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Organic solar cells are promising for the next-generation photovoltaic technology owing

to its low cost and flexibility. The possibility of efficient large-area roll-to-roll production has

attracted worldwide industrial interest. However, the instability and glove-box process

still impede the industrial production of organic solar cells. In this paper, we investigated

air-processed degradation mechanisms to provide instructions for practical applications.

The air-processed degradation mechanism of the organic solar cells is ascribed that the

PEDOT:PSS interfacial layer is oxidized by oxygen and the active layer p-DTS(FBTTh2)2
tends to be affected by water. The air-processed degradation of the PEDOT:PSS

interfacial layer results from the oxidation and desulfurization of PEDOT:PSS, which

caused huge efficiency loss. The active layer of p-DTS(FBTTh2)2:PC71BM tends to be

affected by ambient environment, which led to fatal results. The research on these

unresolved degradation mechanisms enables us to choose the suitable materials and

get stable performance in the air-processed situation.

Keywords: organic solar cell, degradation, X-ray photoelectron spectroscopy, air-processing, spectroscopic

techniques

INTRODUCTION

Bulk-heterojunction organic solar cells (BHJ-OSCs) are a superior alternative to silicon-based solar
cells with benefits of low cost, light-weight, and large-scale roll-to-roll processing. Over the past
few years, the power conversion efficiency (PCE) of OSC devices has been improved enormously to
16.35% [1–5]. Great progress has been achieved through the development of photoactive materials
and the improved morphology of the active layer. Recently, Yuan et al. [2] reported a 15.7% PCE
of binary OSCs with PM6 as donor and new non-fullerene Y6 as acceptor with near-infrared
absorption ability and a good match with efficient polymer donors. Moreover, OPVs made from
Y6 and Pt-PSFTZ are reported to exhibit a very high efficiency of 16.35% [5]. This research shows
a bright future for practical application of OSC.

Aside from the PCE, there are three important factors: lifetime, cost, and processing technologies
and conditions. Long operational lifetimes and cheap cost of solar cell devices are required in
practical application. Many studies have been carried out showing that the stability/degradation
issue is rather complicated and certainly not yet fully understood though the progress has been
made. For organic solar cells, the degradation depends strongly on environmental conditions [6, 7].
Researchers proposed alternative solutions such as using nanocrystalline ZnO interfacial layers, and
some other reported methods to improve the OPV cells stability [8–10].
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The processing technologies and conditions are also extremely
crucial to the practical application of OSC. As for processing
conditions, most OPV devices are fabricated in glove-box, owing
to their sensitivity to environmental exposure [11, 12]. For
example, the oxygen-induced degradation would be expected to
have a profound impact on the stability of a wide range of devices
such as light-emitting diodes and organic solar cells, which
is likely to be the key concern for many practical technology
applications. However, the underlying origins of the processing
stability have not been elucidated, and little attention has been
placed on the degradation mechanism and the importance of
different factors. On top of that, the time during spin-coat or
blade-coat is only a few minutes, along with 10min of annealing.
It is not easy to figure out the processing degradation or the
chemical change process in such a short time. There are three
important questions: firstly, whether the degradation induced
by ambient air affects the stability of all layers of organic solar
cells; secondly, whether the degradation can also be induced
by the reaction between ambient air and the organic solar
cells; and finally, the role of oxygen and/or absorbed water in
the degradation.

In this paper, we propose that the degradation of air-
process solar cells is caused by the oxidation of interfacial
layers and the chemical changes of the active layer. X-ray
photoelectron spectroscopy (XPS), time-of-flight secondary ion
mass spectrometry (ToF-SIMS), optical spectroscopy, and atomic
force microscopy (AFM) were used to characterize the air-
processed degradation patterns and failure mechanisms in the
organic solar cell. To promote the device processing stability, we
need to choose appropriate materials for interfacial layers and the
active layer during air operation.

METHOD

Materials
PEDOT:PSS (Clevios Al 4083) was purchased from Heraeus. p-
DTS (FBTTh2)2 and PC71BM were all purchased from Sigma
Aldrich. The solid content of the PEDOT:PSS solution was 1–
1.3%, and the weight ratio of PEDOT:PSS is 1:2.5.

