovery of photo-induced elec-

tron transfer in composites of conducting polymers as

donors and organic molecules as acceptors has pro-

vided a molecular approach to highly eÆcient photo-

voltaic conversion.[6�8]

In our previous work, higher photovoltaic con-

version eÆciency was realized by blending solubi-

lized poly (2,5-dialhoxyphenylene vinylene) (ROPPV)

or poly (3-alkylthiophene) (PAT) (acting as photo-

excited electron donors) with perylene derivatives

(acting as electron acceptor).[9;10] Perylene derivatives

like the MePTCDI (N, N'-dimethyl-perylene-3, 4,
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9, 10-biscarboximide), PV (N,N'-diphenyl glyoxaline-

3,4,9,10-perylene tetracarboxylic acid diacidamide)

and PTCDA (perylene-tetracarboxylic dianhydride)

have high electron aÆnity, large visible extinction co-

eÆcients, photostability, low cost of fabrication, and

show n-type behaviour,[11�13] which is of interest not

only for fundamental research but also for their pos-

sible application in new integrated gas sensors with

multiple sensitivity, or photovoltaic and light-emitting

cells.[14�16] It has been shown that in these polymer-

perylene composite systems exciton dissociation and

photo-excited electrons transfer on to the perylene oc-

curs eÆciently at interfaces between conjugated poly-

mer and perylene.[17;18] Moreover, thermal anneal-

ing can often be used to restructure the morphol-

ogy of composite �lms by inducing crystallization,[19]

which is responsible for the improved eÆciency of solar

cells[20] and enhancement of their carrier mobility.[21]

Most of the studies so far published deal with the

photovoltaic characteristics of such composite �lms.

The morphological characteristics of composite �lms

as well as their changes when annealed, however, have

been studied only to a limited extent.[22] The investi-

gation on the relation between the molecular orienta-

tion and composite �lms morphology when annealed

is of considerable interest because of its importance in

describing the physical properties of these thin com-

posite �lms.

In this paper the morphologic structure of PAT-

PV thin composite �lms prepared by spin-casting was

characterized. The e�ect of annealing on morphologi-

cal changes and photovoltaic performance of PAT-PV

composite thin �lm cells was also described.

2.Experiments

The poly (3-dodecylthiophene) (PAT12) was syn-

thesized according to the method already des-

cribed.[23] PAT12 is highly soluble in toluene and chlo-

roform. PV was synthesized according to the method

already described in Ref.[9]. The chemical structures

of PAT-12 and PV are shown in Fig.1. PAT12-PV

composite at appropriate weight ratios is dissolved in

chloroform and spin-coated on a glass plate.

The photovoltaic device was prepared by spin-

coating the solution of PAT12-PV on a patterned

ITO-coated glass substrate with a sheet resistance of

10
=2 and followed by deposition of Al contact-layer

by thermal evaporation through the shadow mask.

The active area of the device was 1�1mm2. The typi-

cal thickness of PAT12-PV �lm was about 0.1{0.2�m.

Fig.1. Molecular structures of poly (3-dodecylthio-

phene) (PAT12) (a) and perylene tetracarboxylic

derivative (b).

The absorption was measured using a Hitachi 330

UV-vis spectrophotometer. Measurements of mor-

phology of PAT-PV composites �lm before and after

annealing at di�erent temperatures were performed

using a Hitachi 8000 transmission{electron micro-

scope and Hitachi S-2100A scanning electron micro-

scope (SEM). Fourier transform infrared spectroscopy

(FTIR) measurement of the composite was carried out

by JASCO corporation FT/IR-300E. X-ray di�raction

(XRD) pattern was measured by RINT x-ray di�rac-

tometer. Photoelectrical measurements were carried

out in a vacuum optical cryostat in vacuum of about

1.33�10�3 Pa. Current-voltage characteristics were

measured by a Keithley 617 picoammeter. A high-

intensity Xenon lamp (500 W) was used as UV-visible

light source. The spectral response of the device was

corrected for the response of the lamp-monochromator

system by measuring the calibration spectrum with a

UV-enhanced Si photodiode placed at the sample po-

sition.

