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ABSTRACT: Photostability of organic photovoltaic devices
represents a key requirement for the commercialization of this
technology. In this field, ZnO is one of the most attractive
materials employed as an electron transport layer, and the
investigation of its photostability is of particular interest. Indeed,
oxygen is known to chemisorb on ZnO and can be released upon
UV illumination. Therefore, a deep analysis of the UV/oxygen
effects on working devices is relevant for the industrial production
where the coating processes take place in air and oxygen/ZnO
contact cannot be avoided. Here we investigate the light-soaking
stability of inverted organic solar cells in which four different solution-processed ZnO-based nanoparticles were used as electron
transport layers: (i) pristine ZnO, (ii) 0.03 at %, (iii) 0.37 at %, and (iv) 0.8 at % aluminum-doped AZO nanoparticles. The
degradation of solar cells under prolonged illumination (40 h under 1 sun), in which the ZnO/AZO layers were processed in air
or inert atmosphere, is studied. We demonstrate that the presence of oxygen during the ZnO/AZO processing is crucial for the
photostability of the resulting solar cell. While devices based on undoped ZnO were particularly affected by degradation, we
found that using AZO nanoparticles the losses in performance, due to the presence of oxygen, were partially or totally prevented
depending on the Al doping level.

KEYWORDS: polymer solar cells, aluminum-doped ZnO, photostability, ZnO nanoparticles, degradation, oxygen chemisorption,
interlayer

■ INTRODUCTION

In the last decades, scientific interest gradually converged on
organic photovoltaics (OPVs) as a promising energy
technology in the field of renewable sources. The potential of
low cost at large production in conjunction with lightweight
and flexible devices promoted OPVs as a valid alternative to
inorganic photovoltaics.1,2 In sight of this, research focused on
polymer solar cells (PSCs) in which a solution-processed
photoactive layer made by a mixture of a donor polymer and a
fullerene-based acceptor (bulk heterojunction, BHJ) is
sandwiched between two electrodes, a cathode and an
anode.3 The BHJ concept should ensure an efficient exciton
separation after light absorption and bicontinuous paths for

charges to be collected at their respective electrodes. In
addition, selective interlayers, i.e., buffer layers, are introduced
between the electrodes and the active layer promoting ohmic
contact and improving the charge collection selectivity.4

Over the years, the optimization of all these layers led to
clear improvements for PSCs in terms of power conversion
efficiency (PCE).5 Moreover, the development of multijunction
architectures pushed the performance of OPVs up to 11.8%.6

However, for the commercialization of this technology, one
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challenging problem is still represented by the reliability or
lifetime of modules.7 Organic materials are very sensitive to
ambient agents including humidity and oxygen. In addition,
working devices are subjected to solar heating and light which
could cause thermally induced and photoinduced degradation,
respectively, of the materials as well as interfaces.8 Some of
these issues can be prevented by encapsulating the device after
fabrication, thus avoiding oxygen and water diffusion inside the
solar cell. Moreover, to counter the issue of short-term
degradation, the concept of “inverted” geometry devices has
been introduced.9 This type of configuration is proven to be
more stable than the conventional one because no low work
function metal electrode is exposed to ambient, and therefore
deterioration of the cell performance due to oxidation is
prevented.10 Furthermore, BHJ active layers have been
demonstrated to undergo morphological changes under
thermal stress, affecting the device performance. Since the
internal/adjacent interfaces strongly influence the morpholog-
ical behavior of the BHJ layer during thermal stress, the use of
an inverted structure has been proved to often improve the
thermal stability of the resulting devices.11−14

In order to optimize the charge collection at the electrodes in
inverted structures, air-stable, high work function materials, e.g.,
PEDOT:PSS or MoO3, are typically used as an interlayer at the
top anode as a hole-transporting layer (HTL), while low work
function materials like PFN, PEIE, TiOx, or ZnO are deposited
on ITO (cathode) acting as an electron transport layer (ETL).4

Among ETLs, ZnO is very attractive for its high electron
conductivity, low work function, good optical transmittance,
non toxicity, and low cost.15−19 In addition, ZnO can be
synthesized in the form of nanoparticles (ZnO NPs) which can
be deposited from solution generating thin films with high
conductivity without the need of strong thermal treat-
ments.16,18−20

Despite that ZnO shows a variety of suitable properties for
photovoltaic applications, one limitation is that its conductivity
is negatively affected by chemisorbed oxygen (O2).