Fabrication and Characterization of the
OSCs
Photovoltaic devices were prepared with the inverted structure
of Glass/ITO/ZnO/active layer/PEDOT:PSS/Ag. Glass slides were
cut into 2.5 × 2.5 cm2 and cleaned by bath sonication in
detergent, DI water, acetone, and isopropanol for 15min and
dried in 90◦C oven for 1 h. The substrates were cleaned by a
UV/O 4-inch UV/O3 cleaner operating for 20min. We spin-
coated PEDOT:PSS films from solutions on an active layer
at 3,000 rpm for 0.5min. The PEDOT:PSS films were then
thermally annealed at 120◦C for 15min on a hotplate. Then, it
was slowly cooled to room temperature. The active layer of the
p-DTS(FBTTh2)2:PC71BM film (PDTS:PCBM71) consists of a
weight ratio of 6:4 (w/w) solution of 20 mg/ml in chlorobenzene.
The active layer is spin-coated on top of the ZnO layer at
800 rpm for 40 s. The electrodes of devices were evaporated
by vacuum thermal evaporation (Hex) of 100 nm silver on

top of the PEDOT:PSS film through a shadow mask. The
photovoltaic performance of the devices was determined using
a solar simulator (Keithley 2400) under 100 mW/cm2 AM 1.5G.
The surface morphologies were examined by optical microscopy
and atomic force microscopy (AFM, XE-100 system). The
structure of the samples was measured using X-ray photoelectron
spectroscopy (XPS, Kratos AXIS Ultra DLD instrument with an
Al K probe beam).

RESULTS AND DISCUSSION

The structure of the inverted organic solar cell is ITO/ZnO
(25 nm)/active layer (65 nm)/PEDOT:PSS (20 nm)/Ag
(1,000 nm). The active layers were processed from p-
DTS(FBTTh2)2:PC71BM solution by spin coating. The current
density–voltage characteristics of air-processed OPVs and glove-
box-processed OPVs are presented in Figure 1A. The OPVs
based on p-DTS(FBTTh2)2:PC71BM with different processed
conditions were fabricated to investigate the degradation effects
on device performance. The all-layer glove-box-processed OPV
device has a PCE of 6.27% with a Voc (open-circuit voltage)
of 0.79V, Jsc (short-circuit current density) of 18.05 mA/cm2,
and FF (fill factor) of 44%. The PCEs of the OPV devices that
were air-processed are all poor compared with the glove-box-
processed OPV. The performance of all layer air-processed OPV
and the only active layer air-processed OPV are the two worst.
They have a Voc of 0.2V, Jsc of 3 mA/cm2, and PCE around
0.2%, which are of no use. It can be inferred that the degradation
of active layers in the air is responsible for the damage of these
two OPVs. The only PEDOT:PSS air-processed OPV also went
through huge efficiency loss, which showed a 37% decrement
compared with the glove-box-processed OPV. The efficiency loss
is mainly derived from the decrease in Jsc of about 30%. The
reduction of Jsc is related to the poor transport properties of the
photo-generated charge carriers and a continuous pathway in
the organic domain, which caused the decline in the conductivity
of PEDOT:PSS. The degradation mechanism of PEDOT:PSS in
the air leads to big efficiency drops but that are not fatal to the
degradation of the active layer.

The XPS was carried out to investigate the air-processed
degradation of organic solar cells. The binding energy (BE)
obtained in the XPS analysis was corrected by specimen charge
by benchmarking the C1s peak to 284.6 eV. First, we perform
the XPS on the top layer of the OSCs, which is the layer of
PEDOT:PSS. Figure 1 shows the high-resolution spectrum of
C1s, O1s, and S2p (the PEDOT:PSS layer) of glove-box-processed
and all layer air-processed OSCs. In Figure 1B, there is no
obvious difference between the C–C bond spectra of the two
OSCs. However, there are fewer C–S and C–O bonds in glove-
box-processed OSCs than the air-processed OSCs. In Figure 1D,
the O1s spectra follow the same trend as the C1s spectra. With
the multipeak fitting procedure, the O1s spectra can be resolved
by using two spectral components centered at different BE: O–C
(BE = 531 eV), O–S, and adsorbed OH bonds (BE = 532.5 eV).
There are more O–S and OH bonds in air-processed OSCs than
glove-box processed OSCs.
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FIGURE 1 | (A) The current density–voltage characteristics of the glove-box processed and air-processed solar cells with different models under 100 mW/cm2 AM

1.5G illumination. XPS measurements on the (B) C1s, (C) S2p, and (D) O1s spectrum of air-processed and glove-box-processed organic solar cells.

