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Abstract: The device characteristics of polymer solar cells can be improved through an annealing
process. This is especially true of the carrier mobility and the light absorption of P3BHT:PCBM,
which improves considerably after the annealing process. In the standard structure using
indium-tin-oxide (ITO) as an anode, most studies have focused on the post-annealing process,
where thermal annealing is performed after device fabrication. This work reports the effects of
different annealing methods for inverted polymer solar cells, using ITO as a cathode. Similar levels
of light absorption and P3HT crystallinity were obtained regardless of the annealing procedure
in the inverted structure. However, compared with the post-annealed device, the pre-annealed
device, which was thermally annealed after deposition of the P3HT:PCBM film, exhibited better
charge extraction, owing to the superior device resistances and larger MoO; grain size. Therefore,
the pre-annealing method yields better performance than the post-annealing method.
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1. Introduction

Organic solar cells as a renewable energy source have many outstanding attributes, such as
mechanical flexibility, light-weight, and low manufacturing cost [1,2]. Organic materials have a narrow
absorption spectrum, short diffusion length, and low carrier mobility compared with inorganic materials.
However, the efficiency of organic solar cells has been improved (by up to 17.3% from organic tandem
structure [3]) through the synthesis of new donor/acceptor materials [4-7] and developing suitable
device structures for polymer solar cells [8,9]. Now, organic solar cells are more efficient than Si-based
thin film solar cells, allowing them to enter new markets such as BIPV (Building Integrated Photovoltaic)
flexible and wearable applications [10].

Recently, for improved device performance, several studies have focused on annealing processes
in bulk heterojunction organic solar cells. According to these studies, the annealing process can
improve the device performance by increasing the light absorption and improving the charge carrier
mobility, especially in polymer solar cells based on poly (3-hexylthiopene) (P3HT):phenyl-C61-butyric
acid methyl ester (PCBM) [11-14]. However, most studies on the annealing method have focused on
the annealing condition for the post-annealing process in the conventional structure. The conventional
structure of organic solar cells is susceptible to the corrosion of ITO, owing to the acidity of Poly
(3,4-ethylenedioxythiophene): poly (styrenesulfonate) (PEDOT:PSS) and the easy oxidation of low
work function metals. Therefore, an inverted structure with the transition metal oxide as a hole
buffer layer has been suggested for organic solar cells. This structure, where the electrode polarities
are switched, can improve the air stability through the use of an air-stable metal with high work
function (e.g., Al, Ag, and Au, rather than Cs, Li, and Ca) [15-17]. Furthermore, the inverted structure
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can be sequentially evaporated by the transition metal oxide/the anode metal without breaking the
vacuum during the fabrication of the device. M0Oj3, a transition metal oxide, has been widely used in
place of PEDOT:PSS, which suffers from charge extraction issues and acidity issues in polymer solar
cells [18-21].

In this paper, we report inverted P3HT:PCBM polymer solar cells for different annealing conditions,
such as non-treatment and annealing before (pre-annealing) and after the evaporation of MoO3/Al
(post-annealing). We show that the performance of the pre-annealed device in the inverted structure is
superior to that of the post-annealed device. Similarly, we investigate the interfacial and bulk electrical
properties via electrical impedance spectroscopy and the surface morphology properties through
atomic force microscopy (AFM).

2. Experimental Methods

All of the devices were prepared on indium-tin-oxide (ITO) coated glass (thickness: ~150 nm,
sheet resistance: 10 ()/0). The ITO-coated substrates were cleaned using isopropyl alcohol, de-ionized
water, acetone, and methanol in an ultrasonic bath and dried in a vacuum oven. Zinc oxide (ZnO)
nanoparticles (NPs) as an electron extraction layer dissolved in butanol were spin-coated on ITO
substrates and then dried at 150 °C for 20 min (thickness of ZnO film: 30 nm). The ZnO NPs were
prepared in accordance with [22]. Subsequently, the solution of P3HT (Rieke metals, 4002-E):PCBM
(Nano-C) (1:0.8 by weight.) was spin-coated on the ZnO layer, thereby yielding a PSHT:PCBM film
(thickness: 150 nm). After spin-coating the active layer, MoOj as the hole extraction layer (thickness:
10 nm) and Al as the anode (thickness: 100 nm) were thermal-evaporated sequentially under a vacuum
of ~10° Torr. The active area of the device was 0.2 cm? (see Figure 1 for the device structure). Absorption
spectra and X-ray diffraction (XRD) patterns were obtained for the PSHT:PCBM solution spin-coated
on the quartz substrates and MoOj3 thermal-evaporated on the PSHT:PCBM.