3.Results and discussion

For photoconducting pigments, it is known that

the heat-induced crystal packing can change the ab-

sorption spectrum and a�ect photogeneration eÆ-

ciency and carrier mobilities. Therefore, thermal an-

nealing was performed in an attempt to increase the

crystallinity of the PAT-PV composite �lm. Figure 2

shows the UV/vis absorption spectra of the composite

�lm containing 50% weight per cent of PV before and

after annealing.
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Fig.2. The absorption spectra of PAT12-PV compos-

ite �lm, unannealed (curve 1) and annealed at 100ÆC

(curve 2) and 200ÆC (curve 3).

Spectra 1, 2 and 3 correspond to unannealed pris-

tine �lm, and the annealed �lms at temperatures of

100ÆC and 200ÆC, respectively. The principal struc-

ture of the spectra is the same, indicating that the

components of the �lms are unchanged after anneal-

ing. Four absorption peaks with the maxima at

around 300, 383, 487 and 693 nm are observed in the

pristine composite �lm. The spectrum in the anneal-

ing state at 100ÆC is redshifted in comparison with

the pristine �lm, and the peak at 487 nm shifts to

518 nm by an amount of 31 nm in the visible range,

indicating the physical changes in morphology and a

higher degree of PV overlapping. Moreover, the over-

all absorption intensity is increased remarkably after

annealing. Heating the �lm at 200ÆC for 1 h has some

in
uence on the principal structure of spectra. The

two peaks of 300 and 383 nm combine into a broader

one with its shoulder at 375 nm. These phenomena

can be explained as follows.

The PAT chain is more 
exible than many other

conjugated polymers. When annealed, PAT chains

rearrange to reach an ordered state that exhibits ab-

sorption in the long-wavelength range.[24] The PAT

chains in the composite �lm could also have a chance

to relax and display a more ordered state through the

thermal process. So the PAT/PV composites �lm in a

morphology characterized by the most redshifted and

broadened absorption band would show a greater pho-

tosensitivity than the pristine �lm.

In parallel with the change of optical behaviour,

the morphology and the structure may also change in

PAT-PV composite �lms upon annealing at di�erent

temperatures. Figure 3 illustrates the SEM images of

samples with 50% PV content annealed at di�erent

temperatures. Figure 3(a) is the SEM image of a pris-

tine �lm, while 3 (b) and 3 (c) are those of the sample

of PAT-PV annealed at temperatures 100 and 200ÆC,

respectively.

Fig.3. SEM images of PAT-PV composite �lms. (a) SEM image of unannealed �lm; (b)

annealed at 100ÆC; (c) annealed at 200ÆC.

A general problem connected with the anneal-

ing process is the high mobility and crystallinity of

the PV molecules in the composite samples occurring

at an elevated temperature. For the pristine sample

(Fig.3(a)), the crystallites are quite small on the or-

der of 1{2�m in size and have a shape of rectangular

leaf. Comparing 3(a) and 3(b), we can �nd that the

surface roughness of composite �lms increases with in-

creasing annealing temperature. During volatilization

of PAT-PV solution and formation of composite �lms,

the PV molecule tends to crystallize and rearrange its

morphology. Therefore, the surface roughness of the

composite �lm is higher than that of the pristine �lm.

When the composite �lm is heated at 100ÆC for 1 h,

larger crystals will grow about 6{8�m. This suggests

that both PV and PAT molecular chains have rear-

ranged to reach an ordered state during the annealing

process. At 200ÆC, the crystallites increase in num-

ber and in size to about 10�m, as can be con�rmed

by the SEM observation (Figs. 3(b) and 3(c)). These
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results can be attributed to the rearrangement pro-

cess of PV crystallite proceeding adequately at higher

annealing temperatures. SEM images of thermally

annealed PAT/PV composites on Cu substrates have

shown elongated crystallites (up to ten microns long),

having their long axes in a direction roughly parallel

to the substrate surface.

Figure 4 shows the FTIR spectra of the PAT-PV

composite �lms. Spectra a, b and c correspond to

the unannealed composite �lm, the �lms annealed at

100 and 200ÆC, respectively. The observed infrared

absorption wavenumbers for the PAT-PV composite

�lms are given in Table 1.