21 O2
molecules are able to capture electrons from the conduction
band of ZnO, creating near the surface a depletion region with
high resistivity.22 This process is physically reversible, and if
ZnO is irradiated with ultraviolet light, oxygen molecules can be
released from the ZnO layer leading to an improvement of the
ZnO conductivity.23,24

Although light irradiation could restore the conductivity of
ZnO, prolonged illumination could induce irreversible
degradation.25−28 Indeed, UV light soaking in the presence of
oxygen triggers the formation of “chemical defects”, which
reduce the n-type behavior of the ZnO. These are likely p-type
defects of the lattice structure that induce an increase of the
ZnO work function.
As a consequence, the presence of oxygen during ZnO film

processing could represent an issue for the photostability of
solar cells. In addition, since the adsorption of oxygen is a
surface-related phenomenon, structures with a high surface-to-
volume ratio, as in the case of films of ZnO NPs, might be
particularly sensitive to light exposure if processed in air.29 In
this context, a deeper investigation on the role of light soaking
on solar cells containing a layer of air-processed ZnO NPs is of
particular interest.
Despite the above-mentioned suitability of ZnO for photo-

voltaic applications, the use of undoped ZnO for large-scale
production of optoelectronic devices could be challenging in
terms of processing. Indeed, in industrial fabrication, relatively

thick layers in the order of 100 nm are preferred to ensure
complete substrate coverage and avoid the risk of defects. Since
the conductance of such a thick layer of ZnO would not be
sufficient to ensure a good photovoltaic performance of the
relative devices,30 ZnO is usually doped with small amounts of
metal ions, such as Al, Ga, etc. Among them, aluminum-doped
ZnO (AZO) is one of the most studied materials for OPV
applications.31 As AZO can be produced in the form of
nanoparticles,32 it has the same advantages of undoped ZnO
NPs in terms of layer processing, while having a conductivity
which can be three orders of magnitude higher.33,34 AZO is
therefore introduced to facilitate the use of ZnO-based
materials in industrial processes like roll-to-roll coating.
Roll-to-roll industrial coating processes mostly take place in

ambient conditions, and the effect of air as well as light soaking
of undoped ZnO is known to be detrimental. Therefore, it is
crucial to understand the effects of prolonged illumination on
solar cells based on air-processed AZO films.
In this work we present a study on the light soaking

degradation of inverted polymer solar cells using different
formulations of ZnO-based NPs as ETLs: (i) pristine and (ii)
0.03 at %, (iii) 0.37 at %, and (iv) 0.8 at % aluminum-doped.
We investigated and compared the degradation under
prolonged illumination (40 h under 1 sun) of the resulting
solar cells in which the ZnO/AZO layers are processed in air or
an inert atmosphere. We found that all the devices showed
similar stability when the ZnO/AZO layers are processed in an
inert atmosphere. Importantly, in the case of air-processed
layers, the stability of the solar cells was dependent on the
aluminum doping level in the ZnO NPs. We demonstrate that
the presence of oxygen during the ZnO/AZO processing is
crucial for the photostability of the resulting solar cell. In
particular, air-processed devices based on undoped ZnO (ETL)
are particularly affected by degradation, while using AZO NPs,
the loss of performance ascribed to ZnO/oxygen interaction
can be partially or totally prevented depending on the Al
doping level.

■ EXPERIMENTAL SECTION
AZO Nanoparticle Synthesis and Characterization. Details on

the synthesis of AZO NPs containing doping levels from 0% to 0.8%
of Al (atomic percentages) are given elsewhere.35 AZO NPs with 0%,
0.03%, 0.37%, and 0.8% Al doping level are named ZnO, AZO0.03,
AZO0.37, and AZO0.8, respectively. In a typical synthesis of AZO0.03,
zinc acetate (0.779 g, 4.24 mmol), aluminum isopropylate (0.009 g,
0.04 mmol), and 0.25 mL of distilled water were added into a flask
containing 42 mL of anhydrous ethanol. The solution was heated to 80
°C with magnetic stirring during 30 min. A solution of 0.442 g of
potassium hydroxide in 23 mL of ethanol was added dropwise to the
flask. After adding the base, the solution was stirred for 16 h at 80 °C.
The reaction mixture was then allowed to cool, and the AZO NPs
were separated from the reaction mixture by centrifugation (7800 rpm
for 30 min) and then dispersed in alcohol-based solvents. The
morphology of the AZO NPs bearing different Al doping were
characterized by HR-TEM. Figure S1 shows a representative TEM
analysis of AZO0.03 NPs. We found that all AZO NPs show a narrow
size distribution and average diameter of 10 nm independently from
the doping level, making these NPs highly suitable for solution
processing of AZO interfacial layers. In order to process thin films,
isopropanol solutions containing AZO NPs of different concentrations
were prepared. Importantly, ethanolamine (EA) was used to obtain
cluster-free solution as demonstrated recently.19 The aggregate size of
the AZO NPs within the solution was controlled by dynamic light
scattering (DLS) analysis revealing that the EA treatment generates
highly dispersed stable AZO solution regardless of the doping level.
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Solar Cell Fabrication and Characterization. All materials,
PC61BM ([6,6]-phenyl-C61-butyric acid methyl ester, American Dye
Source), 1,2-dichlorobenzene (ODCB, Sigma-Aldrich), and 1,8-
diiodooctane (DIO, Sigma-Aldrich) were purchased from commercial
sources and used without further purification. Patterned ITO-coated
glasses (thickness = 150 nm, Rs ∼ 10 Ω sq−1, ITO roughness RMS < 1
nm) were cleaned in sequential sonicating baths (for 15 min) of
acetone and isopropanol. After the final sonication step, substrates
were dried with a stream of Ar gas and then placed in an oxygen
plasma chamber for 10 min. Next, a thin layer (∼40 nm) of ZnO or
AZOx was spun-cast on the ITO surface in ambient atmosphere or
inside a N2-filled glovebox (H2O and O2 concentration <0.1 ppm) and
subsequently annealed at 140 °C for 15 min. In the case of air-
processed ZnO/AZOx films, immediately after the thermal treatment,
the samples were transferred in a N2-filled glovebox to avoid water
adsorption. Note that two (identical) batches of the already known
ZnO/AZOx

