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ABSTRACT
Zinc oxide (ZnO) is a widely used electron transport layer for organic solar cells which has been optimized and established for the

first generation of organic photovoltaic (OPV) materials. With the emergence of novel OPV materials which can reach up to 20%

efficiency, several limitations of ZnO have become apparent. In particular, interactions of the active layer with ZnO under illu-

mination can severely limit the device efficiency and stability. In this study, we investigate how various treatment options of ZnO

like thermal annealing, ultraviolet exposure, as well as vacuum treatment can improve ZnO properties. Calcium tests show the

release of reactive components form ZnO, and space charge limited current measurements allow to model energy level alignment

using drift diffusion simulations. Crucially, permanent Jsc losses related to insufficient treatment of ZnO are observed for high

performing material systems. An additional UV treatment step under vacuum is shown to significantly reduce those Jsc losses and

allows using ZnO annealing temperatures of only 80°C.

1 | Introduction

In recent years, organic solar cells (OSCs) have made tremen-
dous improvements in efficiencies, reaching around 20% [1].
One of the reasons for the big improvements is the development
of novel active layer materials, especially nonfullerene accept-
ors (NFA) [2].

Inorganic n-type zinc oxide (ZnO), which possesses high trans-
mittance and conductivity, as well as electron charge selectivity,
is a commonly used electron transporting material (ETM) in
OSCs [3–5]. Furthermore, ZnO can be processed at low temper-
atures for roll-to-roll processing on flexible polymer substrates

[6, 7], and advanced structural control is possible with nanofibers
[8]. Under ultraviolet (UV) illumination, ZnO can show a sudden
increase of conductivity which has been named the “light-
soaking” effect and was first described in the 1950s [9, 10].
Previous studies describe a mechanism where UV light can
release oxygen from a ZnO film in gaseous form, leaving valence
electrons in the vacant site and thus increasing conductivity
[11, 12]. Using mass spectrometry, oxygen and water have been
observed to desorb from ZnO under UV illumination [13].
Impedance analysis of ZnO layers allows distinguishing the
effect of water and oxygen on ZnO conductivity, which can be
seen in a low frequency and high frequency component, respec-
tively [13]. Upon exposure to wet nitrogen, a strong low
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frequency component attributed to water is visible, which disap-
pears upon immersion in pure nitrogen indicating that water is
physiosorbed and can be removed effectively. In contrast to this,
the high frequency component of the impedance spectrum only
disappears after UV illumination under nitrogen and is attrib-
uted to the chemisorption of oxygen on ZnO [13]. Moreover, also
CO2 release from ZnO layers has been detected in mass spectrom-
etry suggesting that in the presence of UV light, photocatalytic
reaction of ZnO with hydrocarbons may occur [14].

The light-soaking issues of ZnO have been reported for various
deposition methods (sol–gel [15], spray coating [16], NP deposi-
tion [17]). In the literature, lots of research is ongoing towards
replacing ZnO, e.g. with AZO [15, 18, 19], with SnO2 [20, 21]
and more recently with TiOx [22, 23, 24]. Nevertheless at the
moment, ZnO remains the state of the art interface layer for
roll-to-roll processing in ambient atmosphere and a certain
amount of oxygen inside the ZnO layer seems inevitable leading
to light soaking effects and re-distribution of oxygen inside the
device upon illumination [25].

Most of the investigations on light soaking in the presence of
ZnO were performed on first generation organic photovoltaic
(OPV) materials including P3HT:PCBMwhere the adverse effects
of ZnO could be managed by UV-light soaking [25]. Moreover,
solution processed ZnO nanoparticles were optimized to provide
good device performance in P3HT:PCBM at annealing tempera-
tures as low as 80°C. Early tests of novel material systems, in par-
ticular PM6:Y6, showed surprisingly low device performance of
only 4% efficiency when annealing ZnO at 80°C. By increasing
the annealing temperature to 150°C, the performance increased
to 12%, and annealing of ZnO at 250°C resulted in the best device
performance [26]. Studies on photo-oxidation of a series of novel
non-fullerene acceptors (NFA) show up to two orders of magni-
tude faster photo-oxidation for some NFA materials like ITIC
when compared to PCBM or IDTBR [27]. This increased sensi-
tivity of ITIC (and also Y6) to oxygen in photo-oxidation tests
could cause detrimental effects in solar cells, when oxygen is
released from a ZnO layer. So while a reduction of oxygen in
the ZnO layer is desirable from a stability perspective, UV pre-
treatment of ZnO to remove oxygen can reduce conductivity [13]
and has been linked to lower starting efficiency [28].

