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Solvent Vapor Annealing (SVA) followed by Post Thermal Annealing (SVA-PA) are
demonstrated as attractive methods to anneal polymer blend films and represent a very
useful process to control the morphology for high performance polymer solar cells
(PSCs). It is found that compared with general annealing processes, the crystallinity of

regioregular poly (3-hexylthiophene) (rr-P3HT) has enhanced by performing SVA-PA
on freshly deposited films. In this work we have investigated thin film blend produced
from P3HT and [6,6]-phenyl-C61 butyric acid methylester (PCBM) materials. This
photoactive layer is sandwiched between an anode composed of indium tin oxide
(ITO)/poly(3,4 ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) gold
nanoparticles (AuNPs) and Al as the cathode layer. Atomic force microscopy (AFM)
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P3HT:PCBM study reveals that the SVA annealed films exhibit smooth surface and homogenous
nanoparticle conductivity distribution. Moreover, an enhanced light harvesting and increased
crystallinity of P3HT in the active layer are observed by UV-vis absorption and X-ray
diffraction (XRD). We have seen that thermal annealing significantly improves the
optical absorption ability for all treatment. We have also the current density- voltage
characteristics and External quantum efficiency (EQE) of different thermal annealing.
Introduction

Polymer solar cells (PSCs) have attracted considerable interest over the last two decades due to their unique
advantages which include low processing cost, lightweight, mechanical flexibility, potential for large-scale
fabrication and versatility of chemical structure [1,2]. Recently high Power Conversion Efficiency (PCE) of
about 8% has been reported for devices based on bulk heterojunction (BHJ) of donor-acceptor materials [3-
5]. Significant work was focused on the use of polymeric systems comprising poly (3-hexylthiophene):[6,6]-
phenyl C61- butyric acid methyl ester (P3HT:PCBM) blends for the fabrication of BHJ solar cells [6—9].

Different treatments of such blends have been examined to tailor the morphology of the layer, and thus
enhancing their photovoltaic properties. Several approaches have been proposed in order to manipulate the
phase separation in these nanostructured films which include post-deposition thermal annealing (where the
polymer film is heated above its glass transition or melting temperature) [10,11], the use of mixed solvents
(co-solvent, where a high-boiling-point solvent is mixed with a low-boiling-point solvent) [12,13], slow
growth [14,15] and solvent vapor annealing [16—18]. It is worth mentioning that solvent vapor annealing has
been exploited due to its versatility to the dissolvable n-conjugated polymers, as well as the associated low
processing cost of large areas. Furthermore, solvent vapor annealing is a room temperature, which could
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prevent degradation of thermally sensitive materials compared with thermal annealing approach [19-21]. It
has been extensively used in organic electronics, such as organic thin film transistors (OTFTs), light emitting
diodes (LED) and Polymer Solar Cells (PSCs), in which the crystallinity or structure order of the films has
significantly improved device performance [22,23].

Extensive efforts have been devoted to establish general methods of self-assembly and self-organization
through intermolecular interaction of m-conjugated molecules [22]. It is well known that improved
morphology with nanoscale interpenetrating network could enhance device efficiency through performing
annealing treatment of active films. As a solution-assisted method, solvent vapor annealing (SVA), which
takes place via exposing films of functional materials to an environment saturated with solvent vapors,
proved to be an effective room temperature treatment in triggering self-assembly and thus enhancing the
crystal order of organic semiconductors [23]. The solvent vapor and the thin condensed solvent layer on the
substrates provide a medium for re-crystallization [23-28]. There have been significant studies of solvent
vapor annealing-post annealing (SVA-PA) on inorganic substrates and it has been shown that the
recrystallization or long-range self-assembly of semiconductor molecules can be assisted by an appropriate
selection of substrate surface [26,27].