The photocurrent-voltage (J-V) curves under 100 mW/cm? illumination from a solar simulator
(Newport 91160A, AM 1.5G with a KG 5 filter) were taken in a vacuum closed-cycle refrigerator
using a Keithley 237 source measuring unit. The incident photon to charge carrier efficiency
(IPCE) spectra were measured by using a lock-in amplifier (Model 7265, Signal Recovery) when
the devices were illuminated by monochromatic light from a xenon lamp through the monochromator
(SpectroPro-150, Acton Research Corporation). The absorption spectra and XRD patterns were obtained
using a DU-70 spectrophotometer (Beckman) and M18XHF-SR (MAC Science Co.). The surface
morphology was investigated via non-contact atomic force microscopy (AFM, Park Systems XE-100).
The impedance measurements (frequency range: 100 Hz to 10 MHz) were measured by an HP-4192A
impedance analyzer.

P3HT:PCBM
Zn0O
Glass/ITQ

Figure 1. Schematic device structure and energy band diagram of inverted P3HT:PCBM solar cells.
3. Results and Discussion

Figure 2a shows the J-V characteristics for different annealing conditions under 100 mW/cm?
illumination. Different annealing conditions correspond to the non-treatment and 30 min of thermal
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annealing at 150 °C before (pre-annealing) and after the evaporation of MoO3/Al (post-annealing).
The device characteristics depend on the annealing method, as shown in Figure 2 (see Table 1
for a summary of the results). Although Vpc of the pre-annealed device decreases slightly,
the corresponding short circuit current (Jsc), fill factor (FF), and efficiency (8.78 mA/cm?, 0.55,
and 3.03%, respectively) are significantly higher than those of the untreated device. The corresponding
values of the post-annealed device (i.e., 7.36 mA/cm?, 0.46, and ~1.93%) are also higher than those of the
untreated device, but lower than those of the pre-annealed device. Rgyy is related to the leakage current
and Rg is affected by the contact resistance between the active layer and the electrode. Therefore,
the best condition (i.e., minimum Rg and maximum Rgp) is obtained in the pre-annealed device.
Figure 2b shows the IPCE spectra for different annealing conditions. The maximum IPCE values of
the non-annealed device and the pre-annealed device were 30% and 60% (corresponding to a Jsc of
8.69 mA/cm? for calculating the integral of IPCE and the AM1.5G reference spectrum), respectively,
at 500 nm. The IPCE of the post-annealed device is ~5% lower, without any change in the spectral shape
compared with that of the pre-annealed device. These results indicate that the performance difference
between pre-annealing and post-annealing may have resulted from changes in the light absorption of
the active layer and/or the charge carrier extraction in the device during the annealing process.
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Figure 2. (a) J-V curves obtained under 100 mW/cm? illumination and (b) Incident photon to charge
carrier efficiency (IPCE) spectra for different annealing conditions of the inverted PZHT:PCBM polymer
solar cells.

The absorption spectra of P3BHT:PCBM/MoOj subjected to different annealing conditions are
shown in Figure 3. All films were fabricated on quartz substrates and treated under different annealing
conditions. The absorption spectra of the films change significantly after both annealing methods.
The absorption spectrum of the un-treated film is characterized by a main peak at ~480 nm and a barely
visible shoulder at ~600 nm. In the case of the pre-annealed and post-annealed films, the intensity
associated with the main absorption peak increases significantly and the peak is red-shifted to ~500 nm.
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In contrast, the position of the shoulder peak remains almost unchanged. The absorbance of the
post-annealed device seems to be better than that of the pre-annealed device (see Figure 3). However,
this is the error range that occurs during the absorption measurement. In other words, the absorbance
changes only slightly during the annealing sequence. This indicates that the evaporated MoO; layer
on the PBHT:PCBM before or after the annealing process has no effect on the light absorption of the
P3HT:PCBM film. In principle, the absorbance property affects the device performance but does not
always affect the device performance. That is, if the absorbance of light increases, a lot of charge will
be generated, which helps to improve device performance. However, device performance is affected
by light absorption and charge extraction properties are affected by the resistance inside the device and
the morphology of the thin film. In other words, as Figure 3 shows, the absorption of pre-annealed
devices and post-annealed devices is not much different, so absorption would not have a significant
effect on Jgc.

Table 1. Characteristics of PBHT:PCBM polymer solar cells for different annealing conditions under
100 mW/cm? illumination.

Annealing Jsc Efficiency Rg @ Voc Rsy @ Jsc

Voc (V) FF

Condition (mA/cm?) (%) (Q-cm?) (Q-cm?)
Un-treated 4.62 0.66 0.39 1.18 38 325
Pre-annealed 8.78 0.63 0.55 3.03 17 1004
Post-annealed 7.36 0.57 0.46 1.93 27 534
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Figure 3. Absorption spectra corresponding to different annealing conditions of PBHT:PCBM/MoO3 on
quartz substrates.

