Accepted Manuscript

The influence of annealing temperature and time on the efficiency of penta- PHYSICS
cene:ptcdi organic solar cells

Mehmet Biber, Sakir Aydogan, Zakir Caldiran, Biilent Cakmak, Tevhit
Karacali, Abdulmecit Tiirtit

PII: S2211-3797(17)30570-3

DOI: http://dx.doi.org/10.1016/j.rinp.2017.09.014
Reference: RINP 930

To appear in: Results in Physics

Received Date: 4 April 2017

Revised Date: 23 August 2017

Accepted Date: 5 September 2017

Please cite this article as: Biber, M., Aydogan, S., Caldiran, Z., Cakmak, B., Karacali, T., Tiriit, A., The influence
of annealing temperature and time on the efficiency of pentacene:ptcdi organic solar cells, Results in Physics (2017),
doi: http://dx.doi.org/10.1016/j.rinp.2017.09.014

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.rinp.2017.09.014
http://dx.doi.org/10.1016/j.rinp.2017.09.014

THE INFLUENCE OF ANNEALING TEMPERATURE AND TIME ON THE

EFFICIENCY OF PENTACENE:PTCDI ORGANIC SOLAR CELLS

Mehmet Biber?, Sakir Aydogan®", Zakir Caldiran®, Biilent Cakmak®, Tevhit
Karacali®, Abdulmecit Turut?

!Department of Biotechnology, Necmettin Erbakan University, Science Faculty, Konya,
Turkey

2Department of Physics, Science Faculty, Atatiirk University, Erzurum, Turkey

®Department of Environmental Engineering, Faculty of Engineering, Ardahan University,
Ardahan, Turkey

®Department of Electrical and Electronics Engineering, Erzurum Technical University,
Erzurum, Turkey

*Department of Physics Engineering, Faculty of Science, Istanbul Medeniyet University,
Turkey

Keywords: Organic solar cells; PTCDI; pentacene; annealing.

Abstract

In this study, fabrication of a polycyclic aromatic hydrocarbon/Perylene Tetracarboxylic Di-
Imide (PTCDI), donor/acceptor solar cells are presented using physical vapour deposition
technique in a 1000 class glove box. An ITO/PEDOT:PSS/Pentacene/PTCDI/AI
(ITO=Indium Tin Oxide and PEDOT:PSS= poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate) solar cell has been obtained and the power conversion efficiency, PCE () of about
0.33% has been obtained under simulated solar illumination of 300 W/m?. Furthermore, the
effects of annealing temperatures (at 100 and 150 °C) and of annealing (at 100 °C) times for
5 and 10 min. on the power conversion efficiency, n of the solar cells have also been
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investigated. In general, it has been seen that the thermal annealing deteriorated the
characteristics parameters of Pentacene/PTCDI solar cell such that both fill factor, FF and n
decreased after annealing and with increase of annealing time. Atomic force microscopy
(AFM) images showed that the phase segregation and grain size increased and the surface
roughness of Pentacene film decreased and these effects reduced the 7 value.” The 7 values
of the solar cell have been determined as 0.33%, 0.12% and 0.06% for pre-annealing,

annealing at 100 and 150 °C, respectively.

1 Introduction
Developing countries produce electricity mostly from nuclear and limited oil resources.
However, these resources pollute our atmosphere and environment. Therefore, researchers
search for renewable and inexpensive energy resources around the world. Renewable energy
resources exist over wide geographical areas, in contrast to other energy sources which are
concentrated in a limited number of countries. Among renewable energy resources, solar cells
are the most powerful candidates for the generation of low-cost electricity, by directly
converting sun light into electricity. In recent years, photovoltaic devices have gained an
important role among the alternative renewable energy sources and researches on these
devices 'are - increasingly ongoing today. Solar cell devices made up of organic
semiconductors have attracted because of their light weight, mechanical flexibility, clean
conversion of solar energy and low cost of fabrication [1-3], light weightlessness, and the
potential for large scale production [4,5]. Researches on the power conversion efficiency of
organic photovoltaic (OPV) cells have been extended and significantly improved due to the
use of new materials and device architectures. Among few organic materials, pentacene has
strong absorption property in the visible solar spectrum, large exciton diffusion length and

high field effect hole mobility (1 cm? VV* s™) [6]. Furthermore, PTCDI has been used as an
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electron acceptor (electron mobility is 0.6 cm?®V's™), which ensures balanced field-effect
motilities for n- and p-channels within the device. The chemical structures of pentacene and

PTCDI are shown in Fig.1.