In this work, we have investigated the effect of thermal annealing on the performance, crystallinity and the
interface morphology of polymer solar cells by applying different annealing sequences; these are, post-
annealing (PA), solvent annealing only (SVA) and solvent vapor annealing followed by post annealing
(SVA-PA) and we have compared the performance and morphologies of these devices with un-annealed
(UA) samples. We have also incorporated thin film of gold nanoparticles (AuNPs) as an anode buffer layer
to increase the PEDOT:PSS conductivity. The AuNPs are used due to the strong local electric field caused
by surface plasmons can enhance the exciton dissociation in OPVs contributing positively to power
conversion. Furthermore recent studies demonstrated that the NPs can lead to an enhancement of the OPV
device structural stability as well.

Experiment

A. Photovoltic device fabrication

Pre-patterned indium tin oxide (ITO)-coated glass slides (80 nm in thickness and 25 €/sq sheet resistance,
Sigma-Aldrich) were used as substrates and to act as transparent anode contact. The ITO-coated slides were
first ultrasonicated in acetone and in isopropyl alcohol for 10 min, and finally heat- dried in an oven at 120
°C. The gold nanoparticles AuNPs (5nm diameter, Sigma-Aldrich) were added to linear polystyrene (PS) in
order to inhibit the dewetting in the spun-cast films [10]. The PS acts as an inert host to improve the film
forming property of the AuNPs [10]. The AuNPs solution was prepared by mixing the AuNPs with the PS
(1:4 w/w) using toluene as solvent. A film of poly(3,4-ethylenedioxythiophene) poly (styrenesulfonate)
(PEDOT:PSS:AuNPs) was spun onto the ITO substrates with a spin speed of 2000 rpm for 40 s to form the
hole- transport layer, and was dried for 15 min at 140 °C. Afterwards, mixed solutions consisting of
conjugate polymer P3HT (10 mg mL™", Sigma-Aldrich) and PCBM fullerene (*10mgmL™", Sigma-Aldrich) ,
1:1 weight ratio, are prepared in a co-solvent consisted of chlorobenzene and chloroform (CB:CF) in 1:1
weight ratio. The obtained polymer blend (P3HT:PCBM) solutions were spun onto the PEDOT:PSS film at
800 rpm for 30s to form the active layer. The thickness of the active layer is ~150 nm and that of the
PEDOT:PSS layer is 30 nm, both measured using spectroscopic ellipsometry. Finally, a cathode consisting
of 100 nm Al was thermally evaporated under vacuum of ~ 2x10” Pa with a rate of deposition of 0.2 nm/s
onto the active layer surface. The devices produces have an active area of 9 mm® defined by the shadow
mask used to deposit the cathode. Solvent Vapor Annealing (SVA) was carried out by directly placing the
substrates with the active layer facing the solvent-filled petri dishes for 5 h at 125 °C. In Post Thermal
Annealing (PTA) process, the produced devices were placed on a hot plate at 125 °C for 15 min. Solvent
Vapor Annealing followed by Post Thermal Annealing (SVA-PTA) was carried out by performing SVA for
5 h followed by PTA for 15 min at 125 °C. The cathode was already deposited onto the active layer prior to
all annealing processes.
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B. Device characterization
The current density-voltage (J-V) characteristics of the fabricated devices (device structure is described in

Fig.1(b) were measured with a computer-controlled Keithley 6517A digital source meter and the
photocurrent was generated under AM 1.5G irradiation source of 100 mWcm™. A bias voltage is swept
typically from -0.1V to +0.1 V with a step of 10 mV. The mounting table and the spring probe pins with
magnetic bases were designed and constructed in the lab. P3BHT:PCBM (molecular structures are given in
Fig.1(a) films were prepared by spin coating their solution in CB:CF co-solvent on glass substrates for UV-
vis absorption spectroscopy and onto Si substrates (10x10 mm?) for atomic force microscopy (AFM). The
UV-vis absorption spectra of the polymer films were recorded on Varian 50 scan UV-visible
spectrophotometer and Raman spectra were measured using a Renishaw RM2000 confocal Raman
microprobe system , including a Renishaw RM1000 NIR 780TF diode laser (wavelength 514 nm) with a
maximum output power of 25 mW. (Al substrate was used for the Raman spectroscopy measurements). The
AFM images of the polymer films were acquired using a BRUKER NanoScope IV Multi-Mode Adapter
AFM with the tapping mode. The blend structures were investigated by multipurpose X'Pert PHLIPS X-Ray
defractometer (MPD), and the film thickness was determined using M2000V (J.A. Woollam Co., Inc.)
spectroscopic ellipsometer, operating in the wavelength range 370-1000 nm.