Fig.4. FTIR spectra of PAT-PV composite �lms.

Spectra a, b and c correspond to those unannealed,

annealed at 100 and 200ÆC, respectively.

Due to annealing, the remarkable di�erences in

relative intensities and peak shifts between the unan-

nealed and annealed �lms at di�erent temperatures

can be observed. The most relevant molecular vibra-

tions of the PV group are the strong carbonyl stretch-

ing vibration at 1660 cm�1 and 1696 cm�1 which

correspond to antisymmetric and symmetric C=O

stretching modes, respectively. This suggests that PV

molecules have two kinds of structure as shown in

Fig.1. Moreover, C=C stretching mode (in plane) of

PV is observed at 1562 cm�1. The out-of-plane vibra-

tions of PV ring provide a dynamic dipole perpendic-

ular to that of the carbonyl stretching vibration. The

wavenumber of 1285 cm�1 can be con�dently assigned

to the C-H bend vibration and that of 1358 cm�1 is

also an out-of-plane mode. For transmission, the in-

frared active mode, the dynamic dipole moment of

which is parallel to the substrate surface, is more in-

tense than those modes with dynamic dipole moments

perpendicular to the surface.[25]

Table 1. Observed infrared wavenumbers for PAT-PV

composite �lms before and after annealing.

cm�1 assignment

624 Ring deformations

732 C-H PV wagging

794 Alkyl wagging

850 C-H PV wagging

1120 C-H bending (PV)

1285 C-H bending (PAT)

1358 C-N stretching

1508 PV stretching

1562 C=C ring stretching

1604 C=O stretching

1660 C=O stretching

1694 C=O stretching

Using the preceding information, it is now possi-

ble to elucidate the molecular orientation of PV in the

composite �lms. The PV molecule is planar as shown

in Fig.1, and thus changes in orientation can be easily

determined from a comparison of modes with dynamic

dipoles located within the plane of the molecules (i.e.

within the plane of the aromatic moiety) with funda-

mental vibrational modes. Since the intensity is pro-

portional to the dot product of the electric �eld and

the dynamic dipole, in average, the PV plane might be

parallel to the substrate surface when it is annealed at

a high temperature such as 200ÆC. It implies that the

composite samples have a more ordered arrangement

in morphology, which is uniform to the observation

in SEM images. Through morphology control of the

phase separation into interpenetrating networks, one

can achieve a high interfacial area in a bulk material.

The detailed studies about the molecular orientations

are now in progress and will be reported elsewhere.

XRD measurements have been performed to in-

vestigate the crystallinity and crystal structure of the

annealed �lms. The XRD patterns shown in Fig.5 con-

sist of data collected from PAT-PV composite �lms

annealed at di�erent temperatures, and that of the

unannealed pristine composite �lms with the same

composition is also included for comparison.
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Fig.5. XRD patterns of PAT-PV composite �lms an-

nealed at di�erent temperatures.

As is evident in Fig.5, the composite �lms have

several di�raction peaks at 2�=5.7Æ, 6.1Æ, 11.6Æ, 12.3Æ,

18.5Æ, 23.2Æ and 37.7Æ, indicating a polycrystalline

structure. The di�raction patterns of PAT-PV com-

posite �lms annealed at di�erent temperatures for 1 h

are compared with one another. It can be seen that

the relative intensities of PV di�raction peaks increase

for the composite �lms annealed at 100ÆC and 200ÆC.

Moreover, a new di�raction peak appears at 2�=8.9Æ

for the sample annealed at 100ÆC, though its intensity

is comparatively weak. When the annealing tempera-

ture is raised to 200ÆC, the intensity of the di�raction

peak at 2�=8.9Æ increases. The intensity of di�rac-

tion peaks increases with increasing PV content in

the composite �lms without appearance of new peaks,

which has been con�rmed by ROPPV-PV composites

in our previous study.[26]

The results suggest that a higher annealing tem-

perature causes the change in the di�raction patterns,

namely the intensity of all PV di�raction peaks in-

creases. The appearance of the new peak as well as the

increase in peak intensity with annealing temperature

indicates a higher degree of crystallinity formed in the

composites. The XRD patterns show improved crys-

tallinity and changes in the d-spacings upon annealing

and the UV-vis absorption spectrum shows a redshift.

