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Abstract: Graphene oxide (GO) material was synthesized by an improved Hummers method and characterized by FT-
IR, XPS, XRD, AFM, SEM, and UV-VIS analyses. The thickness of the GO layer was measured as 1.5 nm. Solution
processed bulk heterojunction solar cells comprising poly(3-hexylthiophene) (P3HT) as the electron donor and N,N’-bis-
2-(1-hydoxyhexyl)-3,4,9,10-perylenebis(dicarboximide) (HHPER) as the electron acceptor component of the active layer
were produced with and without the GO doped PEDOT-PSS hole transport layers. The optical investigations of the
active layer were performed by ground state absorption and photoluminescence measurements. Optimized blend w/w
was determined as P3HT:HHPER, 3:1. It was found that the presence of GO in PEDOT:PSS by 0.05 w/w reduces the
charge transfer resistance and enhances not only the Js., but also V,. values. However, it cannot inhibit V,. losses

obtained through annealing the active layer at temperatures higher than 120 °C.
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1. Introduction
Oxidation of graphite was achieved for the first time by Brodie in 1859 [1] and the method applied was improved
by using H2SO4 in 1898 [2]. In 1958 Hummers and Offman tried a new approach to oxidize graphite [3] and
Tour et al. prepared graphene oxide (GO) by using KMnO4, H3SO4, and H3PO, in the oxidation reaction
and referred to their process as the “improved Hummers method” [4]. GO consists of a graphene sheet with
carboxylic acid, ketone, and ester groups at the edge, epoxy, and hydroxyl groups on the basal plane [5]. Because
of these functional groups, GO is able to go into both physical and chemical interactions with the secondary
additives [6,7].

The solution processed bulk heterojunction solar cell (BHJSC) is a promising photovoltaic technology [8—
10]. There are lots of studies based on the active layer of poly(3-hexylthiophene) (P3HT) and methanofullerene,
[6,6]-phenyl C61-butyric acid methyl ester (PCBM) blends. Although PCBM is widely used, because of its high
cost and difficult synthetic requirements, alternative electron acceptor material investigations are carried out.
Perylenediimides (PDIs) are considered as one of the potential material types due to their high absorption
coefficients, high thermal stability, and relatively good electron acceptor properties [11-15]. In the first part of
this study, a PDI derivative, i.e. N,N’-bis-2-(1-hydoxyhexyl)-3,4,9,10-perylenebis(dicarboximide) (HHPER), is
substituted with PCBM and used as the n-type component of a BHJSC.
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Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT-PSS) is widely used as hole transport
layer (HTL) in organic optoelectronic devices. Although its acidic nature causes some deficiencies like etching
the transparent conductive oxide (TCO) surface, its advantages such as smoothing the ITO surface and creating
good contact between the ITO and other layers make it almost indispensable [16]. In the last few years GO has
started to be considered as an HTL alternate. However, there are some difficulties with full coverage of GO on
an ITO substrate, and therefore it is most of the time applied as an interconnect HTL layer: PEDOT-PSS:GO
blends. According to the literature, PEDOT-PSS:GO blends present higher solar energy conversion efficiencies
than that of the pristine PEDOT-PSS [17,18]. In the second part of this study, GO doped PEDOT-PSS HTLs
with a doping ratio of 0.05 w/w are used as the hole extraction electrodes of the BHJSC with the active layer
of the P3BHT:HHPER blend.

2. Experimental

2.1. Materials

Graphite powders, potassium permanganate (KMnOy), sulfuric acid (H2SO4), phosphoric acid (H3POy),
and hydrogen peroxide (H2O2) were obtained from Merck. Indium tin oxide (ITO) coated glass substrates
were obtained from Delta Technologies (4-10 Q/0). Glass slides (quartz) were obtained from GianTek
Quartz (Linyi). Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (AL4083), poly(3-
hexylthiophene) (P3HT), lithium fluoride (LiF), and aluminum (Al) were purchased from Sigma-Aldrich. HH-
PER was synthesized according to the literature [13]. All other chemicals used were in analytical grade and

used as received.