35 have been prepared and used to confirm the
reproducibility of the synthetic procedure and to validate the impact
of their intrinsic properties on the corresponding photovoltaic devices.
The active layer blend solutions were formulated inside the glovebox
by dissolving the polymer P(1)-PFQ2T-BDT (abbreviated as P(1) in
the text) and PC61BM (1:1 wt/wt ratio) in anhydrous ODCB:DIO
(97:3 v/v) with a total concentration of 30 mg/mL and then stirred
overnight at 80 °C. The active layer was prepared inside the glovebox
by spinning the blend solution on top of the ITO/ZnO or AZOx

surface. The wet films were slowly dried resulting in a ∼100 nm thick
layer. To complete the device fabrication, MoO3 and Ag (10 and 90
nm, respectively) were deposited sequentially without breaking
vacuum (∼1 × 10−6 Torr) using a thermal evaporator directly
connected to the glovebox. The current−voltage (I−V) characteristics
of all OPV devices were recorded inside the glovebox by a Keithley
2400 source measure unit under a simulated AM1.5 G illumination of
100 mW/cm2 (Abet Technologies Sun 2000 Solar Simulator). The
light intensity was determined by a calibrated silicon solar cell fitted
with a KG5 color glass filter to bring spectral mismatch to unity. The
active area of the solar cell was exactly 6 mm2. During testing, each cell
was carefully masked, by a calibrated mask, to prevent an excess
photocurrent generated from the parasitic device regions outside the
overlapped electrode area.

Thin Film Characterization and Device Degradation. All thin-
film characterizations were performed in air. The thickness of the
various films was measured by a profilometer (KLA Tencor, P-6).
Transmittance UV−vis spectra were recorded on a JASCO V-550
spectrophotometer. The surface morphology of ZnO/AZO layers
deposited on top of ITO was studied by atomic force microscopy
(AFM) using a Solver Pro (NT-934 MDT) scanning probe
microscope in tapping mode. The light soaking test of all solar cells
was performed on nonencapsulated devices inside a glovebox under
AM1.5G illumination. In a specific test, a colored UV long pass filter at
400 nm was used during light exposure.

■ RESULTS AND DISCUSSION

Characterization of ZnO/AZOx Thin Films. Figure 1
shows the optical and morphological properties and the energy
levels of ZnO, AZO0.03, AZO0.37, and AZO0.8 films.
The morphology of all the films deposited on ITO is

homogeneous, and the surfaces are relatively smooth with a
roughness (RMS) of 8, 6, 4, and 4 nm for ZnO, AZO0.03,
AZO0.37, and AZO0.8, respectively (Figure 1a−d). All the ZnO-
based layers are characterized by similar UV−vis spectra with
an optical transmittance higher than 80% over the entire visible
range and an absorption peak at 345 nm (Figure 1e). The
optical properties, in conjunction with the relatively low surface
roughness, make the ZnO-based films compatible for their
incorporation in polymer solar cells. Moreover, the energy
levels of the valence band and of the conduction band are
similar for all ZnO (−7.7 and −3.6 eV, respectively) and AZOx
(−7.8 and −3.7 eV, respectively) layers,35 providing well
matching contact energetics with the active blend (Figure 1f)
thus facilitating the electron extraction process. This makes the
films suitable for use as efficient and selective ETLs in BHJ
devices. To note, ZnO, AZO0.03, AZO0.37, and AZO0.8 are
characterized by similar optical, morphological, and energy
band positions which do not depend on the aluminum
concentration in the NPs.