This is an indication that the molecular packing (i.e.

the degree of p-orbit overlap) is improved by anneal-

ing.

To elucidate the annealing e�ect on the photoex-

citation process in the PAT-PV composite, photocur-

rent spectra of PAT-PV thin �lms have been mea-

sured. The result is shown in Fig.6, which reveals the

photocurrent spectra of the composite �lms. In the

unannealed �lm, there are two fairly strong responses

at 350{450 nm and 650 nm under illumination of visi-

ble light. Compared with the spectrum of pure PAT

�lm,[27] the result indicates that PV doping enhances

the light absorption of the PAT �lm, which contributes

to the enhancement in photo-carrier generation. This

result is interpreted as follows.

Fig.6. Photoconductivity spectra of unannealed and

annealed PAT-PV composite �lms.

Photogenerated excitons in the PAT-PV compos-

ite �lm can di�use to the interfaces between PAT and

PV, where they dissociate by electron transfer from

PAT to PV. That is, the dissociation of excitons oc-

curs predominantly at the interface between PAT and

PV, which plays an important role for the photovoltaic

characteristics of composite �lms. It should also be

mentioned that the morphology and texture of the

composite �lms play a crucial role in eÆcient charge

generation and charge carrier transport. The pho-

tovoltaic performance of the composite �lm can be

improved markedly after annealing at 200ÆC for 1 h.

This can also be attributed to the change in morphol-

ogy of PV-doped PAT thin �lms as described above.

As expected by our estimate, the marked increase of

photocurrent of the annealed composite �lm appears

in the spectral range from 350 nm to 750 nm with the

highest peak at 630 nm. From the photocurrent spec-

tra of the devices we can infer that interpenetrating

networks will form in the composites �lm, leading to

a large interfacial area on a scale comparable to the

exciton di�usion length. Thus, charge separation and

charge transport are eÆcient in the polymer compos-

ite system. The corresponding current-voltage char-

acteristics of the unannealed and annealed �lms under

illumination are shown in Fig.7. All devices are irra-

diated with the light with 635 nm in wavelength and

69�W/cm2 in intensity from the ITO electrode. The
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experimental results show that the annealed �lm ex-

hibits a higher open-circuit voltage, short-circuit cur-

rent and �ll factor than the unannealed �lm under

irradiation of a monochromatic light of 635 nm.

Fig.7. The current-voltage characteristics of unan-

nealed and annealed devices. All devices are irradiated

with the light of a wavelength 635 nm and an intensity

of 69�W/cm2 from the ITO electrode.

In a dispersed heterojunction device, both the

photocurrent generation and charge transport are

functions of morphology. Photocurrent generation re-

quires uniform blending on the scale of the exciton dif-

fusion length, while charge transport requires contin-

uous paths from interfaces to contacts. Upon anneal-

ing, both PAT chains and PV molecules have chances

to relax and rearrange themselves in a more ordered

state. Moreover, heating seem to be able to induce

better and larger interfaces between PAT and PV;

and PV crystallites can also play an important role

in eÆcient electron transports during the photocon-

duction process. This is probably related to the large

increase in charge carrier density, and the correspond-

ing decrease in bulk resistance in the molecular semi-

conductors upon annealing. Therefore, the improved

photophysical and electronic properties of the compos-

ite �lms are attributed to the increased exciton migra-

tion lengths, the charge carrier mobilities, and other

factors. And the increased exciton migration lengths

in thermal-annealed PAT/PV �lms are attributed to

the crystallinity of the PV. Taken all together, these

results indicate that the annealed composite �lm has

the major e�ect of enhancing the morphological mi-

crostructures of both components that form the inter-

penetrating networks. This may bring about a higher

e�ective di�usion length for excitons in PAT/PV com-

posite �lms.

4.Conclusion

PV doping can improve the photovoltaic perfor-

mance of PAT thin �lm due to the annealing ef-

fect. We have also analysed in detail the changes

in the composite morphology, crystallinity and photo-

response after annealing by the observation with SEM,

FTIR, UV-vis absorption and x-ray di�raction.

