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INTRODUCTION

Following the success of organic light emitting diodes 
(OLEDs), a growing interest is dedicated to organic 
photovoltaic cells (OPVCs). To date all the OLEDs 
available on the market are realized by joule heating under 
vacuum. So active materials based on small molecules 
are the focus of increasing interest for the fabrication 
of organic solar cells. In fact compared to polymers, 
small molecules allow the development of reproducible 
synthesis purification and process [1]. 

The realization of OPVCs by vacuum deposition 
presents the advantage of simple fabrication of multilayer 
devices and easy control of the layers thickness [2]. A 
classical planar heterojunction OPVCs cell involves 

a bilayer of donor and acceptor material sandwiched 
between transparent and metal electrodes. The light 
absorbing layer is generally the electron donor (ED) like 
for example a metal phthalocyanine (MPc) associated 
with an electron acceptor (A), such as fullerene C60 
[3]. If MPc have been broadly studied, porphyrin and 
its derivatives, which are also well-known dyes have not 
been so often studied. As a matter of fact, up to now the 
study dedicated to prophyrin derivatives were mainly 
dedicated to metal porphyrin derivatives [4, 5]. In the 
present work we show that a quite simple porphyrin 
derivative (meso-tetrakis(5-bromo-2-thienyl)porphyrin), 
(TBrTP) (Scheme 1), can be used with promising success 
as ED in OPV.

The earth of the OPVCs studied in the present work is 
based on the planar heterojunction Porphyrin derivatives/
fullerene. However additional films are necessary to grow 
performing devices. Beyond electrodes, other layers turn 
out to be necessary to obtain successful OPVCs. Indeed, 
it is necessary to improve the contact electrodes/organic 
materials, which is often achieved through the introduction 
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of a thin buffer layer at the interface. In the present 
work, the transparent conductive anode is the classical 
ITO, while the cathode is the often used aluminum. The 
buffer layer on the cathode side, usually called exciton 
blocking layer (EBL) [6], is an Alq3 thin film, thick 
of 8 nm. Bathocuproine (BCP) is often used as exciton 
blocking buffer layer [6], however, in the present work, 
the aluminum tris(8-hydroxyquinoline) (Alq3) has been 
chosen because it has been shown that it allows to grow 
solar cells with higher lifetime [7, 8]. About the interface 
ITO/ED it is well known that it is necessary to improve the 
band matching between the anode and the organic material, 
in order to achieve efficient hole collection. If high work 
function buffer layer such as PEDOT/PPS [9] and Au [10] 
are known to improve efficiently the band matching at 
the interface ITO/ED, we have shown that MoO3 is very 
efficient whatever the highest occupied molecular orbital 
(HOMO) value of the ED [11]. Therefore it was used as 
anode buffer layer (ABL) in the present OPVCs. However, 
if MoO3 [12] allows achieving a good band matching 
between ITO and the ED, it was shown that some others 
specific materials, such as PTCDA [13] or CuI [14] allow 
to modify the structure of the ED and therefore, to improve 
the solar OPVCs performances. In a recent work [15], we 
showed that, by using double anode buffer layer (DABL) 
it is possible, not only to improve the band matching at the 
interface, but to also to modify the structure of the ED in 
such a way that devices with higher current density and 
open circuit voltage are achieved. This DABL consist in 
a thin film of MoO3 (3 nm) recovered by a thin CuI layer 
(1.5 nm). We assume the reason for this may be due to the 
dual function of MoO3 and CuI since both of them were 
reported to be able to reduce the hole injection barrier 
compared with bare ITO, while CuI improve the ED films 

morphology and conductivity while MoO3 prevents the 
OPV cells from leakage path formation. Therefore the 
typical OPVCs of the present work are as follow:

Glass/ITO/ABL/TBrTP/C60/Alq3/Al, with ABM = 
MoO3 or MoO3/CuI.