Figure 1C presents the S (sulfur) 2p spectrum of the
PEDOT:PSS of glove-box-processed and air-processed organic
solar cells. The S 2p spectrum of glove-box-processed OSCs
shows a typical S spectra of PEDOT:PSS. The higher binding
energy peaks are at 168.8 and 167.8 eV, corresponding to the S
atoms in PSS, and the lower binding energy peaks are at 164.6 and
163.3 eV corresponding to the S atoms in PEDOT. The atomic
fundamental parameters of sulfur were taken from X-ray lib [13],
and these peak values coincide with previous reports [14, 15]. In
Figure 1C, the O–S bond in the S 2p spectrum of air-processed
OSCs was not observed, which indicates no signal of S atoms of
PSS. The missing of the PSS signal leads to a conclusion that PSS
undergoes a so-called oxido-de-sulfonato-substitution forming
the phenolate. This observation indicates that PEDOT:PSS can
be oxidized by oxygen and leads to the damage of the OSCs. We
note that PEDOT:PSS is synthesized with a small excess of PSS.
Oxygen diffuses into the PEDOT:PSS layer and reacts with the

excess PSS. Oxidation of PSS by ambient air is expected mainly
to take place at the PSS domain.

In order to further investigate the chemical changes of the
active layer in air, we also carry out the X-ray photoemission
spectroscopy on the glove-box-processed and air-processed
active layers, which is shown in Figure 2. In Figure 2A, the
C1s of the air-processed active layer contains more C–S and
C–O bonds than that of the glove-box-processed active layer.
In Figure 2B, there are many absorbed hydroxyl (OH bond)
and H2O in the O1s spectrum of the air-processed active
layer, but there is none in the O1s spectrum of the glove-
box-processed active layer. Hydroxyl is usually the result of
decomposition of water molecules. We infer that the absorbed
hydroxyl and H2O tend to immerse into the small-molecule
material of p-DTS(FBTTh2)2 and cause the crystallization of
the small molecules. In Figures 2C,D, no obvious change in
the spectra of S 2p and N 1s was found, i.e., the binding
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FIGURE 2 | XPS measurements on the (A) C1s, (B) O1s, (C) S2p, and (D) N1s spectra of the active layers that are air-processed and glove-box-processed.

FIGURE 3 | ToF-SIMS measurements on the (A) glove-box-processed and (B) air-processed organic solar cell. Ag (CsAg+) was detected in the positive polarity

spectrum.
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FIGURE 4 | High-resolution optical microscope of PEDOT:PSS surfaces processed (A) in glove-box and (B) in air; AFM images of PEDOT:PSS surfaces processed

(C) in glove-box and (D) in air; OM images of p-DTS(FBTTh2)2:PC71BM surfaces (E) in glove-box and (F) in air; AFM images of p-DTS(FBTTh2)2:PC71BM surfaces

processed (G) in glove-box and (H) in air.

energy of peak positions and the spectral shapes appear
to be essentially the same between the air-processed and
glove-box-processed OSCs.

Further evidence was obtained from time-of-flight secondary
ion mass spectroscopy (ToF-SIMS) measurements. During ToF-
SIMS measurements, the layers were successively ablated with
a Cs+ ion beam while positively and negatively charged ions

were detected. The ToF-SIMS signal and the corresponding
layers of the solar cell are shown in Figure 3A, where
the intensity of all signals was normalized to one. The
signals of p-DTS(FBTTh2)2:PC71BM, ZnO, ITO, and Ag of
the air-processed and glove-box-processed OSCs are virtually
identical. In Figure 3B, the signal of PEDOT:PSS is not
only very weak but also merges into the one of the
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FIGURE 5 | The current density–voltage characteristics of (A) the glove-box-processed and (B) air-processed P3HT:PC61BM solar cells with different interfacial layer

of PEDOT:PSS and MoO3.

p-DTS(FBTTh2)2:PC71BM active layer. This clear observation
indicated that PEDOT:PSS has undergone some chemical
changes in the air due to the process of oxidation and
desulfurization of PEDOT:PSS. The result of ToF-SIMS accords
with the XPS data of PEDOT:PSS.