2.2. Instruments

Absorptions and photoluminescence spectra of thin films were obtained with Analytic Jena S600 UV and
Edinburgh FLS920P Spectrophotometers, respectively. Solution processed layer coatings were prepared by a
Laurell WS-400B-6NPP-LITE spin coater. The film thicknesses and morphologies of the films were measured
by Ambios XP-1 high resolution surface profiler and Ambios Q Scope 250 model atomic force microscope
(AFM), respectively. LiF and Al deposition was performed with a shadow mask by a vacuum evaporator that
contained a crystal oscillator for thickness measurements and was attached to an MBRAUN 200B glove box
system. Keithley 2400 source meter and IM6 Zahner Elektrik impedance analyzer were used for determination
of current density—voltage (J—V) and impedance characteristics of the solar cells, respectively. Illumination was
provided from an AM 1.5 filter containing a solar simulator attached to the glove box system and the intensity
was measured by Nova II versatile laser power energy display that contained a calibrated silicon photodiode.

Solar simulator irradiation was fixed to 100 mW/cm? at 25 °C.

2.3. Synthesis of GO

Tour’s method was applied [4]. Shortly, graphite powders were oxidized by KMnO4 in the 9:1 mixture of
concentrated Ho SO 4 /H3PO4 media at 50 °C for 12 h. The reaction mixture was then cooled to room temper-
ature (RT) and the reaction was terminated by 30% Ho O+ into ice water. Several filtration, centrifugation and
washing steps were repeated for removing the remained solid materials. Finally, GO suspension was filtrated

and vacuum-dried overnight at RT.
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2.4. Sample preparation for optical investigations

Quartz substrates were cleaned by the general method [19,20]. Before coating the organic layers, they were
treated with Oo plasma for 5 min at 60 W. P3HT (10 mg/mL) and HHPER (10 mg/mL) were dissolved in
chlorobenzene and P3HT:HHPER blends with different w/w (4:1, 3:1, 2:1, 1:1, 1:2, and 1:3) were coated on
quartz substrates at 1500 rpm.

2.5. Device preparation for electrical investigation

BHJSCs were prepared in the structure of ITO/HTL/active layer/LiF/Al. ITO substrates were etched and
cleaned by the general method [19,20] and Oy plasma treated for 5 min at 60 W. Pristine PEDOT:PSS and
PEDOT:PSS doped with 0.05 w/w GO were used as the HTL. This layer was spin-coated at 3000 rpm for 1
min and vacuum dried at 100 °C for 30 min, which resulted in a film thickness of 45 nm. The active layer
(=100 nm) was prepared with PSHT:HHPER (3:1) and annealed at 120 °C, 150 °C, and 180 °C for 15 min
in a vacuum oven. Finally, the LiF'/Al (0.8 nm/80 nm) electrode was evaporated with a depositing rate of 0.5
A/ s at 3 x 1075 mbar pressure. The active area of solar cells was 12 mm?2, and five parallel measurements

were performed for each device. The energy level diagram of the studied BHJSC is shown in Figure 1 together
with the open structures of PSHT and HHPER materials.
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Figure 1. a) Energy level diagram of the studied BHJSC. Chemical structures of: b) P3HT; ¢) HHPER; and d)
PEDOT-PSS.
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3. Results and discussion

3.1. Characterization of GO

Characterization results of GO demonstrated that graphite was efficiently oxidized. XRD peaks of precursor
graphite and GO were determined at 26.40° (26) and 10.15° (26), respectively (Figure 2a). These peaks
are compatible with the characteristic reflections of graphite (002) and GO (001) [21-23]. Interlayer distances
(d-space) are defined as 3.36 A for graphite and as 8.63 A for GO. The d-space increment is attributed to the

incorporation of oxygen containing functional groups into the carbon lattice [22,24].
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Figure 2. Characterization result: a) XRD spectra of graphite and GO; b) FT-IR spectrum of GO; ¢) XPS spectrum
of GO; and d) TGA curve of GO.