EXPERIMENTAL

Synthesis and characterization of the porphyrin 
derivatives

Chemical reactives. All the reactives and solvents 
used where pro analysis quality: pyrrole and 5-bromo-
2-thiophenecarboxaldehyde for synthesis were obtained 
from Sigma-Aldrich; propionic acid p.a. from Merck; 
hexane p.a., chloroform p.a., ethanol p.a., methanol p.a., 
sodium hydroxide p.a., acetone p.a., acetic acid 100% 
p.a., boric acid, orthophosphoric acid 85%, silica gel 
60 230–400 mesh ASTM, 0.04–0.063 mm porosity, for 
column, cobalt acetate(II), deuterated chloroform and 
sodium sulfite were from Merck; potassium chloride 
from Riedel-de-Haen; tetrabutylammonium perchlorate 
99% from Across-Organics; silicone oil from Vetec; 
dichloromethane p.a. from J.T Baker; and ultra pure 
nitrogen 99.995 from AGA.

Instruments. Microanalysis was performed on a Fison, 
Model EA-1108 elemental analyzer. Proton nuclear 
magnetic resonance spectra (1H NMR) were registered in 
a Brucker Advance 400 MHz spectrometer and processed 
by Mestrec software. UV-visible electronic spectra were 
registered in a Scinco S-3100 spectrophotometer, which 
has a diode bridge detector on 1 cm optical pass quartz 
cell. The equipment is controlled by the LabPro software 
through an interface. The spectrum window used was 
350 to 750 mm. All the measurements were taken 
in dichloromethane at room temperature. The cyclic 
voltammograms were measured by a CH Instrument 
604C potentiostat, connected to a computer, controlled by 
CHI software through interface. For pH measurements, it 
was used a pH-meter (HI 8424 HANNA Instruments).

Synthesis of (meso-tetrakis(5-bromo-2-thienyl)por- 
phyrin), (TBrTP). The monomer was synthesized accor
ding to what is described in literature, Adler method. 
5-bromo-2-thiophenecarboxaldehyde, 95% (2.6 mL, 
2.1 × 10-2 mol) and pyrrole 98% (1.5 mL, 2.1 × 10-2 mol) 
in 150 mL of propionic acid were heated by reflux. In 
about 30 min, the formation of a black precipitate was 
observed. It was cooled at room temperature, and then 
methanol was added, cooling it by an ice bath at 0 °C 
during 15 min. Subsequently, it was filtered and the 
filtrand was washed with distillated water and methanol, 
dried and later purified by column chromatography 
(silica/CH2Cl2), obtaining a solid and crystalline purple 
precipitate (27% yield): TBrTP. Elemental analysis 
C36H18N4S4Br4; calcd. C: 45.30, H: 1.90, N: 5.87; found 
C: 45.33, H: 1.84, N: 5.83. 1H NMR (400 MHz, CDCl3) 

Scheme 1. Molecule of (meso-tetrakis(5-bromo-2-thienyl)-
porphyrin), (TBrTP)
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TTP: d, ppm -2.71 (2H), 7.94–7.89 (4H, thiophene ring 
hydrogens), 8.11–8.08 (4H, thiophene ring hydrogens), 
9.27–8.88 (8H, porphyrin ring hydrogens).

Organic photovoltaic cells realization and 
characterization

Before thin films deposition, the ITO coated glass 
substrates were scrubbed with soap, rinsed with distilled 
water, dried and next placed in the vacuum chamber 
(10-4 Pa). The ABL, CuPc, C60, BCP and aluminum 
layers were deposited sequentially onto the substrate by 
sublimation or evaporation. Following an earlier study, 
we chose to work with a CuI layer thick of 1.5 nm 
and the deposition rate of CuI being 0.005 A°/s [16]. 
According to results previously obtained, the thickness 
of the MoO3 layer was 4 nm, that of C60 was 40 nm and 
that of Alq3 nm 8 nm [17]. In order to check the efficiency 
of the DABL, reference OPVCs using MoO3 alone as 
ABL were also studied. The effective area of each cell 
was 0.16 cm2. The thin films thicknesses were estimated 
in situ using a quartz monitor. The thickness of the ED 
was varied from 18 nm to 8 nm. 