Pentacene

Fig.1 The chemical structures of pentacene and PTCDI

Performance of the organic solar cells depends on the preparation conditions or annealing
conditions such as annealing temperature and annealing time. After annealing, morphology of
the active layer may be altered and this modification may affect the performance of a solar
cell. The morphology of an organic material may change under different annealing time or
temperatures because different” recombination mechanisms may present in different
structures. In this study, we have studied the effect of annealing temperatures and annealing
times on the performance (the power conversion efficiency) of heterojunction based on

Pentacene/PTCDI, donor/acceptor solar cells.

2 Experimental Procedures
Fabrication steps of the ITO/PEDOT:PSS/Pentacene/PTCDI/AI solar cells have been given
here. ITO has been cleaned by chemically (ultrasonic washing in acetone, drying in N,
atmosphere, dipping in deionised (DI) water, ultrasonic washing in isopropyl alcohol (IPA),
drying in N atmosphere, dipping in DI water and then drying in N,). PEDOT:PSS layer has
been formed on ITO (having 8-12 Q resistance) by spin coating (15 s ramp up, 35 s 1500
rpm, 10 s 2000 rpm, 2 min. annealing at 180°C, 40 nm thickness). Later, a 50 nm pentacene
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layer has been evaporated on PEDOT:PSS layer, at a pressure of 3x10” Torr and an
evaporation rate of 1 A/sec. Then, PTCDI layer, with 50 nm thickness has been evaporated on
pentacene, at a pressure of 3x10” Torr and an evaporation rate of 1 A/sec. Finally, Al metallic
contacts with 100 nm thickness have been evaporated on PTCDI layer at a pressure of 3x10~
Torr and an evaporation rate of 1 A/sec. The device configuration of the

ITO/PEDOT:PSS/Pentacene/PTCDI/AI solar cell is given in Fig. 2.

J=F Measur ement
System

Light

Figure 2. The device configuration of the ITO/PEDOT:PSS/Pentacene/PTCDI/AI solar cell

fabricated in this study.

3 Results and Discussion

We have fabricated two different group samples to determine the effect of the annealing
temperatures (annealing process was performed in inert (argon) environment, in a glove box)
and annealing time on the power conversion efficiency of the

ITO/PEDOT:PSS/Pentacene/PTCDI/AI solar cells. These samples are:
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« Group I: pre-annealing at different temperatures (room temperature RT (ref.), 100°C,
and 150°C) for 5 minutes.
* Group II: pre-annealing, at constant annealing temperature of 100°C for different

times (5 min. and 10 min.)

Absorption spectra of the pentacene, PTCDI and Pentacene:PTCDI blend have been obtained
for visible range and given in Fig.3. As seen, all the films have good spectrum characteristics

in this range.
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Fig.3 Absorption spectra of the pentacene, PTCDI and Pentacene:PTCDI blend
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Fig.4: AFM images of the Pentacene, PTCDI and PTCDI/Pentacene films.on PEDOT:PSS at

pre-annealing.

The morphology of the organic blend layer plays an important role in determining the
performance of the solar cell. In order to clarify the morphological changes, AFM images of
the Pentacene, PTCDI and PTCDI/Pentacene films on PEDOT:PSS at pre-annealing are
given in Fig. 4. AFM images of the Pentacene films on PEDOT:PSS at pre-annealing (a) and
after annealing of at 100°C (b) and at150°C (c) are illustrated in Fig. 5. Furthermore, AFM
images of the PTCDI films on Pentacene at pre-annealing (a) and after annealing of at 100°C
(b) and at 150°C (c) are given in Fig. 6. In addition, AFM images of the PTCDI/Pentacene
films on PEDOT:PSS at pre-annealing (a) and after annealing at 100°C (b) and at 150°C (c)
are shown in Fig.7. AFM images denoted that thin films annealed at high temperatures
yielded more homogeneous structure as rougher surface roughness with respect to non-
annealed ones, at low temperature. After annealing, the  enhance of roughness might
produce extra locations for crystallization of PTCDI, and the increase in the roughness may
be due to an increase in phase separation of the coated PTCDI/Pentacene films. Namely,
annealed films lead to varying degrees of phase separation and a result of annealing effects
might be attributed to improved microscopic phase separation between PTCDI and Pentacene
[7]. 1t is known that surface roughness in blended films significantly affects some processes