Figure 4 shows the surfaces of the interfacial layers and active
layers of the glove-box-processed and air-processed organic solar
cells by using high-resolution optical microscopy (OM) and
AFM. Figures 4A,C present the neat and smooth surface of
the glove-box-processed PEDOT:PSS layer of the OSCs by OM
and AFM, while in Figures 4B,D, many defects can be found
in the surface of the air-processed PEDOT:PSS layer. It seems
that the PEDOT:PSS layer has undergone a corrosion process by
oxygen in the air. The large number of defects can hinder carrier
migration leading to a poor conductivity, which coincides with
the poor Jsc of the only PEDOT:PSS layer air-processed OPV.
The degradation of PEDOT:PSS in air is verified by ToF-SIMS,
XPS, high-resolution optical microscopy, and AFM. These results
clearly show that PEDOT:PSS underwent a corrosion process
by oxygen.

Figures 4E–H present the surface of the active layer
of p-DTS(FBTTh2)2:PC71BM by optical microscopy and
AFM, processed in glove-box and air, respectively. As
shown in Figures 4E,F, there is a smooth surface in
the glove-box-processed p-DTS(FBTTh2)2:PC71BM film,
while there is a large area of crystalline surface in the
air-processed p-DTS(FBTTh2)2:PC71BM film. The reason
can be attributed to that p-DTS(FBTTh2)2 as a small
organic molecule tends to aggregate and crystallize under
absorbed water and hydroxyl molecules. The large-area
crystalline surface is detrimental to the charge transport,
which affects the performance of the solar cell. This is the
reason that the air-processed p-DTS(FBTTh2)2:PC71BM-
based solar cells all failed. In Figure 4G, the AFM surface
topography shows a flat surface in the glove-box-processed

p-DTS(FBTTh2)2:PC71BM film and the root mean square (RMS)
value of it is 1.5 nm. However, for the p-DTS(FBTTh2)2:PC71BM
film processed in the air, the RMS increases to 3.2 nm,
as shown in Figure 4H. This increase in the RMS value
resulted from the crystal nucleation and coalescence of
small molecules.

The degradation of PEDOT:PSS in air is hard to avoid,
but we can choose another interfacial layer to substitute
PEDOT:PSS such as MoO3. We compared the performance of
air-processed and glove-box-processed OPV with PEDOT:PSS
and MoO3. The active layer is P3HT:PC61BM. Figure 5

shows the current density–voltage characteristics of (A) the
glove-box-processed and (B) air-processed solar cells with
different interfacial layer of PEDOT:PSS and MoO3 under
100 mWcm−2 AM 1.5G illuminations. As processed in glove-
box, the performances of the MoO3 and PEDOT:PSS solar
cells are basically the same. However, the performance of
the MoO3 solar cell is better than that of PEDOT:PSS solar
cells in air. There is no degradation on the MoO3 solar cell
in air.

CONCLUSIONS

This paper presents the processing degradation mechanism of
air-processed organic solar cells for future industrial production.
The outcomes of this study demonstrate two main degradation
mechanisms of the air-processed organic solar cells:

1) We depicted the processing degradation mechanism of
PEDOT:PSS. Based on the results of ToF-SIMS, XPS, and
high-resolution optical microscope, it is confirmed that
PEDOT:PSS underwent an oxidation and desulfurization
process by oxygen and formed a large number of
defects, which can hinder charge transfer leading to an
inferior performance.
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2) We showed the degradation of the p-
DTS(FBTTh2)2:PC71BM small-molecule active layer in
the air. There is a large-area crystalline surface in the
p-DTS(FBTTh2)2:PC71BM active layer when processed
in the air, which is fatal to the organic solar cells. The
small molecules of p-DTS(FBTTh2)2 tend to be affected by
absorbed hydroxyl and water and transform to aggregated
and crystallized surface.
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