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Organic solar cells based on poly(N-vinylcarbazole) (PVK): porphyrin: tris (8-hydroxyquinolinato) aluminium

(Alg3) blend p-n junction systems have been fabricated in this work. The roles of the different components in the

blend system and of the amount of porphyrin have been investigated. The 5, 10, 15, 20-tetraphenylporphyrin (TPP)

and 5, 10, 15, 20-tetra(o-chloro)phenylporphyrinato-copper (CuTCIPP) are used in the solar cells. The results show
that TPP is better than CuTCIPP in enhancing the performance of PVK:Alg3 solar cells. When the weight ratio of
PVK:TPP:Alg3 is 1:1.5:1, the best performance of solar cell is obtained. The open circuit voltage (Vo) is 0.87 V, and
the short circuit current (Jsc) is 17.5 uA-cm™2. In the ternary bulk hereojunction system, the device may be regarded as
a cascade of three devices of PVK:TPP, TPP:Alq3 and PVK:Alq3. PVK, TPP and Alg3 can improve the hole mobility,
light absorption intensity and electron mobility of the ternary bulk hereojunction system, respectively.
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1. Introduction

Polymer and organic solar cells have attracted
wide interest due to their potential properties of light
weight, flexibility, low cost and serving as coatings
for large areas.[!l A considerable amount of research
has been carried out on polymer and organic mate-
rials in the past three decades. Many polymer and
organic solar cells with novel structures have been
fabricated to improve the power conversion efficiency,
such as organic—inorganic heterostructures, organic

§[2:3

small molecular-polymer heterojunctions(®3! and us-

(4] Porphyrin has

ing dyes as light-harvesting materials.
an extended p-conjugation system leading to a wide
range of wavelengths for light absorption.’! It has
high stability, typical organic p-type semiconductor
behaviour® and has been considered as a potential
light harvester for photovoltaic applications.

Kim et all”) fabricated a plastic solar cell device

by using poly (N-vinylcarbazole) (PVK) with metal-

DOI: 10.1088/1674-1056/20/3 /038401

loporphyrin dye-dispersion The structure of the device
was in the form of ITO/PVK (porphyrin) /Alq3/Al.
5, 10, 15, 20tetra (o-nitro)phenylporphyrinato-zinc
(ZnTNPP) was used as dye. The parameters of the
cell were as follows: open circuit voltage (Vo) =
0.605 V, short circuit current (Jg.) = 0.677 pA-cm=2
filling factor (FF)=0.312 and power conversion ef-
ficiency (17)=0.0326%.
been done on studying the effects of the type and

However, little research has

the amount of porphyrin added to solar cells based
on PVK:Alg3. At the same time, porphyrin can lead
to a wide range of wavelength for light absorption and
can be used as a light harvester. So in this work, we

(7] the electron

chose the hole transport material PVK,
transport material Alg3,®! and the light-harvesting
material porphyrin to fabricate a solar cell. Then the
properties of these solar cells with different kinds and
amounts of porphyrin are investigated. At the same
time, the roles of the different components in the blend

system are discussed in detail.
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2. Experiments

2.1. Materials

The 5, 10, 15, 20-tetraphenylporphyrin (TPP)
was prepared by the direct condensation of pyr-
role with benzaldehyde according to a documented
procedure.’) The 5, 10, 15, 20- tetra(o-chloro)
phenylporphyrinato-copper (CuTCIPP) were syn-
thesized by the one-pot method:[*% pyrrole, o-
chlorobenzaldehyde and cupric salt were reacted di-

rectly. These two compounds were purified by column
chromatography on silica gel. They were also con-
firmed by element analysis using a THERMOQUEST
Flash EA1112, Fourier transform infrared spectrome-
ter (SPECTRUM ONE), and Shimadzu UV-3101 PC
spectrometer. The Alg3 and PVK used in this work
were purchased from Sigma-Aldrich. Other chemicals
used were not further purified. The molecular struc-
tures of the porphyrins (TPP (Fig. 1(b1)), CuTCIPP
(Fig. 1(b2))) and Alg3 are illustrated in Fig. 1.

1.M=2HY, R=H
2.M=Cu’f, R=Cl

TPP
CuTCIPP

(b)

porphyrins

Fig. 1. Molecular structures of Alq3 and porphyrins.