In this study, we investigate different post-treatment options for
ZnO layers to manage the content of adsorbed oxygen and its
effects on initial device performance as well as device stability.
In particular, we will compare different donor and acceptor
materials and focus on the interactions between interlayer and
active layer. Furthermore, we investigate different methods to
directly (and indirectly) identify interface effects related to
ZnO and SnO2 interface layers. While SnO2 reduces light soaking
effects, significant limitations in photostability of solar cells have
been observed when using this interlayer material [29]. A range
of different treatment conditions for ZnO is applied including
thermal annealing at different temperatures as well as illumina-
tion with UV light in nitrogen or vacuum. In a first test, metallic
calcium is evaporated on top of the treated ZnO layers which will
form transparent reaction products in the presence of oxygen or
water. To indirectly probe changes of energy level alignment
between ZnO and organic active layers, space charge limited cur-
rent (SCLC) measurements are performed on electron only

devices. Modeling the current voltage characteristics of those
devices with drift diffusion simulations allows detailed insight
into energetic injection or extraction barriers. Moreover, electro-
luminescence (EL) images are used to perform noninvasive
in situ investigations and to detect spatial inhomogeneity. A
range of different donor and acceptor materials in full soar cells
is used to investigate the relative sensitivity of different active
layer materials to the effects of ZnO.

2 | Results and Discussion

In the first experiments, we investigate the effect of different treat-
ments on ZnO and SnO2 layers. Figure 1a shows SEM images for
ZnO layers spincoated on indium tin oxide (ITO) glass and
annealed at 80°C with and without UV light treatment as well
as annealing at 200°C. The SEM images show no significant
change of the ZnO layer upon annealing or UV light treatment.
In a second experiment, a thin layer (40 nm) of metallic calcium
was evaporated on top of ZnO layers which had previously under-
gone different treatment conditions using the same mask and
evaporator as for solar cell production. The high reactivity of
metallic calcium with oxygen (and water) results in the fast for-
mation of transparent reaction products, which can be seen read-
ily. In Figure 1b, strong differences can be observed for the ZnO
annealed at 80°C and 200°C. At 80°C, almost complete oxidation
of calcium is observed, whereas at 200°C, partial preservation of
elemental calcium is possible. When the 200°C annealing treat-
ment is followed by UV exposure under nitrogen, the extent of
oxidation is further reduced. The highest quality ZnO layer is
obtained by a UV treatment in vacuum using a glovebox ante-
chamber and a battery powered UV light-emitting diode (LED)
(Figure S4). For such a “UV+Vac.” treatment even ZnO annealed
only at 80°C shows complete calcium oxidation suppression. This
process was chosen as our new treatment method due to the low
temperatures and the excellent ZnO quality. Additionally, SnO2

layers were investigated, showing no significant reaction with cal-
cium under any of the treatment conditions.

As discussed in the introduction, after sufficient time in nitrogen,
ZnO typically desorbs water, while oxygen remains chemisorbed
[13]. For all our tests, annealing was performed in nitrogen, where
the elevated temperature would further help to desorb water.
Thus, we expect the reaction of calcium to primarily occur with
oxygen released from the ZnO layer, while a detailed investigation
of the chemistry in the calcium test is beyond the scope of this
study. Nevertheless, a qualitative comparison is possible, showing
that increased annealing temperature reduces the amount of cal-
cium degradation, with further improvements upon UV treatment
in nitrogen. Most interestingly, the combination of UV light and
vacuum removes all signs of oxidation, and the calcium remains
fully metallic, while maintaining a low temperature of 80°C. This
is especially relevant, as roll-to-roll fabrication of OPV on flexible
substrates does not allow for prolonged high temperature anneal-
ing, while vacuum or reduced pressure steps are feasible.

