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Properties of Bulk Heterojunction Organic Solar
Cells with LiF Buffer Layer at Various
Concentrations of Active Layer

BYUNG MIN PARK AND HO JUNG CHANG*

Department of Electronics Engineering, Dankook University, Cheonan-si,
Chungnam, Korea

We fabricated organic solar cells (OSCs) using poly[2,6(4,4 bis(ethylhexyl)dithieno
[3,2-b:2',3'-d]silole)-alt-(1,3-(5-octyl-4H-thieno[ 3,4-c [pyrrole-4,6(5H)-dione))] (PD-
TSTPD) and (6,6)-phenyl-C;; butyric acid methyl ester (PC7;;BM) active materials.
PDTSTPD and PC;;BM solutions for the active layer were mixed at concentration
ratios of 1:1, 1:2, 1:3, and 1:4 wt%, respectively. The effects of OSCs at various con-
centrations of active layer on the electrical and morphological properties of the device
were investigated. The performance of the OSC at a concentration ratio of 1:3 wt%
showed the best electrical properties among the prepared samples, indicating that the
maximum short circuit current density (Js.), open circuit voltage (V,.) and power con-
version efficiency (PCE) values were about 6.9 mA/cm?, 0.849 V and 2.3%, respectively.
PDTSTPD:PC7;BM active layer with a concentration ratio of 1:3 wt% showed smooth
film roughness compared to the other prepared samples, which may lead to an improve-
ment of the electron injection efficiency into the cathode electrode.

Keywords Organic solar cell; LiF; PDTSTPD; PC;BM; concentration ratio; power
conversion efficiency

Introduction

Polymer fullerene-based bulk heterojunction (BHJ) organic solar cells (OSCs) have been
considered highly promising candidates for photovoltaic devices because of their good
features such as simple fabrication process, low cost, light weight, and flexible large-area
applications [1-4]. In addition, the band gap of the organic materials can be easily tuned
chemically by the incorporation of various functional elements. However, the low efficiency
and poor stability of the OSCs compared with silicon-based solar cells, limits their feasibility
for commercial use. For future commercial applications, it would be necessary to increase
the power conversion efficiency (PCE) through the introduction of new active materials
and the optimization of the manufacturing process [5—7]. Larger PCE values have been
achieved by introducing the BHJ concept to replace the bi-layer structure of OSCs [5,
8]. The BHJ structure provides not only high surface contacts for the charge separation,
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but also an interpenetrating network that enables efficient charge transportation [9]. Until
now, the PCE values of these BHJ OSCs have reached as high as 7-9% [10-12]. Although
the PCE values of OSCs have generally been low, various fabrication methods have been
demonstrated for building an organic based active layer, such as spin-coating [13, 14], inkjet
printing [15, 16], spray-coating [17, 18], and screen printing [19, 20]. Recently, in order
to improve the PCE value, researchers have been trying to optimize the process conditions
of OSCs. In particular, modification of the interface between the polymer active layer and
the electrode film has been comprehensively carried out for improvement of the low charge
injection and collection, especially due to mismatched energy levels between polymer
materials and metal electrodes [21, 22]. In order to modify the interface between the active
layer and an aluminum (Al) cathode film, lithium fluoride (LiF) film was introduced into
OSC devices as a buffer layer in a previous study, where we reported the dependence of
the LiF buffer layers on the electrical and optical properties of the OSC devices using
Poly(3-hexylthiophene-2,5-diyl) (P3HT) and (6,6)-phenyl-Cg;-butyric acid methyl ester
(PCg1BM) active layers [23].

In this study, we prepared BHJ structure OSCs using poly[2,6(4,4'bis(ethylhexyl)dithi-
eno[3,2-b:2’,3’-d]silole)-alt-(1,3-(5-octyl-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione))] (PD-
TSTPD) and (6,6)-phenyl-C5; butyric acid methyl ester (PC7;;BM) active materials. The
effects of the concentration ratios of the active layer on the electrical and optical properties
of the OSC devices with the LiF buffer layer were investigated, and we compared them to
find out the optimum concentration ratio.