The FT-IR spectrum is presented in Figure 2b. Results confirm the existence of OH (~3400 cm 1), C-
OH (1039 cm 1), C-O-C (1201 em ~1), C=0 (1720 cm ~1), and C-O of carboxylic acid (1373 cm ~1) functional
groups in the structure. The peak at 1622 cm ~! is related to unoxidized graphitic carbon (C=C) [25-28]. The
presence of those functional groups is further confirmed with the XPS analysis (Figure 2c). Five characteristic
peaks that are related to sp? carbon (C=C, 283.36 eV), sp® carbon (C-C, 284.80 eV), epoxy/hydroxyl groups
(C-0, 285.98 V), carbonyl groups (C=0, 287.10 eV), and carboxyl groups (O-C=0, 288.51 eV) are identified

from C(1s) binding energy [29-31]. The C:O ratio is determined as 1.94 from the XPS survey spectrum of GO
solid samples.
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GO is a thermally unstable material. The TGA result for GO is illustrated in Figure 2d. The mass
loss (22 12%) observed until 100 °C is related to the loss of adsorbed water due to the hygroscopic nature of
GO. Significant mass loss (2240%) is detected at around 200 °C, which is attributable to pyrolysis of oxygen
functional groups [32,33].

UV-VIS spectra of GO presented a main absorption peak at 230 nm and a shoulder at approximately
300 nm (Figure 3a). The main peak is related to the m — 7* transition of the aromatic C-C bonds, whereas
the latter is related to the n— 7* transition that is generated from the nonbonding electrons of oxygenated
functional groups [23,34]. Figure 3b presents photoluminescence spectrum of GO. Two major emission peaks
at 400 nm and 460 nm and small shoulders in the range of 530-650 nm are obtained (e, ; 230 nm). Those

results are in good accordance with the literature [35,36].
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Figure 3. Optical analysis for GO: a) UV-VIS absorption spectrum; and b) photoluminescence spectrum of GO.

Monolayer graphene sheet is known to have a thickness of 0.34 nm. The GO sheet synthesized in this
study has a thickness of 1.5 nm (Figure 4a). The reason for this big difference comes from the functional groups
on the basal plane of GO [37,38]. Additionally, wrinkle morphology of the GO that is originated from oxygen
functionalities is detected from SEM images of bulk GO sheets (Figure 4b).

3.2. Optical studies and BHJSC performances

PDIs are generally named as pigments rather than dyes because of their limited solubility in regular organic
solvents. However, the solubility of the PDI derivative used in this study, i.e. HHPER, allows its utilization
in solution processed coatings. As seen in Figure 5a, P3HT and HHPER films present absorptions at almost
the same wavelength range. As stated above, the films of those two photosensitizers were prepared from the
same stock solution concentrations and were spin-coated at the same rpms. Therefore, one may conclude that
the molar absorptivity constant of P3HT is higher than that of HHPER. Nevertheless, increasing the w/w of
HHPER in the PSBHT:HHPER blend was also tried and the result was as expected: a reduction in the absorption
intensity with an increase in HHPER w/w (1:1 to 1:3). However, the absorption intensity of PSHT:HHPER
films was enhanced by increasing the P3HT ratio in the blend. Although the absorption intensity of the pristine
P3HT film was the highest, the absorbance of HHPER was enhanced by the addition of P3HT. Maximum
absorption values in the PSBHT:HHPER blends were achieved with blend compositions of 4:1 and 3:1, with
no spectral shifts. No matter what the w/w of HHPER in the blend, photoluminescence (PL) quenching was
observed. The PL intensity of P3HT was significantly quenched (approximately 90%) in the blend with the 3:1
w/w (Figure 5b). Therefore, PSHT:HHPER (3:1) was determined to be used as the active layer in the BHJSC

device structure.
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Figure 5. a) Absorption; and b) photoluminescence characteristics of thin films on quartz substrates annealed at 120
°C (Aewe = 540 nm).

P3HT:HHPER (3:1) based BHJSCs were produced in a conventional configuration (ITO/HTL/Active
Layer/LiF /Al). The energy diagram of the BHJSC is shown in Figure la. The values of the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of P3HT, HHPER, and work
function of GO were taken from literature [14,39,40]. The obtained current density—voltage (J-V) curves
(Figure 6a and 6b) presented regular diode behavior and impedance curves (Figure 7) indicated a parallel

resistance—capacitance circuit with a single relaxation time, in accordance with the literature [41]. Collected
data are summarized in the Table.
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Table. Photovoltaic and electrical performances of BHJSCs.