Figure 1. Atomic force microscopy (AFM) images (5 μm × 5 μm) recorded in tapping mode of ZnO (a), AZO0.03 (b), AZO0.37 (c), and AZO0.8 (d)
deposited on glass/ITO substrates. Their surface roughness (RMS) is 8, 6, 4, and 4 nm, respectively. Transmittance spectra (e) of ZnO (red),
AZO0.03 (black), AZO0.37 (blue), and AZO0.8 (green) films deposited on glass/ITO substrates. Energy level diagram of the materials employed in the
solar cells (f).

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b08255
ACS Appl. Mater. Interfaces 2016, 8, 1635−1643

1637

http://dx.doi.org/10.1021/acsami.5b08255


Light-Soaking Stability of OPV Devices.We investigated
the light-soaking degradation of polymer solar cells prepared by
using the four different formulations of ZnO or AZOx NPs (see
Experimental Section). A set of inverted BHJ devices (Figure
2a) was fabricated using a new polymer P(1) (P(1)-PFQ2T-
BDT, Figure 2b) as donor material. Further details for the
synthesis and optical and electrochemical properties of the
donor P(1) are reported in the Supporting Information.
Note that all OPV parameters reported and discussed in this

section are averaged over 10 samples, based on two identical
batches of ZnO/AZOx NPs, thus guaranteeing the reproduci-
bility and reliability of the results.

We first investigated the influence of the different ZnO-based
ETLs on the photovoltaic response of freshly fabricated devices.
The thickness of the ZnO/AZOx layers was intentionally fixed
around 40 nm in order to avoid limitations arising from the
different electrical conductivity of doped and undoped NPs.
The ZnO/AZOx layers were processed by spin coating in air or
in an inert atmosphere (N2 environment) and successively
thermal annealed at 140 °C for 15 min to remove the water
content probably adsorbed on the ZnO/AZOx structure. Note
that, in the case of air processing, after the thermal treatment
the films were immediately transferred inside a glovebox to
avoid moisture contact.

Figure 2. Schematic representation of the layers stack of the inverted solar cell (a) and chemical structure of the polymer used as donor material in
the active layer (b).

Table 1. Photovoltaic Parameters, under Standard Illumination, of Fresh Solar Cells Based on (i) ZnO, (ii) AZO0.03, (iii)
AZO0.37, and (iv) AZO0.8 ETLs Processed in Air or in Inert Atmosphere, N2

a

ETL ETL process environment Jsc (mA/cm2) Voc (V) FF (%) PCE (%) Rs (Ω cm2)b Rsh (Ω cm2)c

Device A ZnO N2 8.6 ± 0.3 0.87 ± 0.003 55 ± 2 4.1 ± 0.1 11.5 ± 0.1 670 ± 10
Air 8.8 ± 0.3 0.87 ± 0.005 55 ± 1 4.2 ± 0.1 10.8 ± 0.1 670 ± 10

Device B AZO0.03 N2 8.7 ± 0.1 0.87 ± 0.003 55 ± 1 4.2 ± 0.1 10.8 ± 0.1 680 ± 10
Air 8.8 ± 0.3 0.87 ± 0.006 54 ± 2 4.1 ± 0.1 11.3 ± 0.1 660 ± 10

Device C AZO0.37 N2 8.7 ± 0.3 0.87 ± 0.004 55 ± 2 4.2 ± 0.1 11.0 ± 0.1 690 ± 10
Air 8.7 ± 0.3 0.87 ± 0.005 55 ± 2 4.2 ± 0.1 11.5 ± 0.1 650 ± 10

Device D AZO0.8 N2 8.6 ± 0.2 0.86 ± 0.005 56 ± 1 4.1 ± 0.1 10.5 ± 0.1 690 ± 10
Air 8.8 ± 0.2 0.86 ± 0.009 54 ± 1 4.1 ± 0.1 10.2 ± 0.1 690 ± 10

aAll the OPV parameters are averaged over 10 samples, and mean values are reported with their standard deviation. bRs was calculated as the slope of
the tangent line of the current density−voltage (J−V) curve at V > Voc.

cRsh was calculated as the slope of the tangent line of the J−V curve at V = 0.