Experimental

Figure 1 shows (a) the energy band diagram related to the work functions of the OSC,
(b) a schematic drawing of the device structure with the LiF cathode buffer layer, and (c)
the chemical structures of the poly(3,4-ethylenedioxythiophene):poly(styrenesulfolnate)
(PEDOT:PSS) hole transport materials as well as the PDTSTPD (Lumtec) [24] and PC7;BM
(Nano-c) [25] as an electrical donor and acceptor materials. In order to fabricate the OSCs,
patterned indium tin oxide (ITO)-coated glass substrates with a sheet resistance of 15
Q/square were cleaned with acetone, methanol and isoprophyl alcohol for 5 minutes in an
ultrasonic bath. After the cleaning process, the substrate was dried and treated with UV-
ozone for 15 minutes. UV-ozone treatment was carried out in order to improve the adhesion
between the ITO electrode and the organic film layer. The PEDOT:PSS (CLEVIOS™ P
VP Al 4083) was filtered with a 0.45-um polyvinylidiene fluoride (PVDF) membrane
filter. Then, the PEDOT:PSS solution was deposited directly onto an ITO/glass substrate by
spin-coating method and baked at 140°C for 10 minutes on a hot plate. For the preparation
of the PDTSTPD and PC7; BM precursor solutions, PDTSTPD and PC7;BM powders were
combined and dissolved with various concentration ratios of 1:1, 1:2, 1:3, and 1:4 wt% using
1,2-dichlorobenzene on a hot plate at 60°C for 12 hours. The prepared PDTSTPD:PC;;BM
solution was spin-coated at 500 rpm for 60 seconds. And then, PDTSTPD:PC7;BM film was
annealed at 150°C for 10 minutes on a hot plate. The film thicknesses of the PEDOT:PSS and
the PDTSTPD:PC7;BM active layers were found to be about 40 and 100 nm, respectively.
Following the spin-coating process of the active layer, LiF/Al cathode bi-layer films were
deposited using a thermal evaporation method under high vacuum conditions of 5 x 1077
Torr, in which the evaporation rates were about 1 and 2 A/sec for the LiF and the Al
electrode. The thicknesses were 0.5 and 150 nm for the LiF and Al, respectively. The active
area of the OSC device was about 0.08 cm?, which was defined by a shadow mask. The
fabrication process of the OSC devices is shown in Fig. 2.
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Figure 1. (a) Energy band diagram of the OSC devices, (b) schematic drawing of the device structures
with the LiF cathode buffer layers and (c) chemical structures of the PEDOT:PSS, PDTSTPD and
PC7;BM organic materials for OSC devices.
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Figure 2. Fabrication process of the OSC devices.
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Figure 3. Light absorption spectra of the PDTSTPD:PC; BM active layers coated on
PEDOT:PSS/ITO/glass substrates at various concentration ratios of 1:1, 1:2, 1:3, and 1:4 wt%.

The ultraviolet-visible (UV-vis) absorption spectra and the transmittance of films
on ITO substrates were measured by a UV-vis spectrophotometer (MECASYS Optizen
2120UV). The current density-voltage (J-V) characteristics of devices under dark and il-
lumination (AM 1.5G, 100 mW/cm?) were determined by a Keithley 2400 source-meter
at room temperature in air. The light intensity for the solar simulator (Oriel instruments
with 150W Xenon lamp) was calibrated with a standard photovoltaic reference cell (Oriel
reference solar cell). Atomic force microscopy (AFM) images were obtained by a scanning
probe microscope (Bruker Innova-IRIS) operated in tapping mode. The AFM was used
to investigate the surface morphology of the film layers with calculated root-mean-square
(RMS) surface roughness values.

Results and Discussion

Figure 3 shows the intensities of the light absorption spectra of the PDTSTPD:PC;BM
active layers coated on PEDOT:PSS/ITO/glass at various concentration ratios of 1:1, 1:2,
1:3 and 1:4 wt%. It was observed that the PDTSTPD:PC;, BM active layer prepared from the
concentration ratio of 1:3 wt% showed higher light absorption intensities on the whole at the
wavelength range of around 320 to 550 nm, compared to other samples. This result shows
that the optical properties of the active layer are affected by the PC;;BM concentration
ratio, suggesting that a large number of photons can be absorbed in the PDTSTPD:PC;BM
active layer with the concentration ratio of 1:3 wt%. It is expected that the high light
absorption intensity could lead to an improvement of the charge separation efficiency and
the dissociated carrier mobility.

In this experiment, we found that the tendency of the light absorptions for the prepared
devices was changed according to the measured wavelength ranges, indicating that the
absorption intensities of the samples with the concentration ratios of PDTSTPD:PC;;BM
= 1:3 and 1:4 wt% were stronger rather than the one with the concentration ratio of
PDTSTPD:PC7;BM = 1:2 wt% in the wavelength range between 300 and 550 nm. In
contrast, the light absorption intensity was reversed in the wavelength range above 550
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Figure 4. AFM surface morphologies and RMS values of the PDTSTPD:PC;,BM active film layers
with various concentration ratios.

nm, showing the lowest optical absorption intensity was the sample with PDTSTPD:PC,
BM = 1:4 wt%.

The surface morphologies of the PDTSTPD:PC;;BM active layer may affect the per-
formance of the OSC devices. Therefore, we studied the dependence of the surface mor-
phologies and roughness of the PDTSTPD:PC;;BM active layers at various concentration
ratios on the electrical and optical properties of the devices.