The PV microcrystalites with 8{10�m in size can

be obtained by thermal annealing treatment. Charac-

teristic vibrational frequencies in the infrared spectra

were observed and assigned for analytical application.

In particular, by the annealing of the PAT-PV com-

posites, the absorption and the photocurrent were en-

hanced in intensity and in their spectral response. The

PV doping and annealing e�ects can be interpreted in

terms of the growth of PV crystals in the composite

and e�ective charge separation at the PAT-PV inter-

face.

|||||||||||||||||||||||||||

References

[1] Tang C W 1986 Appl. Phys. Lett. 48 183

[2] Yoshino K, Tada K, Fujii A, Conwell E M and Zakhidov

A A 1997 IEEE Transaction on Electron Devices 44 1315

[3] Yu G, Gao J, Hummelen J C, Wudl F and Heeger A J

1995 Science 270 1789

[4] Halls J J M, Walsh C A, Greenham N C, Marseglia E A,

Friend R H, Moratti S C and Holmes A B 1995 Nature

376 498

[5] Bozano L, Carter S A, Scott J C, Malliaras G G and Brock

P J 1999 Appl. Phys. Lett. 74 1132

[6] Yoshino K, Yin X H, Morita S, Kawai T and Zakhidov A

A 1993 Solid State Commun. 85 85

[7] Morita S, Zakhidov A A and Yoshino K 1993 Jpn. J. Appl.

Phys. 32 L873

[8] Sariciftci N S, Braun D, Zhang C, Srdanov V I, Heeger A

J and Wudl F 1993 Appl. Phys. Lett. 62 585

[9] Feng W, Fujii A, Lee S, Wu H and Yoshino K 2001 Synth.

Met. 121 1595

[10] Feng W, Fujii A, Lee S, Wu H and Yoshino K 2000 J.

Appl. Phys. 88 7120

[11] Forrest S R, Kaplan M L and Schmidt P H 1984 J. Appl.

Phys. 55 1492

[12] Magin E H and Borsenberger P M 1993 J. Appl. Phys. 73

787

[13] Tada K, Harada H and Yoshino K 1997 Jpn. J. Appl.

Phys. 36 L718

[14] Pfei�er M, Beyer A, Plonnigs B, Nollau A, Fritz T, Leo K,

Schlettwein D, Hiller S and Wohrle D 2000 Solar Energy

Mater. Solar Cells. 63 83

[15] Takahashi K, Kuraya N, Yamaguchi T, Komura T and

Murata K 2000 Solar Energy Mater. Solar Cells. 61 403



432 Feng Wei et al Vol. 12

[16] Liorente S R, Aroca R and Du� J 1999 Spectrochim. Acta

A 55 969

[17] Sicot L, Fiorini C, Lorin A, Raimond P, Sentein C and

Nunzi J M 2000 Solar Energy Mater. Solar Cells 63 49

[18] Feng W, Cao M, Wei W, Wu H, Wan M and Yoshino K

2001 Acta Phys. Sin. 50 1157 (in Chinese)

[19] Cano T D, Du� J and Aroca R 2002 Appl. Spectros. 56

744

[20] Santere F, Cote R, Veilleux G, Saint-Jacques R G and

Dodelet J P 1996 J. Phys. Chem. 100 7632

[21] Narushima K, Kontani T, Egerton R F, Urao R and

Takeuchi M 1997 Appl. Surf. Sci. 113{114 326

[22] Dittmer J J et al 2000 Solar Energy Mater. Solar Cells.

61 53

[23] Yoshino K, Hayashi S and Sugimoto R 1984 Jpn. J. Appl.

Phys. 23 L899

[24] Nakazono M, Kawai T and Yoshino K 1994 Chem. Mater.

6 864

[25] Kam A P, Aroca R, Du� J and Tripp C P 2000 Langmuir

16 1185

[26] Feng W, Fujii A, Lee S, Wu H and Yoshino K 2000 Jpn.

J. Appl. Phys. 39 4978

[27] Lee S B, Yoshino K, Park J Y and Park Y W 2000 Phys.

Rev. B 61 2151