Electrical characterizations were performed with an 
automated I-V tester, in the dark and under sun global 
AM 1.5 simulated solar illumination. Performances of 
photovoltaic cells were measured using a calibrated solar 
simulator (Oriel 300W) at 100 mW/cm2 light intensity 
adjusted with a PV reference cell (0.5 cm2 CIGS solar 
cell, calibrated at NREL, USA). Measurements were 
performed in ambient atmosphere. All devices were 
illuminated through TCO electrodes.

In order to determine the effect of the ABL on the organic 
film conductivity, we have investigated the J-V charac- 
teristics of hole-only devices with MoO3 and MoO3/CuI 
ABL. These devices were grown using high work-function 
electrode buffer layers. The hole only devices were 
fabricated by replacing the C60 and the BCP EBL with 
high the work function MoO3, which is well-known to be a 
hole injector (collector). Hole only devices have been made 
using the same ITO covered glass substrate than those used 
to grow OPV cells. After deposition of the ABL, an organic 
film thick of 40 nm has been deposited. Then the organic 
film has been covered with a MoO3 film thick of 7 nm. 
Finally aluminum has been used as top electrode.

Thin films characterization

In order to understand the effect of the different ABL 
on the OPV cells performances, different characterization 
techniques have been used for studying the structures 
ITO/ABL/TTB. 

The thin films structures are analyzed by X-ray 
diffraction (XRD) by a Siemens D5000 diffractometer 
using Ks radiation from Cu (lKa = 0.15406 nm).

The film transmittance was measured at wavelengths 
of 1.2 to 0.30 mm. The optical measurements were 

carried out at room temperature using a Carry spectro
meter. The morphology of the different structures 
used as anode was observed through scanning electron 
microscopy (SEM) with a JEOL 7600 F at the “Centre de 
Microcaractérisation de l’IMN, Université de Nantes”. 
Images in secondary (SEM) and backscattering (BEI) 
mode have been done. 

Atomic Force Microscope (AFM) images on different 
sites of the film were taken ex-situ at atmospheric 
pressure and room temperature. All measurements have 
been performed in tapping mode (Nanowizard III, JPK 
Instruments). Classical cantilevers were used (Type PPP-
NCHR-50, Nanosensor). The average force constant and 
resonance were approximately 14 N/m and 320 kHz, 
respectively. The cantilever was excited at its resonance 
frequency. 

RESULTS AND DISCUSSION

OPVCs study

The carrier mobility in organic material being very 
small, the thickness of the organic layers strongly affects 
the performances of OPVCs. The optimization of the 
thickness of the others organic layers having already 
been realized, that of TBrTP has been used as parameter. 
We can see in Table 1 that, actually, the power conversion 
efficiency (PCE) of the OPVCs depends strongly on the 
thickness of the TBrTP layer. It increases from 0.2% to 
1.32% when the TBrTP film thickness decreases from 
18 nm to 10 nm. For thinner TBrTP film (8 nm) there is 
no more increase of the PCE. 

The improvement of the performances corresponds 
to an increase of all the OPVCs parameters (Table 1). 
It must be noted that these OPVCs performances were 
systematically achieved with the DABL. A comparison 
of the results obtained with MoO3 and MoO3/CuI after 
optimization of the TBrTP thickness is shown in Fig. 1, 
while, in Table 1, it can be seen that the efficiency 
obtained with MoO3/CuI DABL is nearly the double of 
that obtained with MoO3 alone. One can see that the open 
circuit voltage Voc and the short circuit current Jsc are 
strongly improved, while the fill factor FF is slighttly 
smaller.