2.2. Device manufacture

The photovoltaic devices studied were prepared
as follows: Indium tin oxide (ITO) coated glass sub-
strate (ITO thickness of 25 nm with a sheet resis-
tance of 60 /square) was pre-cleaned with acetone,
ethanol and de-ionized water for 20 min consecutively
and then dried with dry nitrogen. UV-ozone treat-
ment was performed using an ultraviolet light source
with a wavelength of 245 nm at 20 mm distance from
the substrate under an oxygen flow in order to raise
the work function of ITO." Solution of the active
layers was prepared in chloroform with a particular
weight ratio. The mixed solution was passed through
a 0.22 pm filter and then spin coated at 2000 rpm
(revolutions per minute) on an ITO glass substrate.
Finally, an Al electrode was deposited on the organic
film by thermal evaporation at 5x10~* Pa to serve
as the device cathode. The photoactive area of the

devices was 0.1 cm? as limited by a shadow mask.

2.3. Device testing

A 150 W xenon lamp was used as a broad band
light source. The current density—voltage (J-V') char-
acteristics of the devices were measured with a Keith-
ley 2410 source measure unit. Films for UV-Vis ab-
sorption and photoluminescence (PL) measurements
were prepared by spin coating onto cleaned quartz
slides and were detected with a Shimadzu UV-3101
PC spectrometer and a system of ACTON 150 CCD
spectrometer. All measurements were carried out in
an air atmosphere and at room temperature.

3. Results and discussion

The configuration of the device and its energy
band structure is depicted schematically in Fig. 2. The
Al and ITO were used as electrodes. The Algq3:PVK
film or Alg3:porphyrin:PVK film was used as an ac-
tive layer. The introduction of porphyrin into the
PVK:Alg3 system can adjust the energy bands of

donor and acceptor.
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Fig. 2. Schematic illustration of solar cell and its energy band structure.

3.1. Varying the kind of porphyrin

UV-Vis absorption spectra of PVK:Alg3(1:1,
mass ratio) film, PVK:TPP:Alg3 (1:0.5:1) film and
PVK:CuTCIPP:Alg3 (1:0.5:1) film were measured and
are shown in Fig. 3. The characteristic absorption
bands (from 200 to 400 nm) correspond to the ab-
sorptions of PVK! and Alq3,['3l and the absorp-
tion from 400 to 700 nm is due to the porphyrins.['4
The spectra show clearly that the introduction of
TPP or CuTCIPP into the active layer leads to the
enhancement of the photosensitivity in the range of
visible light where PVK and Alg3 absorb weekly.
Therefore the absorption spectrum of the whole ac-
tive layer is broadened.l'®) The enhanced light ab-
sorption of the active layer is favourable for exciton
generation and thereby can lead to a larger photocur-
rent in theory. The energy gaps of the porphyrins,
ie., TPP and CuTCIPP, are E, (TPP)=1.8 eV,
E, (CuTCIPP)=2.0 eV, respectively.'l The energy
gap of TPP is closer to the optimum energy gap of
1.5 eV of solar cell than that of CuTCIPP. So the
PVK:TPP:Alg3 cell is predicted to have a better per-
formance than the PVK:CuTCIPP:Alg3 cell.

v —=—PVK:Alg3
9 —e—PVK:TPP:Alq3
—A—PVK:CuTCIPP:Alg3

Absorbance/arb. units

K \ = O
00 300 400 500 600 700
Wavelength/nm

Fig. 3. Absorption spectra of active layers.

In order to confirm whether the introduced por-
phyrin can lead to a larger photocurrent and whether
TPP is better than CuTCIPP in improving the cell
performance of the PVK : Alq3 system, three kinds
of organic solar cells were fabricated. The structures
of the devices were in the forms of ITO/PVK:Alq3
(1:1)/Al, ITO/PVK : TPP : Alg3 (1:0.5:1)/Al and
ITO/PVK : CuTCIPP : Alg3 (1:0.5:1)/Al, respec-
tively. Photovoltaic parameters of these cells such as
Voe, Jsc and FF were calculated from the analysis of
the J-V characteristics (seen in Fig. 4) and are listed
in Table 1. Tt is seen that cell with porphyrin is char-
acterised by higher photocurrent and voltage than the
cell without porphyrin. In addition, TPP has better
properties than CuTCIPP, with the active layer in-
troduced into it. The improved Ji. is partly due to
the contribution made by porphyrin to extending the
light harvesting. Another reason is that when metal
porphyrin is formed, metal ion is not in one plane
along with porphyrin ring and the decrease of molec-
ular planarity leads to reducing the porphyrin conju-
gation, consequently the ability of carrier transport
was decreased. So the Ji. of the device with CuT-
CIPP is lower than that of the device with TPP. The
blended p—n junction system with three materials can
facilitate the separation of charge from the excitons
formed by irradiation. Therefore, the photovoltaic ef-
fect of device incorporated with porphyrins is actually

improved.