Figure 4 shows the XRD patterns corresponding to different annealing conditions of
P3HT:PCBM/MoOQ;s films on quartz substrates. The peak corresponding to crystalline PSBHT occurs
at 20 = 5.4°. The height of the peak indicates the degree of P3HT crystallinity [23]. A weak peak
occurs at 20 = 5.45° in the XRD pattern of the un-treated P3HT:PCBM/MoQ;3. Although the height
of the peak associated with the post-annealed film is slightly lower than that of the pre-annealed
film, the XRD patterns of the pre-annealed and the post-annealed films appear similar. In both cases,
the peak at 20 = 5.3° is stronger than that of the untreated film. This result indicates that regardless of
the annealing method, the P3HT crystallinity of the PSBHT:PCBM film increases significantly with the
thermal annealing process.
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Figure 4. XRD patterns for different annealing conditions of PBHT:PCBM/MoOj3 on quartz substrates.

To compare the effect of the MoOj3 layer during the annealing processes, the surface morphology
and phase of PSBHT:PCBM/Mo0O; films (see Figure 5) subjected to pre-annealing and post-annealing
processes were examined via non-contact AFM. The surface roughness of the post-annealed
P3HT:PCBM/MoOQs film (i.e., 0.9 nm; Figure 5c) was considerably lower than that (1.8 nm) of
the pre-annealed film (see Figure 5a). However, the corresponding phase images (Figure 5b,d) revealed
that significantly finer MoOs grains were formed in the post-annealed film than in the pre-annealed
film. The results of previous studies on P3BHT:PCBM films indicated that P3HT and PCBM in the bulk
heterojunction film of P3BHT:PCBM were self-organized during the annealing process [6—11]. This may
have resulted from the fact that the evaporated MoOs layer on the top of P3BHT:PCBM was changed
via self-organization of the P3HT:PCBM film during the post-annealing process. Therefore, we expect
that compared with small grain sizes in the post-annealed film, larger grain sizes in the pre-annealed
film allow (i) easy extraction of the generated charge carriers owing to a continuous path through the
grain, and (ii) reduction of the carrier trapping by the disordered grain boundaries.

9 nm 12 deg
0 nm 0 deg
5 nm 9 deg
0 nm 0 deg

Figure 5. Atomic force microscopy (AFM) images showing the pre-annealing [(a) morphology and (b)
phase] and post-annealing [(c) morphology and (d) phase] of PBHT:PCBM/Mo0QO3 films on quartz.



Energies 2019, 12, 4678 60f8

Figure 6 shows the Cole-Cole plots corresponding to different annealing conditions under the
illumination of 100 mW/cm?. The plots consist of two semi-circles that occur at frequency values
>50 kHz and frequency values <50 kHz. These plots were fitted by an equivalent circuit, which included
constant phase elements (CPEs), as shown in the inset of Figure 6. The inhomogeneity of the material
and/or the grain boundaries yield a non-ideal frequency-dependent capacitor. Therefore, compared
with the RC-model, the CPE-model is better suited for plot-fitting of our devices [24]. The semi-circles
are non-depressed regardless of the annealing conditions, and hence, similar values were obtained
for the parallel resistances of CPE1 and CPE2. R2 and R3 values of ~2.3 and 10.8 Q)-cm?, respectively,
were obtained (from the fitting curves) for the pre-annealed device under illumination. Values of
3.8 O-cm? (R2) and 18.2 Q-cm? (R3) were obtained for the post-annealed device. This difference in
resistances resulted from extracting the dissociated carriers in the active layer under illumination.
Therefore, these results indicated that the resistance difference in the low-frequency range is derived
from the MoOj layer and the interface between the MoO3 and P3HT:PCBM layers when the device is
treated under different conditions.
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Figure 6. Cole-Cole plots for different annealing conditions under 100 mW/cm? illumination. The plots
are calculated from the equivalent circuit (constant phase elements (CPEs) shown in the inset).

4. Conclusions

We demonstrated the inverted polymer solar cells for different annealing conditions of
non-treatment, pre-annealing, and post-annealing under illumination. Regardless of the annealing
method, the annealing process improved the light absorption ability and P3HT crystallinity of the
P3HT:PCBM films. However, the performance of the pre-annealed device (3.03%) was superior to
that (1.93%) of the post-annealed device. Moreover, compared with those of the post-annealed device,
the better pre-annealing device resistances and large MoOj3 grain size of the P3HT:PCBM contributed
to improved charge transport by preventing carrier trapping in the grain boundaries. In other words,
both the absorbance property and the charge extraction property affected the device and hence,
the optimal performance was realized for the pre-annealed device. Therefore, compared with the
post-annealing under the best conditions for the standard structure, we suggest that the pre-annealing
process is more suitable for the inverted structure of PZHT:PCBM solar cells.
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