Glass |

q P3HT OB !
Fig.1.(a) Molecular structures of PEDOT:PSS: AuNPs/P3HT:PCBM, (b) photovoltaic device structure.

The photoconversion efficiency # was determined using the following relation:

n=FFx(V_xJ )/Plight (1)

where the FF is the fill factor and is defined as :
FF=(1_ xV_ I XV ) (2
V. is the open-circuit voltage, J the short circuit current density, and the P, is the power of incident light.

In Eq. (2) Lhax and Vi, are the current and voltage at the maximum power point.
In this work, We extracted the I-V data from measurement three similar devices.

max

Results and Discussion:
Solvent vapor annealing followed by post thermal annealing has been proven to be a useful process to

improve the power conversion efficiency of (ITO/PEDOT: PSS:AuNPs/P3HT:PCBM/AI) device solar cells
[30]. The optical absorption spectra of P3BHT/PCBM films, before (UA) and after (PA, SVA and SVA-PA)
treatment, are shown in Fig. 2. It is clearly shown that annealing treatments lead to an increase in absorption
intensity in the range from 400 nm to 600 nm. This can be ascribed to the increased m-n* interaction of the
P3HT molecules with increased chain ordering [30,31]. Furthermore, the development of vibronic shoulders
(~610 nm) corresponds to the enhanced inter-chain stacking ordering in the P3HT clusters [32]. It is
worthwhile mentioning that the PCBM absorption peak (~330 nm) has also increased as a result of post
deposition treatment. It has been reported in the literature that thermal annealing as well as various other post
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deposition treatments have not resulted in significant changes in the absorption peak of PCBM [31,33]. Our
results however imply that the SVA and SVA-PA not only increases the P3HT molecular stacking and
ordering but also induces PCBM cluster formation.

An appropriate PCBM clustering process was reported to enhance the PV performance due to formation of
pathways for charge transport [34].

Figure 3 shows the XRD patterns for the as-deposited and annealed blend films. A characteristic (100) peak
around 20=5.4° representing the oriented edge-on P3HT crystallites with the lamella structure of thiophene
rings in P3HT [34] has grown up significantly with SVA, PA and SVA-PA respectively, and its half width
has decreased. This indicates the increase in the degree of crystallization and/or the grain size of P3HT
domains by annealing treatment. The SVA and PA annealed films show a reduced intensity of (100) peak as
compared to that of the SVA-PA annealed film. The lowest crystallinity was observed for the as deposited
(un-annealed) film. We assume that the presence of PCBM molecules affect the structure of P3HT
crystallites at room temperatures. Upon annealing (PA and SVA-PA), the significant increase in P3HT
crystallinity can be ascribed to the full self-assembly of the conjugated chain leading to the orderly formed
and increased length of the conjugated bond. This is due to the increased thermal diffusion of PCBM
molecules at elevated temperatures to form larger PCBM aggregates [35,36,37]. As a result, regions with low
PCBM concentration will occur. In these regions with low PCBM concentration (phase-separated networks),
the P3HT aggregates form larger crystallites and thus facilitates charge transport to the electrodes [38].
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Fig.2. UV-vis absorption spectra for PEDOT:PSS: AuNPs/P3HT:PCBM thin films by UA, SVA, PA and SVA-PA.