Table 1. Photovoltaic parameters of different solar cells.

device Voo/V  Jse/uA-cm™2  FF

PVK:Alqg3 0.33 0.485 0.275
PVK:CuTCIPP:Alqg3 0.66 1.37 0.230
PVK:TPP:Alq3 0.77 7.13 0.216
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Fig. 4. J-V characteristics of different solar cells.

3.2. Varying the weight ratio of por-
phyrin

The effect of the amount of porphyrin on the so-
lar cell was further investigated. Figure 5 shows the
effect of varying the PVK:TPP:Alq3 weight ratio from
1:0.5:1 through to 1:2:1. The photovoltaic parameters
of the cells such as V., Jsc and FF are summarized in
Table 2. Variations of FF, Js. and V. with TPP dop-
ing ratio are shown in Fig. 6. It can be observed that
the values of Vi, Js, and FF depend remarkably on
the amount of TPP. The values of V. and J. increase
at first and reach a maximum, then they decrease with
further increase in the amount of TPP. The FF value
increases monotonically from 0.216 to 0.257. When
the ratio of PVK:TPP:Alq3 is 1:1.5:1, the best perfor-
mance of the solar cell is obtained. The V. of the cell
is 0.87 V and J is 17.5 pA-cm™2. The enhanced per-
formance can be ascribed to the enhancement of light
absorption with the increase of TPP concentration in
the film. The degradation in performance may be due
to aggregation occurring as TPP reaches a certain con-
centration and the resistance of the film increases. Ex-
citons generated in the film have a lower probability
of reaching the dissociation interface where they are
converted into charges.['”) Therefore, the performance
decreases.

Table 2. Photovoltaic parameters of devices based on
PVK:TPP:Alq3 film with different amounts of TPP.

weight ratio Voo /V Jse/pA-cm—2 FF
1:0.5:1 0.77 7.13 0.216
1:1:1 0.82 11.2 0.221
1:1.5:1 0.87 17.5 0.227
1:2:1 0.82 15.1 0.257

Jsc/pA-cm™2

0.6 0.8

1.0
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Voltage/V
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Fig. 5. J-V characteristics of devices with different
amounts of TPP; below the exponential form of the J-—

V' characteristics.
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Fig. 6. Variations of FF, Js. and Vi with TPP doping
ratio.
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3.3. Varying the composition of the ac-
tive layers

In order to identify the roles of the different com-
ponents in the active layer, four kinds of cells with
the same structure but different active layers were de-
signed and prepared. Then their properties were mea-
sured. Table 3 shows the photovoltaic parameters of
different cells, such as V., Jsc and FF. The cell with
the best performance is the PVK:TPP:Alq3 system.
It is known that porphyrin is a light-harvesting mate-
rial and a relatively weak electron donor!*®! while PVK
is a good hole transport material and Algs is a good
electron transport material. The device of number D
in Table 3 has a better performance than the device of
number A because of introducing TPP to enhance the
light absorption. The device of number D has a bet-

ter performance than the device of number B because
of introducing PVK to enhance the hole mobility of
the active layer. The device of number D has a per-
formance better than the device of number C because
of introducing Alg3 to enhance the electron mobil-
ity of the active layer. The three chemicals blended
into the active layer all impart good performance to
the cell device, but none of the three can be omitted.
From the absorption spectrum, it is concluded that
TPP can broaden the absorption spectrum of the ac-
tive layer, which favours the exciton generation. In
addition, the blended active layer has good electron
and hole mobilities thanks to the Alg3 and PVK com-
ponents, respectively. Therefore, the PVK:TPP:Alq3
cell has good performance compared with the other

cells.