such as the charge carrier collection, the efficiency of charge carrier transfer or transport [8-
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11]. Furthermore, an enhancement in higher roughness of the thin film layers (PEDOT:PSS
and PTCDI/PENTACENE) yields a larger contact surface in the interface of the device
materials’ layers and this boosts charge collection efficiency at electrodes giving a higher
power conversion efficiency [12]. In summary, high annealing temperature provides more
activation energy to material atoms which leades to larger grain size. In conclusion, the
images indicate that as annealing temperatures are increased, the surface roughness of the
Pentacene film decreased and, grain sizes and phase separation became larger. It should be
noted that the higher roughness of the film is, the higher efficiency we get [13]. When the
surface roughness increased, internal reflection will increase which leads to improve light
collection. This results in an increase in the efficiency of the solar cell. [14]. These results in
the literature indicate that determination of the diffusion length of excitons is difficult after
annealing. In other words, the contact area may increase for the higher surface roughness and
then, more charges may be collected in the interface of organic film and Al. However, our
results showed exactly opposite results after heat treatment. Therefore, it should be expected
lower power conversion efficiency for ITO/PEDOT:PSS/Pentacene/PTCDI/AI solar cells

after annealing.

(a) (b) (c)
Fig.5: AFM images of the Pentacene films on PEDOT:PSS at pre-annealing (a) and after

annealing of at 100°C (b) and at 150°C (c).
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(@) (b) (c)
Fig.6: AFM images of the PTCDI films on Pentacene at pre-annealing (a) and after annealing

of at 100°C (b) and at 150°C (c).

(@) (b) (©)
Fig.7: AFM images of the PTCDI/Pentacene films on PEDOT:PSS at pre-annealing (a) and

after annealing at 100°C (b) and at 150°C (c).

J-V characteristics of the reference ITO/PEDOT:PSS/Pentacene/PTCDI/AI solar cell have
been measured in dark and under illumination with a power density of 300 W/m?. The J-V
characteristics of ITO/PEDOT:PSS/Pentacene/PTCDI/Al solar cell is seen in Fig.8. J-V
characteristics of the ITO/PEDOT:PSS/Pentacene/PTCDI/Al solar cells for different
annealing temperatures is given in Fig. 9 under illumination Characteristic parameters such as

short circuit current density Jsc, open circuit voltage Voc, current density Jmp and voltage
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Vmp corresponding to maximum power of the solar cell are given in Table 1. Experimental
results  showed that the  power  conversion  efficiency mn  of  the
ITO/PEDOT:PSS/Pentacene/PTCDI/AI solar cell decreased with increasing of annealing

temperature. As a result, the solar cell without heat treatment resulted in a better PCE of

0.33%.
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Fig. 8: J-V characteristics of the reference ITO/PEDOT:PSS/Pentacene/PTCDI/AI solar cell

in dark and under illumination of 300 W/m?
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Fig. 9: The J-V characteristics of the ITO/PEDOT:PSS/Pentacene/PTCDI/AI solar cells

before and after annealing at 100-and 150 °C temperatures, under illumination of 300 W/m?.