The solar cell device active layer (P3HT/PCBM blend) was characterized by Raman spectroscopy in the
range 200-2000 cm™'. There are several Raman modes in the range 600-1600 cm™ [39, 40]: the main in-plane
ring skeleton modes at 1452 cm™ (symmetric C=C stretching mode) and at 1380 c¢m” (C-C intra-ring
stretching mode), the inter-ring C-C stretching mode at 1208 cm™, the C-H bending mode with the C-C inter-
ring stretch mode at 1180 cm™, and the C-S-C deformation mode at 728 cm™.

We focus on the two main in-plane ring skeleton modes at ~1450 and ~1380 cm™ (Figure 4) because they
are supposed to be sensitive to m-electron delocalization (conjugation length) of P3HT molecules [41] as well
as to crystallinity extent [42, 43].
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Fig.3. (XRD) curves for PEDOT:PSS:AuNPs /P3HT: PCBM thin films by UA, SVA, PA and SVA-PA.

As Figure 4 shows, noticeable changes can be observed in the main in-plane ring skeleton Raman modes
characteristics upon annealing: (i) a shift to lower wavenumber in the C=C mode peak position (1452 cm™
for UA film); (ii) a larger intensity of the C-C mode (1380 cm’ for UA film) with respect to the C=C mode.
Tsoi et al. [42] observed the same behavior of the Raman modes in thermal annealed P3HT:PCBM layers,
which was attributed to a higher degree of P3HT crystallinity upon annealing. The maximal shift of 3 cm™
was observed for SVA-PA film. A shift in the wavenumber generally indicates an increase in the crystallinity
of P3HT polymer and the extension of the effective conjugation length along the polymer backbone [43].
This result agrees well with the XRD analysis.
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Fig.4. Raman spectra for PEDOT:PSS:AuNPs /P3HT:PCBM thin films by UA, SVA, PA and SVA-PA.
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The bulk-heterojunction morphology (BHJ) of un-annealed and annealed films was investigated using
atomic force microscopy (AFM). The as-deposited (UA) films exhibit a smooth surface, in which the phase
separation is not obvious and the root-mean-square (R.M.S) roughness of the film is 2.6 nm, as shown in
Fig.5(a). The SVA films exhibit a structured surface with more domains of the two components comprising
the films. The distinct phase-separation appears due to sufficient time allowed for self-organization of P3HT
(5h at 125°C) resulting in R.M.S roughness of about 3.1 nm. The network between P3HT and PCBM
domains has gradually formed. Figs. 5(c) and (d) show surface roughness of PA and SVA-PA treated films,
respectively. For the PA treated devices (15 min at 125 °C) the interpenetrating networks are clearly
demonstrated, as illustrated further in the schematic diagram in Fig 5.

200m 3.0 nm

-2.0nrm 30 nm
5.0nmm sdnm
-50nm 5im

Haight 100.0 nm

Haight 1000 rer
Fig. 5. AFM images of the (a) UA, (b) SVA, (c) PA and (d) SVA-PTA for PEDOT:PSS:AuNPs/P3HT :PCBM layers.

The surface of films subjected to SVA-PA treatment shows clear donor-accepter domains within the active
layer, and the R.M.S roughness measured for PA and SVA-PA films increased from 3.21 nm to 3.31
respectively. Table 1 summarizes the films’ parameters as obtained from AFM image analysis; R, is the
film’s mean roughness, R« the maximum height of the film and R.M.S is its root mean square roughness.

Table 1. AFM value for Photovoltaic properties of the UA, SVA, PA and SVA-PA.