Having optimized the thickness of the TBrTP 
layer, we studied the influence of the CuI layer on the 
performances of the OPVCs. As a matter of fact, the 
efficiency of the OPVCs decreases systematically with 
the increase of the CuI layer thickness beyond 1.5 nm. 
For instance for a thickness of 4 nm of CuI in the DABL, 
the PCE of the cells was only 0.58%, with Voc = 0.34 V, 
Jsc = 3.5 mA/cm2 and FF = 40%. This shows that the 
main contributions to the OPVCs performances are due 
to Voc and FF.

In order to compare the effects of CuI and MoO3/
CuI on the performances of the OPVCs, the ITO/

1350125.indd   3 12/17/2013   7:23:07 PM
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MoO3/CuI/TBrTP and ITO/CuI/TBrTP devices have 
been characterized by UV-Vis spectroscopy, electrical 
measurement, X-ray diffraction, scanning electron 
microscopy and AFM. 

Characterization of the ITO/ABL/TBrTP structures

Optical and electrical properties. The absorption of 
the TBrTP films (20 nm) deposited onto ITO and the 
different ABL is reported in Fig. 2. 

The absorption spectrum for the ligand shows a Soret 
band (b) on the 380 nm to 490 nm region, and over 
the 480 nm 4 bands (Q) can be observed. This intense 
absorption bands are characteristic for porphyrins and are 
due to p–p* ligand transitions.

About the effect of the ABL, as shown in Fig. 2, the 
absorption spectra of the TBrTP films (30 nm) deposited 
on ITO/CuI/MoO3 and ITO/CuI exhibit some difference 
induced by the ABL. Figure 2 shows that if there is a 
small blue shift of the absorption range of TBrTP when 
deposited onto the MoO3/CuI DABL, there is also a 
significant improvement of its absorbance. Moreover the 
shape of the absorbance spectrum is modified.

Also, the conductivity of the hole only devices depends 
on the ABL. It is one order of magnitude higher when the 
TBrTP film is deposited onto MoO3/CuI DABL (Fig. 3).

Structural properties. If the X-ray diffraction diagrams 
of these various films do not indicate any cristallinity of 
the TBrTP (not shown), the MEB and AFM studies show 

Fig. 1. Typical J-V characteristics of ITO/ABL/TBrTP (10 nm)/ 
C60/Alq3/AlOPVCs, with ABL = MoO3 (·), and MoO3/CuI 
(), in the dark (full symbol) and under illumination of AM1.5 
solar simulation (100 mW/cm2) (open symbol)

Table 1. Typical parameters of organic solar cells with different TBrTP thicknesses

ABL TBrTP, nm Voc, V Jsc, mA/cm2 FF, % h,% Rs Rsh

MoO3/CuI 18 0.40 1.18 44.5 0.20 29 630

MoO3/CuI 15 0.44 2.9 48 0.61 11.5 600

MoO3/CuI 12 0.54 3 52 0.84 10 880

MoO3/CuI 10 0.56 4.4 54 1.32 7.4 600

MoO3/CuI 8 0.54 4.2 53 1.20 6 600

MoO3 10 nm 0.43 2.77 59 0.7 6 1100

Fig. 2. Optical density spectra of TBrTP thin films (20 nm) 
deposited onto ITO/CuI (—) and ITO/MoO3 ( – - – ) anodes 
density spectrum

Fig. 3. Log-log plot of the current density-voltage curves of the 
hole only devices: ITO/ABL/TBrTP/MoO3/Al, ABL = MoO3 
( – - – ) or MoO3/CuI (—)
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that the morphology of the TBrTP films depends strongly 
on the ABL. 

As shown in Fig. 4 the surface morphology of 
the TBrTP layers depends strongly on the ABL. The 
layers are homogeneous when they are deposited onto 
the MoO3/CuI DABL, while large features of 0.12 to 
0.16 mm2 are randomly distributed at the surface of the 
layers deposited onto MoO3.