Figure 3. J−V plots of fresh (filled symbols) and degraded under AM1.5G simulated sunlight for 40 h (empty symbols) solar cells based on: (i) ZnO
(red), (ii) AZO0.03 (black), (iii) AZO0.37 (blue), and (iv) AZO0.8 (green) ETL. The plots are relative to devices in which the ZnO-based ETLs are
processed in inert atmosphere, N2 (a), or in air (b). The black arrows highlight the transition of the J−V curves when passing from fresh to degraded
devices.
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The OPV parameters of the resulting solar cells are
summarized in Table 1. Devices A, B, C, and D show nearly
identical photovoltaic performance, with initial PCEs over 4%,
Jsc of ∼8.7 mA/cm2, Voc of ∼0.87 V, FF of ∼55%, and series
(Rs) and shunt resistance (Rsh) of ∼11 and ∼680 Ω cm2,
respectively. Therefore, the OPV parameters of fresh devices
are not affected by the Al doping level in the ZnO layer. This
can be expected since the ZnO, AZO0.03, AZO0.37, and AZO0.8-
based films show similar optical transmittance, surface rough-
ness, and energy band positions (Figure 1). It should be also
noted that the photovoltaic response of the solar cells is
independent of the processing environment since it is unvaried
if ZnO or AZOx films are processed either in inert atmosphere
or in air.
In order to investigate the effect of light soaking on the

stability of the studied solar cells, all devices were kept in a
glovebox under AM1.5G illumination for 40 h, and their
current density−voltage (J−V) characteristics were measured at
defined time intervals.
Figure 3a shows the J−V plots of fresh and degraded devices

A, B, C, and D with the ZnO-based ETLs processed in an inert
atmosphere. As mentioned above, all devices exhibit the same
initial OPV properties.

After light soaking, the J−V curves were slightly changed in a
similar way for all devices. Indeed, the devices were equally
degraded reaching similar OPV parameters (Table 2): Jsc drops
to about 7 mA/cm2, Voc to 0.81 V, and FF to 45%, and the PCE
decreases from about 4% to 2.5%. A partial decrease of the
photovoltaic performance with light soaking can be expected
for all devices since BHJ solar cells are commonly affected by at
least a partial degradation under prolonged irradiation. Indeed,
light catalyzes processes such as for instance photobleaching
and morphological changes in the active layer, ion migration
from electrodes, trap generation, etc.36 In most cases,
degradation mechanisms are complex and include a variety of
processes that can be interlinked. It is therefore very difficult to
associate the degradation to a specific layer of the device.
However, since the OPV parameters of all the degraded ZnO-
based solar cells are comparable, we can assume that the light-
induced processes occurring in devices A, B, C, and D are not
influenced by the nature of the ZnO-based ETLs (ZnO,
AZO0.03, AZO0.37, or AZO0.8) when processed in an inert
atmosphere. On the contrary, the degradation trend observed
for the devices based on air-processed ETLs is considerably
different.

Table 2. Photovoltaic Parameters of Degraded Solar Cells (40 h under 1 sun), Based on (i) ZnO, (ii) AZO0.03, (iii) AZO0.37, and
(iv) AZO0.8 ETLs, Processed Either in Air or in an Inert Atmosphere, N2

a

ETL ETL process environment Jsc (mA/cm2) Voc (V) FF (%) PCE (%) Rs (Ω cm2)b Rsh (Ω cm2)c

Device A ZnO N2 7.2 ± 0.3 0.81 ± 0.005 43 ± 1 2.5 ± 0.1 18.6 ± 0.1 310 ± 10
air 7.5 ± 0.1 0.66 ± 0.002 35 ± 1 1.7 ± 0.1 37.7 ± 0.1 190 ± 10

Device B AZO0.03 N2 6.9 ± 0.5 0.81 ± 0.004 46 ± 1 2.6 ± 0.2 16.5 ± 0.1 390 ± 10
air 7.3 ± 0.3 0.81 ± 0.005 43 ± 1 2.5 ± 0.1 17.1 ± 0.1 320 ± 10

Device C AZO0.37 N2 7.0 ± 0.2 0.81 ± 0.007 43 ± 1 2.4 ± 0.1 19.6 ± 0.1 330 ± 10
air 6.9 ± 0.2 0.72 ± 0.005 40 ± 1 2.0 ± 0.1 20.5 ± 0.1 270 ± 10

Device D AZO0.8 N2 6.9 ± 0.3 0.82 ± 0.005 45 ± 1 2.5 ± 0.1 19.5 ± 0.1 380 ± 10
air 6.8 ± 0.1 0.72 ± 0.005 41 ± 1 2.0 ± 0.1 22.4 ± 0.1 280 ± 10

aAll the OPV parameters are averaged over 10 samples, and mean values are reported with their standard deviation. bRs was calculated as the slope of
the tangent line of the current density−voltage (J−V) curve at V > Voc.

cRsh was calculated as the slope of the tangent line of the J−V curve at V = 0.