Figure 10 depicts J-V characteristics of the ITO/PEDOT:PSS/Pentacene/PTCDI/AI solar cells
which are annealed-at 100 °C for annealing time of 5 and 10 minutes under illumination of
300 W/cm?. Experimental characteristic parameters such as Js, Voc and Jmp and Vi are also
given in Table 1. As seen in the table efficiency mn of the
ITO/PEDOT:PSS/Pentacene/PTCDI/AI solar cell decreased after increasing annealing time
such that its values are determined as 0.12 and 0.08 for 5 and 10 min. annealing times,

respectively. In addition, these values are also lower than that of the reference sample.
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Fig.10:  Under illumination® of 300 W/m? J-V  characteristics of the
ITO/PEDOT:PSS/Pentacene/PTCDI/AI solar cells at 5 and 10 minutes annealing time at an

annealing temperature of 100 °C ones.

Table 1:/ The characteristics parameters of the ITO/PEDOT:PSS/Pentacene/PTCDI/AI solar

cells for different annealing temperatures and annealing times..

Jsc Voc Jmp Vmp FF PCE
Sample ) )
(mA/cm®) V) (mA/cm®) V) (%) (%)
Ref. 0.60 0.34 0.45 0.22 49 0.33
100 °C
_ 0.23 0.34 0.18 0.20 47 0.12
5 min.
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150 °C

_ 0.12 0.40 0.09 0.20 37 0.06
5 min.
100 °C

) 0.16 0.32 0.11 0.20 44 0.08
10 min.

According to the as-cast device, annealing of the organic solar cells fabricated caused a
deterioration of ITO/PEDOT:PSS/Pentacene/PTCDI/AI solar cell performance, characterized
by an increase in Vo and a reduction in Js.. This can be explained by an increased mixing of
the components causing a degradation of the transport properties in the Pentacene/PTCDI
blend [13,15]. The surface roughness is determined to be 18 nm and 13 nm, for annealing
temperatures of 100, 150 °C, respectively. Our results indicate that the diffusion length of
excitons in organic material might be increased after annealing which results in a decrease in
photocurrent. The decreased surface roughness after annealing might also decrease internal
reflection and reduce - light = collection. As a conclusion the PCE of

ITO/PEDOT:PSS/Pentacene/PTCDI/AI solar cell would also decrease.
3 Conclusions

We have fabricated ITO/PEDOT:PSS/Pentacene/PTCDI/AI solar cells and have investigated
the influence of thermal annealing on power conversion efficiency, PCE. We demonstrate that
the device combination exhibits light harvesting throughout the visible region of the solar
spectrum. It is seen that open circuit voltage increased and efficiency of the solar cells
decreased with increasing annealing temperature and both decreased with increasing
annealing time. Surface roughness of pentacene film decreased and grain sizes increased with

increasing annealing temperatures. These results could be explained by a reduction in charge
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collection which causes a decrease in photocurrent due to an increase in the diffusion length

of excitons in organic material.
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FIGURE CAPTIONS

Fig.1 The chemical structures of pentacene and PTCDI

Fig 2. The device configuration of ITO/PEDOT:PSS/Pentacene/PTCDI/AI solar cell
fabricated in this study

Fig.3 Absorption spectrums of the pentacene, PTCDI and Pentacene:PTCDI blend

Fig.4: AFM images of the Pentacene, PTCDI and PTCDI/Pentacene films on PEDOT:PSS at
pre-annealing.
Fig.5: AFM images of the Pentacene films on PEDOT:PSS at pre-annealing (a) and after

annealing of 100°C (b) and 150°C (c).

Fig.6: AFM images of the PTCDI films on Pentacene, at pre-annealing (a) and after

annealing of 100°C (b) and 150°C (c).

Fig.7: AFM images of the PTCDI/Pentacene films on PEDOT:PSS at pre-annealing (a) and
after annealing at 100°C (b) and at 150°C (c).
Fig. 8: J-V characteristics of the reference ITO/PEDOT:PSS/Pentacene/PTCDI/AI solar cell

for in dark and under illumination of 300 W/m?

Fig. 9: The J-V characteristics of the ITO/PEDOT:PSS/Pentacene/PTCDI/AI solar cells

before and after annealing at 100 and at 150 °C temperatures, under illumination, 300 W/m?.

Fig.10: Under illumination of 300 W/m? the J-V characteristics of the
ITO/PEDOT:PSS/Pentacene/PTCDI/AI solar cells at 5 and 10 minutes annealing time for

annealed at 100 °C ones.
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