iif;fli};if{ Sample Jse (mA/cm?) | Voo (mV) FF n R: (Q) | Ry (k)
AL4083 0.46 £ 0.04 680 £ 2 5.23 | 0.28 £ 0.009 | 0.09 + 0.01 89.1 5.4
120 °C AL4083 + 0.05
mg/mL GO 0.62 £ 0.06 740 £ 0.00 0.28 £ 0.005 | 0.13 £ 0.01 87.2 4.5
AL4083 0.40 £ 0.03 653 £ 27.1 0.28 £ 0.01 0.07 £ 0.009 | 97.5 9.6
150 °C AL4083 + 0.05
mg/mL GO 0.45 £ 0.09 545 + 25.15 | 0.29 £ 0.003 | 0.07 £ 0.014 | 93.7 7.4
AL4083 0.61 £+ 0.07 200 £ 27.12 | 0.31 £ 0.027 | 0.04 £ 0.008 | 98.3 18.4
180 °C AL4083 + 0.05
mg/mL GO 0.63 £ 0.14 347 £ 24.1 0.33 £ 0.034 | 0.07 &£ 0.004 | 95.4 11.4
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Figure 6. Current density—voltage curves of BHJSCs: a) under 100 mW/cm? AM 1.5; and b) in dark.
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Figure 7. Impedance curves of BHJSCs under 100 mVV/crn2 AM 1.5.

The effect of annealing temperature on BHJSCs that contain P3HT:PCBM blends as the active layer is
widely studied in the literature and it is known that annealing of the active layer at around 120 ° C, which is
below the melting temperature (T,,) of P3HT [42,43], results in better photo conversion efficiency (PCE). The

tendencies of short circuit current density (Js.) and open circuit voltage (V,.) values obtained in this study are
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in accordance with this fact; shifting the acceptor from PCBM to HHPER did not change addressing 120 °C as
the optimum annealing temperature for P3HT based BHJSCs (Table). One may find contradictory reports in the
literature that address the possible chemical degradation of the N-alkyl chains of PDI derivatives as the reason
for the low efficiency obtained at high annealing temperatures [44]. The generally acknowledged two reasons are:
1) the physical change occurring at the P3HT polymeric chain, and 2) the possible phase segregation between
the P3HT and the acceptor molecule that will reduce the donor-acceptor interphase [15,41,42]. The dramatic
Ve decrease obtained from the solar cell annealed at 180 ° C points out that the energy difference between the
LUMO of HHPER and HOMO of P3HT is affected. The parallel resistance (R,) values confirm this situation.
R, generates from the active layer of a BHJSC and the values of R, for the annealing temperatures of 120
°C, 150 °C, and 180 °C are 5.4 k2, 9.6 k{2, and 18.5 k{2, respectively. Moreover, increasing the annealing
temperature causes a slight increase in the J,;. values. The tendencies of V. and Js. values show that there
may not be a phase segregation happening in the active layer, but the main reason for the PCE decrease is the
physical change that the P3HT polymeric chain undergoes with increased annealing temperatures.

The highest PCE that could be achieved with the BHJSC with the configuration of
ITO/PEDOT:PSS(A14083)/P3HT:HHPER (3:1)/LiF/Al was 0.09%. The active layer of this device was an-
nealed at 120 °C. Although there are higher PCE values reported with the use of bay-substituted PDI deriva-
tives as n-type components of the active layer [11,15], this value is comparable with those of the P3HT:N-alkyl
substituted PDI in the literature [12,15,39].

No matter what the annealing temperature is, the presence of GO in the PEDOT:PSS layer enhanced
the efficiency values. GO has a work function of 4.9 eV [40] and this value is widely accepted as 5.2 eV for
PEDOT:PSS. Slight reductions obtained at the serial resistance (Rs) values are apprised as better alignment
of the hole collection energy states [18]. It was found that the presence of GO in PEDOT:PSS by 0.05 w/w
reduces the charge transfer resistance and enhances not only the Js., but also the V,. values. It cannot,
however, inhibit V,. losses obtained through annealing the active layer at temperatures higher than 120 °C
(Table).

4. Conclusion

In this study a PDI derivative was studied as an n-type material alternate to PCBM in a P3HT based BHJSC,
and it presented a PCE of 0.09%. An annealing temperature of 120 °C was determined as optimal for P3HT
based devices. PCE was further increased to 0.13% by the use of GO as a dopant in the PEDOT:PSS hole
transport layer. The used GO dopant w/w was 0.05. This result is promising and further investigations on the
GO w/w in PEDOT:PSS are in progress.
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