Figure 4. Evolution of normalized Jsc (a), Voc (b), FF (c), and PCE (d) values versus degradation time of devices A, B, C, and D, respectively, based
on air-processed ETLs: ZnO (red triangles), AZO0.03 (black circles), AZO0.37 (blue squares), and AZO0.8 (green rhomboids). The devices were
degraded under AM1.5G simulated sunlight for 40 h in inert atmosphere.
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As shown in Figure 3b and Table 2, degraded devices A, B,
C, and D based on air-processed ETLs exhibit different J−V
plots. In particular, we found that (i) device A, containing
undoped ZnO NPs as ETL, is the less stable; (ii) device B,
based on AZO0.03 NPs (with lowest concentration of
aluminum) as ETL, is the most stable; and (iii) devices C−D
using AZO NPs with a higher concentration of aluminum
(0.37% and 0.8%, respectively) are less stable compared to
device B but still show an enhanced photostability with respect
to device A. Interestingly, the degraded device B gives the same
photovoltaic response (identical J−V curve) irrespective of the
AZO0.03 processing atmosphere. On the contrary, devices A, C,
and D were found to be less stable if the ETLs are deposited in
air rather than in inert atmosphere. This indicates that ZnO,
AZO0.37, and AZO0.8 layers are affected by light soaking
depending on their processing environment, while the AZO0.03
layer shows an environment-independent behavior in light-
soaking degradation. To identify the possible causes of the
difference in stability of the ZnO and AZOx layers, the trend of
decay of the OPV parameters during light exposure was
analyzed (Figure 4).
As shown in Figure 4a, the Jsc decreases with a similar linear

trend for all air-processed devices. This decrease could be
ascribed to degradation mechanisms common to all devices that
equally affect the active layer or the active layer/interlayer
interfaces since all the cells show the same behavior. Diversely,
the decrease of Voc (Figure 4b), FF (Figure 4c), and PCE
(Figure 4d) is considerably different within the four devices,
being smaller for the AZO0.03-based solar cell. The degradation
trend of Voc and FF for devices A, C, and D is characterized by
an initial sharper drop after 5 h of illumination, followed by a
smoother decrease up to 40 h. Interestingly, the differences
among the degradation trends of the devices are observed only
within the first few hours; then, Voc and FF decrease in the
same gradual way for all the cells. Since the solar cells differ
only for the nature of their ETLs, the differences in the overall
light-soaking stability of devices A, B, C, and D with ETLs
processed in air can be likely ascribed to a light-induced and air-
dependent degradation process occurring in the first few hours.
Moreover, as the decrease of Voc and FF shows the same trend
for all devices, it is reasonable to suppose that their decay is
related to the same degradation process. Similar solar cells
(with ZnO/AZOx films processed in air) have been fabricated
using a different active layer based on a polythieno[3,4-b]-
thiophene-co-benzodithiophene (PTB7):PCBM blend. All
devices were characterized and then kept under illumination
in an inert atmosphere for 24 h. As shown in Figure S4, PTB7-
based solar cells showed a degradation behavior similar to that
of P(1):PCBM-based solar cells (Figure 4). Indeed, cells using
AZO0.03 film were more stable under prolonged illumination
than devices using AZO0.8 or AZO0.37 film, and ZnO-based cells
were the most affected devices. In addition, the degradation
trends are similar to those exhibited by P(1)-based devices
confirming that ZnO and AZOx films processed in air play an
important role in terms of light stability of the resulting devices.
However, as all PTB7-based solar cells were highly affected by
light-induced degradation after a few hours of illumination
(Figure S4),37 systematic and more detailed investigations have
been carried out on P(1)-based devices.
The degradation processes, which involve the ETL of a solar

cell, usually affect the bulk conductivity and/or its charge
selectivity. When the ETL bulk conductivity decreases during
degradation, an increase of the series resistance of the resulting