Figure 4 shows the AFM surface morphologies and RMS value of the
PDTSTPD:PC;;BM active layers at various concentration ratios. The RMS values of the
active layers with the concentration ratios of 1:1, 1:2, 1:3, and 1:4 wt% were found to be
2.26, 1.18, 0.56, and 1.08 nm, respectively. The RMS value decreased greatly from 2.26
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Figure 5. Current density versus voltage characteristic curves of the OSCs with PDTSTPD:PC;,BM
active layer prepared from various concentration ratios of 1:1, 1:2, 1:3, and 1:4 wt%.
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Table 1. The photovoltaic parameters (V,, Jsc, FF, PCE, Ry values) of the prepared OSCs
with the LiF buffer layer at different concentration ratios of the PDTSTPD:PC7;BM active
layer

Samples
(PDTSTPD:PC7;BM)  Voc (V) Jsc (mA/ecm?)  FF (%) PCE (%) Rg (kQcm?)

1:1 wt% 0.879 2.5 329 0.7 3.24
1:2 wt% 0.849 6.1 38.2 2.0 0.57
1:3 wt% 0.849 6.9 38.7 2.3 0.41
1:4 wt% 0.808 6.2 36.2 1.8 0.72

to 0.56 nm as the PDTSTPD:PC;;BM concentration was increased from 1:1 to 1:3 wt%,
indicating smooth film surfaces at higher doping concentrations of the PC7;BM electron
acceptor material. These results may be related to the dense film formation when the pre-
cursor solution is spin-coated at the higher PC7; BM concentrations, as shown in the surface
morphology photographs. The rough film surface of the active layer may be caused by poor
interfacial adhesion between the active layer and cathode film, resulting in a low injection
efficiency of the carriers (holes) [26].

Figure 5 shows the current density versus voltage (J-V) characteristic curves and device
parameters of the Ji., V., FF and PCE values of the OSCs with PDTSTPD:PC7;BM active
layers prepared with various concentration ratios. The maximum Js. and FF values for the
sample with the concentration ratio of 1:3 wt% were found to be 6.9 mA/cm? and 38.7%,
respectively, indicating that the PCE was calculated to be 2.3%. From our experiments, it
may be concluded that the observed improvement in the electrical and optical properties of
the OSCs with the active layer concentration ratio of 1:3 wt% originated from the enhanced
light absorption and smooth film surface due to the optimized concentration and dense
film formation of the active layer. In addition, the increased J,. value reflects the improved
exporting efficiency of the carriers into electrodes. When the exciton (electrons and holes)
quenching phenomenon occurs in the active layer, the electrical property is deteriorated in
the device at a certain PC7;BM concentration [27]. Therefore, according to the results of
J-V characteristics, the exciton quenching was likely to have occurred for the samples with
the maximum concentration ratio of 1:4 wt% in the active layer.

For an ideal photovoltaic device, a low series resistance (R;) is required [28]. Ry can
be expressed as the sum of the bulk resistance and contact resistance. The FF value is
correlated with Ry, Jg., and V., as formulated in Eq. (1) [29]:

FF = FFy [1 — Ry (Js)1 / Viee Q)

where FF is the ideal characteristic of the device. The R originates from the Ohmic loss
in the OSC device.

The Ry value for the sample with the 1:3 wt% concentration ratio of PDTSTPD:
PC7;BM in the active layer was about 0.41 kQ cm?, which is the lowest value among
the prepared samples. The low Ry of the device is responsible for the increase of the Jg,
due to the formation of a better Ohmic contact. Generally, V. is strongly dependent on
the differences of the energy level between highest occupied molecular orbit of the donor
(PDTSTPD) and lowest unoccupied molecular orbit of acceptor (PC;BM) materials. In
this experiment, V,. changed greatly as the concentration ratio of PDTSTPD:PC;;BM
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active materials increased from 1:1 to of 1:4 wt%. Therefore, it would be necessary to carry
out the further experiments for the actual energy levels of the PDTSTPD:PC;BM active
materials with different concentration ratios.

The Jg, Voo, FF, PCE, and Ry values of the prepared OSCs with the LiF buffer layer
at different concentration ratios of the PDTSTPD:PC7;BM active layer are summarized in
Table 1.

Conclusions

Organic solar cells (OSCs) using PDTSTPD and PC7;BM in the active layer as the elec-
tron donor and acceptor materials were manufactured by the spin-coating method. OSCs
with the structure of glass/ITO/PEDOT:PSS/PDTSTPD:PC;BM/LiF/Al were prepared
and investigated regarding the effects of the concentration ratios of the active layer on
the properties of the OSC devices. As a result, the optical, morphological, and electrical
properties of the PDTSTPD:PC;BM active layer were affected by the concentration ratios
of the active materials. The performance of the OSC device with a 1:3 wt% concentration
ratio of the active materials was superior to the other prepared samples, showing maximum
Jse, Voo, FF, and PCE values of about 6.9 mA/cm?2, 0.849 V, 38.7% and 2.3%, respectively.
According to the AFM morphologies and light absorption spectra of the active film layers,
the improved electrical properties may be attributable to a smooth film surface and higher
light absorption intensity of the active layer.
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