Table 3. Photovoltaic parameters of different solar cells.

number device weight ratio Voc/V Jse/ppA-cm—2 FF
A PVK:Alg3 1:1 0.33 0.485 0.272
B TPP:Alq3 1.5:1 0.20 5.01 0.290
C TPP:PVK 1.5:1 0.23 2.74 0.289
D PVK:TPP:Alg3 1:1.5:1 0.87 17.5 0.227

In addition, the PL spectra of PVK, Alq3, TPP
and any two of them blended into a film were also
In Fig. 7(a),
the PL spectra of these films were obtained when

measured and are plotted in Fig. 7.

the films were excited by 340 nm light, correspond-
ing to the absorption of PVK. The exciton emittion
of PVK disappeared and the emission peaks of Alg3
and TPP emerged for the cases of PVK:Alg3 (1:1)
and PVK:TPP (1:1.5), respectively. This reveals that
the energy of PVK exciton was quenched in these
two blended films. Emission quenching results from
two processes: Forster energy transfer!’ and exci-
ton dissociation.?l In PVK:Alg3 (1:1), the emission
of Alg3 is relatively strong thanks to Forster energy
transfer from PVK to Alq3. This means that more ex-
citons of PVK transfer their energy to excite Alq3, but
the dissociation of excitons into electrons and holes at
the interface of the two materials is relatively weak.
On the other hand, for PVK:TPP (1:1.5), even the
overlap between the emission of PVK and the absorp-
tion of TPP (Fig. 7(b)) is large, Forster energy trans-
fer from PVK to TPP is not superior in this system

because the emission of TPP is comparatively weak.
Therefore, the main emission quenching of PVK is due
to exciton dissociation at the interface of PVK and
TPP. Figure 7(c) shows the PL spectra of the pure
Alg3 film, the PVK:Alg3 (1:1) film and the TPP:Alq3
(1.5:1) film, which were obtained with excitation at
390 nm corresponding to the absorption of Alq3. It
is apparent that the PVK:Alqs (1:1) and the pure
Alg3 have similar PL spectra in shape, but the for-
This
also indicates that the Forster energy transfer occurs
from excited PVK to Alq3. For Alg3:TPP (1:1.5).
The small overlap between the emission spectrum of
Alg3 and the absorption band of TTP (Fig. 7(d)) may
causes the Forster energy transfer. But for the case
of TPP:Alg3 (1.5:1), the exciton emission of Alq3 was
not detected even though the excitation corresponds

mer is higher than the latter in PL intensity.

to the absorption of Alq3. In addition, the emission of
TPP is weak. So the main emission quenching of Alq3
is not due to energy transfer from Alq3 to TPP, but
due to exciton dissociation at the interface between
Alg3 and TPP.
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Fig. 7. PL spectra of pure PVK film, PVK:TPP (1:1.5) film and PVK:Alq3(1:1) film with 340 nm excitation
(a), Optical absorption of TPP film and PL spectrum of PVK film (b), PL spectra of pure Alqs film, PVK:Alqs
(1:1) film and TPP:Alg3 (1.5:1) film with 390 nm excitation (c), optical absorption of TPP film and PL spectrum

of Algs film (d).

As described above, it is believed that the doped
TPP favours exciton dissociation in the PVK:Alqg3
system and results in an enhancement of the proper-
ties of the cells. As a consequence, the PVK:TPP:Alq3
solar cell system may be regarded as a cascade con-
nection of three sub-cells of PVK:TPP, TPP:Alg3 and
PVK:Alg3. PVK, TPP and Alg3 can improve the hole
mobility, light absorption intensity and electron mo-
bility of the ternary bulk hereojunction system, re-
spectively.

4. Conclusions

The performances of ternary blend solar cell based
on PVK:porphyrin:Alq3 systems are sharply depen-

dent on each of its components: PVK, porphyrin

and Alg3. Much more photogeneration is obtained
from the ternary bulk hereojunction solar cell. Two
kinds of porphyrins are included in the blend systems.
TPP is better than CuTCIPP in improving the cell
performance of the PVK:Alq3 system. TPP can in-
duce more exciton dissociation in the PVK:Alg3 sys-
When the ratio of PVK:TPP:Alg3 is 1:1.5:1,
the best-performance solar cell is obtained. V. is
0.87 V, and J,. is 17.5 puA-cm~2. The solar cell of
a PVK:TPP:Alq3 system can be regarded as a cas-
cade of three solar cells of PVK:TPP, TPP:Alq3 and
PVK:Alg3. PVK, TPP and Alg3 can improve the
hole mobility, light absorption intensity and electron

tem.

mobility of the ternary bulk hereojunction system, re-

spectively.
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