device is expected. On the contrary, when the charge selectivity
of the ETL is reduced, the overall shunt resistance of the device
is decreased due to higher charge recombination at the
electrodes. As a result, both limitations negatively affect the
FF; however, only in the second case small variations of the
ETL charge selectivity induce significant changes of FF and Voc
simultaneously.38 Taking into account these considerations, we
compared the series (Rs) and shunt (Rsh) resistances of fresh
and degraded air-processed devices A, B, C, and D (Tables 1
and 2). In detail, a slight increase in Rs is observed after light
exposure for all solar cells, with only degraded device A
showing a high Rs (37.7 Ω cm2) if compared to the other ones
(∼20 Ω cm2). On the other hand, Rsh is considerably different
within degraded devices A, B, C, and D (Table 2). In particular,
Rsh is less affected by light soaking for the air-processed ETL
prepared with ZnO doped with the lowest aluminum
concentration (AZO0.03). Contrarily, Rsh of devices based on
air-processed ZnO, AZO0.37, and AZO0.8 strongly decreases
after light soaking, indicating a reduction in the charge
selectivity of the ETLs that consequently affects the Voc of
the corresponding BHJ cells.39 To further analyze the electrical
properties and behavior of the devices, dark J−V curves of fresh
and degraded devices A, B, C, and D, based on air-processed
ETLs are reported in Figure 5.

For all degraded devices, the dark J−V curves in the +0.5 to
−0.4 V voltage range show the characteristics of an ohmic
resistor. The highest dark current in reverse bias is measured
for device A; intermediate values are measured for devices C
and D; while the lowest current is measured for device B. This
means that the diode behavior of the cells based on AZO0.37,
AZO0.8, and especially for undoped ZnO is poorer than that of
the cell based on AZO0.03. In addition, by observing the graph
in the forward bias region (ranging from −0.4 to −1.3 V), the
small slope of the J−V curve of degraded devices A, C, and D,
between −0.5 and −1.0 V (Figure 5 insets), reflects a diode
ideality number greater than 1.39 This behavior in forward bias
is indicative of a nonideal recombination of injected charges

Figure 5. Dark J−V plots (semilogarithmic) of fresh (filled symbols)
and degraded under AM1.5G simulated sunlight for 40 h (empty
symbols) devices A, B, C, and D, respectively, based on air-processed
ZnO (red triangles), AZO0.03 (black circles), AZO0.37 (blue squares),
and AZO0.8 (green rhomboids) ETLs. The black arrow highlights the
transition of the J−V curves from fresh to degraded devices. In the
insets, a zoom-in of the range between −1.0 and −0.5 V is shown for
fresh (right) and degraded (left) devices.
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due to the presence of shunts in the ETLs, in agreement with
the lower Rsh values reported in Table 2.
It has been demonstrated that organic solar cells containing a

ZnO film, which has been previously UV soaked in dry air,
suffer shunting losses.40 Indeed, during illumination, the UV
treatment of oxygen present in dry air causes the introduction
of interstitial oxygen atoms in the ZnO lattice, which act as p-
type defects.41,42 As a result, the Fermi level of ZnO decreases,
promoting the extraction of holes from the HOMO level of the
donor material and consequently rising dark currents in reverse
bias.40 That results in a smaller Voc in agreement with our
observations in the case of devices A, C, and D. Therefore, it is
reasonable to assume that oxygen chemisorption on the ZnO/
AZOx surface during air processing causes the degradation of
Voc and FF under illumination, via formation of shunts as
above-mentioned. In addition, since oxygen is present in the
ZnO/AZOx film in a limited amount, the related degradation
process of ETL is evident only in a fixed time interval (a few
hours of light soaking). This could explain the fast reduction of
FF and Voc of devices A, C, and D in the first hours. Moreover,
the formation of shunt points also explains the simultaneous
degradation trend of FF and Voc.
To verify the occurrence of the UV/oxygen-related

degradation process in our systems, all the devices with air-
processed ETLs were degraded under UV-filtered AM1.5G
simulated sunlight (see Experimental Section). Since oxygen
can degrade ZnO/AZOx films only under UV irradiation, the
use of a filter should hinder the described shunting process. For
this reason we measured the J−V plot of all devices before and
after degradation with UV-filtered light.
Figure 6 shows that all the solar cells are now characterized

by the same J−V plot after UV-filtered light-soaking. Device A,

which during normal light-soaking degradation was subjected to
substantial photovoltaic losses (Figure 3b), under UV-filtered
light-soaking, matches the photovoltaic response of degraded
device B, showing a similar stability.
This suggests that, as oxygen cannot interact with the ZnO/

AZOx NPs, all devices are equally affected by the same
degradation processes, which is in this case independent of the
ETL nature and is reasonably ascribed to light-induced
degradation of the active layer. Accordingly, we recently
demonstrated that BHJ devices based on a series of similar

donor polymers are characterized, under prolonged illumina-
tion, by photobleaching of the active film which affects the
device stability.43