Annealing R.M.S (nm) Ra(nm) Ripax(nm)
UA 2.60 2.04 19.9
SVA 3.09 2.49 232
PA 321 2.4 32
SVA-PA 331 245 325

External quantum efficiencies of the organic solar cells under different fabrication conditions annealing
treatment are shown in Fig. 6. The curves of EQE essentially followed the absorption spectrum of the
P3HT:PCBM active layer in the range about 350-650 nm corresponding to the absorption wavelength range
of P3HT. Consistent with the tendency of Jsc, curve (SVA-PA treated) displayed the highest EQE, while the
curve (as-deposited) reference device had the lowest EQE, in the range 350-650 nm. And there are three
vibronic absorption at A= 520, 554 (peaks) and 650 (shoulder) nm in the visible region for the P3HT :PCBM
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active layer except for the as-cast reference device (the peak at 512 nm is the absorption of P3HT main
chain, and the other two peaks at longer wavelength are due to the interchain interactions in the ordered
P3HT crystalline regions in the films). The more pronounced crystalline peaks of PA and SVA-PA treated
processed films than the as-deposited reference film may also explain why the PA and SVA-PA processed
devices exhibited a higher Jsc [35,37].
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Fig.6. External quantum efficiency (EQE) spectra of PEDO:PSS:AuNPs /P3HT:PCBM films by (a) UA, SVA (b), PA
(c) and(d) SVA-PA.

The current density (J) versus voltage (V) characteristics of the ITO/PEDOT:PSS: AuNPs/P3HT:PCBM/Al
devices are presented in Fig. 7. The PV device parameters have been calculated using Egs. (1) and (2) and
are summarized in Table 2. The highest efficiency of 3.7% was obtained for the device which was subjected
to solvent followed by thermal annealing (SVA/PTA) treatment while the lowest efficiency of 2.04% was
associated with devices without any post deposition treatment. SVA-PA treated devices have exhibited larger
L. vlaues of about 9.5 mAcm?> but with a V,. value similar to those obtained for untreated as well as
otherwise post-deposition treated devices. The increase in the device short circuit current can be explained
by the increased roughness (R.M.S) of the polymer blend causing an increase in the contact area at the
interface between the active layer and the Al cathode. This is thought to facilitate Al layer reshaping
following the active layer surface morphology, and thus improving interfacial adhesion [44]. Furthermore,
the rough active layer can trap light effectively thus increasing light absorption [45]. PA treatment at 125 °C
for 15 min improves the interface between the cathode and active layer, and the nanoscale phase separation
results in the improvement of PCE.

Table 2. Photovoltaic properties of the devices made with buffer layer and photoactive layer using 1:1ratio of P3HT to
PCBM and gold nanoparticles.

Annealing Voc(V) Je(mA cm’ ) FF PCE(%)

UA 0.63 5.16 0.63 2.04
SVA 0.64 6.29 0.64 2.53
PA 0.65 6:72 0.64 2.79
SVA-PA 0.63 9.49 0.62 3.7
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Fig.7. J-V characteristics for PEDOT:PSS:AuNPs/ P3HT:PCBM thin films by UA, SVA, PA and SVA-PA.

Conclusion

Organic solar cells with high efficiencies were fabricated using P3HT:PCBM: PEDOT:PSS:AuNPs
structures. The inclusion of gold nanoparticles in PEDOT:PSS buffer layer is thought to enhance light
harvesting for the OSCs of P3HT:PCBM. The effects of films’ treatment by performing SVA, PA and SVA-
PA on the performance of PSCs were investigated. The SVA-PA has been shown to improve the morphology
and crystallinity of the films, and therefore enhance the PCEs of the devices. The advantages of the SVA-PA
approach are more pronounced at higher PCBM loading. The variation in PCE is partially explained by the
longer conjugation length and formation of a band structure in well-organized P3HT domains in solvent
annealed solar cells. With subsequent thermal annealing, the solar cells upon (SVA-PA) give Power
Conversion Efficiency (PCE) of 3.7%, in contrast to 2.79% for the post-annealed (PA), 2.53% for the
Solvent Vapor Annealing (SVA) and 2.04% for the un-annealed (UA) devices.
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