In order to check if these features correspond to the 
polymer or some other compound, we have visualized in 

Fig. 5 the same surface in the secondary electron mode 
and in the backscattering mode. In that mode, the lighter 
atoms appear darker on the photos. The features appear 
darker than the film itself, which means that the features 
visible in the secondary electron mode correspond in 
heap of TBrTP. The presence of these heaps is confirmed 
by the AFM study. 

In Fig. 6, the AFM images in three dimensions of 
the TBrTP film deposited onto MoO3 show clearly the 
presence of the features already visualized by SEM. 

Fig. 4. Scanning electron microphotography of a TBrTP layer deposited onto CuI (a) and MoO3/CuI (b)

Fig. 5. Image in the secondary (a) and backscattering mode (b) of the surface of ITO/MoO3/TBrTP structures

Fig. 6. AFM images in three dimensions of a TBrTP layer deposited onto CuI (a) and MoO3/CuI (b)
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In the case of the films deposited onto MoO3/CuI a high 
density of small heaps are distributed all over the surface. 

The profiles of Fig. 7 allow measurement of the height 
of these different heaps. In the case of the TBrTP films 

deposited onto MoO3, when the profile is crossed so 
that it does not cut any feature (Fig. 7, upper line), the 
maximum height of peaks is of 6 nm, but when it crosses 
a feature (bottom line), the maximum height is 100 nm. 
In the case of the TBrTP films deposited onto MoO3/CuI 
(Fig. 7a), the maximum height of peaks is 20 nm and the 
rms 7.5 nm, while it is 37 nm in the case of MoO3 ABL 
(Fig. 7b). This high rms value is due to the broad features 
present at the surface of the films. 

DISCUSSION

The classical equivalent electrical scheme of OPV 
cells was used to calculate, the shunt resistance, Rsh, 
defined by the slope of the J-V curve at J = Jsc and the 
series resistance, Rs, defined by the slope of the J-V 
curve at J = 0. 

About the effect of the thickness of the TBrTP films, 
Table 1 shows that the series resistance Rs decreases 
with the thickness, while the shunt resistance does not 
varies strongly. The strong Rs variation with the TBrTP 
thickness is due to its high resistivity. This large decrease 
of Rs justifies the increase of the performances of the 
OPVCs when the TBrTP thickness decreases. However, 
this positive effect is masked by the fact that the decrease 
of thickness implies a decrease of the absorption and thus 
of Jsc.

As shown in Table 1, replacing MoO3 by MoO3/
CuI leads to a decrease of Rsh, while CuI increases 
significantly the conductivity of the TBrTP layer (Fig. 3), 
which results in a clear increase of Jsc. 

When the thickness of the CuI layer is increased there is 
a strong degradation of Voc anf FF. In fact, if the presence 
of CuI allows improving Jsc, the shunt resistance of the 
OPVCs decreases when the CuI thickness increases. 

Therefore, the high Rsh achieved with MoO3 and 
better conductivity obtained with CuI explains the highest 
efficiency of the double anode buffer layer (DABL) 
MoO3/CuI. 

About the different morphologies of the organic film, 
it should be noted that the surface energy of the anode 
covered with MoO3 is strongly higher than that of the 
anode covered with CuI [15, 16], which explains that 
the growth of the organic film is different. Moreover 
it is known that CuI exhibits a high reactivity with the 
sulphur, nitrogen of the organic molecules [18–22]. 

CONCLUSION

It is shown that simple porphyrin derivative, the 
TBrTP allows achieving OPVCs exhibiting promising 
efficiencies when the ABL is the MoO3/CuI DABL. The 
CuI improves the current in the organic layer by one 
order of magnitude, which allows decreasing the series 
resistance of the OPVCs and therefore improving the 
OPVCs performances. On the other hand, MoO3 allows 

Fig. 7. Two dimensions AFM images and profiles of TBrTP films 
deposited onto ITO/MoO3/CuI (a) and ITO/MoO3 (b) structures
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achieving high shunt resistance. All this makes that the 
use of the DABL allows accumulating the positive effects 
of each of ABL.
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