We proved that the different behavior of ZnO, AZO0.03,
AZO0.37, and AZO0.8 ETLs under prolonged illumination is due
to the interaction of ZnO/AZOx with oxygen, and a clear
correlation with the Al doping level in ZnO was also
demonstrated. Interestingly, the loss in the photovoltaic
performance of air-processed ZnO-based devices after light
degradation can be fully recovered by doping ZnO only with a
small amount of aluminum (0.03%), while using higher Al
doping concentrations restores the oxygen-related light soaking
instability of undoped ZnO. To note, even though photo-
degradation still occurs for higher Al doping concentrations, the
stability of AZO0.37- and AZO0.8-based devices is improved in
comparison to the analogous device based on undoped ZnO.
The origin of the improved photostability for Al-doped ZnO

ETLs compared to pristine ZnO may be ascribed to several
reasons. First, it was shown recently that the presence of a very
thin Al layer between the air-processed ZnO ETL and the
active blend can prevent Voc losses under light-soaking
conditions.39 Indeed, doping the ZnO surface through Al
deposition shifts the Fermi level toward the ZnO conducting
band, increasing the photostability of the resulting devices. In
our case, the doping of the ZnO NPs occurs during synthesis
leading to a strong increase in the conductivity of the ETLs as
well as passivation of defect states, as evidenced by the reduced
intensity of the emission spectra in the visible range.35,44

Furthermore, it is likely that Al dopants modify the surface
chemistry of the ZnO leading to a reduced amount of adsorbed
oxygen molecules inside the ETL during air processing. Indeed,
oxygen chemisorbs on ZnO structural point defects, in
particular Zn vacancies.29 Aluminum can fill in Zn vacancies,
as Al3+ ions have larger nuclear charge but a smaller atomic
radius than Zn2+. It appears therefore reasonable to suppose
that the number of Zn vacancies is decreased by doping ZnO
with aluminum, leading to a reduced amount of adsorbed
oxygen inside air-processed ETLs.35,45−47 Thus, both effects of
Al incorporation into the ZnO NPs may contribute to the
improved photostability of the corresponding air-processed
BHJ cells. However, it is still unclear why devices based on
ETLs with higher Al-doping levels (AZO0.37 and AZO0.8) are
less photostable than those based on AZO0.03. One possibility
could be that at higher doping levels aluminum species able to
interact with the oxygen are generated at the AZO surface,
likely inducing new defect states under prolonged UV exposure.
This may lead to transport barriers probably responsible for
increased charge recombination processes in the AZO0.37- and
AZO0.8-based devices.
Interestingly, although AZO0.03 NPs have only a small Al

doping level, the electrical conductivity of the resulting film is
increased by 3 orders of magnitude compared to the analogous
undoped ZnO layer, making it suitable for thick film
processing.35,30 This confirms that AZO NPs, in particular
AZO0.03, represent an excellent charge-selective material for
roll-to-roll processing because, aside from the good electrical
conductivity, they lead to clear improvements in the UV
stability of air-processed organic solar cells.

■ CONCLUSIONS
In summary, we investigated the light-soaking stability under
prolonged illumination (40 h under 1 sun) of inverted polymer
solar cells based on four different formulations of ZnO NPs

Figure 6. Current density−voltage (J−V) plot of: (i) ZnO- (red), (ii)
AZO0.03- (black), (iii) AZO0.37- (blue), and (iv) AZO0.8- (green) based
solar cells before (filled symbols) and after (empty symbols)
degradation under UV-cut AM1.5G simulated sunlight for 40 h. All
the ZnO-based ETLs are processed in air. The black arrow highlights
the transition of the J−V curves from fresh to degraded devices.
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used as ETLs: ZnO, AZO0.03, AZO0.37, and AZO0.8. The ZnO/
AZO-based formulations were deposited from solution and
processed in two different environments, air or inert
atmosphere. We found that, when the ZnO/AZO layers are
processed in inert atmosphere, the degradation of the relative
solar cells is independent from the grade of Al doping in the
NPs. Indeed, all the cells equally degrade after the light soaking
test. Diversely, air-processed ZnO/AZO layers differently
influence the stability of the relative cells. In particular, ZnO-
based devices are the most unstable, while the AZO0.03-based
cells are the most stable with a degradation behavior which is
not affected by the processing environment. Chemisorption of
oxygen on ZnO during air processing of the ETL was
demonstrated to be the cause of the reduced light-soaking
stability of the relative solar cells. In the case of AZO-based
ETLs, oxygen chemisorption is suggested to be reduced due to
passivation of Zn defect states, improving the stability of the
resulting devices under prolonged illumination.
In conclusion, solution-processed AZO NPs, in particular

those with low Al doping content, are promising materials for
their application as charge-selective layers in the industrial
production of air-processed organic solar cells, due to their
higher conductivity (required for thick films) and to their
higher stability under UV-light prolonged irradiation.
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