While any oxygen released from the ZnO layer will directly react
with calcium in the previous tests, in a full solar cell, there will be
a complex interaction of the effects by oxygen release combined
with changes of conductivity and possibly energy level changes of
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ZnO. In order to probe for changes in conductivity as well as pos-
sible changes of energy levels in a controlled way, electron only
devices were fabricated, and the current voltage characteristics
measured. This returns space charge limited current (SCLC)
data, which is further analyzed with drift diffusion models.
The devices were produced with the following structure: ITO-
ZnO-ActiveLayer-PDINN-Ag. After spincoating, the ZnO layer
was annealed at different temperatures (80°C and 200°C), as well
as UV exposure in vacuumwas tested. Then, the rest of the device
stack was deposited. For reference, also a device with SnO2 was
manufactured.

The SCLC devices were measured periodically in the dark and
illuminated with a warm white LED (3000K) to slowly light-soak

the ZnO layers while being able to observe any changes with the
in situ SCLC measurements (see Figure 2). Negative voltages
show injection from the PDINN side which serves as a reference
and only shows slight changes over time or for different materi-
als. For PM6-Y6 with ZnO annealed at 80°C, a very low current is
observed on the ZnO side (positive voltages) suggesting an ener-
getic barrier due to the not yet light-soaked layer. With continu-
ous white light illumination, the current density rises and
becomes symmetric to the PDINN side, showing a vanishing
extraction barrier. With the ZnO layer annealed at 200°C, the
initial current is higher (lower energetic barrier) and approaches
the level of PDINN faster during light soaking. Interestingly, the
ZnO 80 + UV substrate shows a much higher initial current den-
sity but does not notably change upon lightsoaking. For SnO2 the

FIGURE 2 | SCLC measurements in the dark over time for a stability test with white light LED illumination. The device structure is ITO-ZnO-PM6-

Y6-PDINN-Ag. ZnO was prepared with the following conditions: annealed at 80°C, annealed at 200°C, as well as annealed at 80°C and then exposed to

UV light in vacuum for 5min. Negative voltages show injection from the PDINN side, while positive voltages show injection from the ZnO side. The

shown curves are averages of up to 12 cells. LED = light-emitting diode; SCLC = space charge limited current; UV = ultraviolet.

(a)

(b)

FIGURE 1 | (a) SEM images of ZnO NPs spincoated on ITO with different annealing temperatures as well as with and without UV treatment.

(b) Visual tests with a 40 nm calcium layer on top. The calcium becomes transparent on top of ZnO layers, even for annealing at 200°C and

UV treatment in nitrogen (200°C + UV), while UV treatment in vacuum shows no visible reaction of the calcium even at just 80°C annealing tempera-

ture. SnO2 layers show no significant reaction of the calcium. SEM = scanning electron microscopy; UV = ultraviolet.
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SCLC data is symmetric even without light-soaking and has only
marginal changes in the current densities over time.

To make sure that the tested devices were fully light soaked after
the white light LED illumination experiment, the devices were
additionally light soaked with UV light for 5 min (see Figure S1)
where no additional changes are observed.

Drift diffusion simulations were used to fit the SCLC data for
PM6-Y6 devices (Table S1 and Figure S1). Very good fits could
be obtained by only changing the energetic offset at the ZnO/
SnO2 side, as well as the series resistance, while all other param-
eters were fixed. The active layer shows no significant difference
in the UV–vis absorption spectra (see Figure S6), which is a good
indicator that the layer thickness and morphology are very simi-
lar. This further justifies to fix all parameters regarding the active
layer. An influence of traps was not included in the model, as in
the double logarithmic plot of the SCLC data (see Figure S2); no
trap-filled-limited (TFL) regime could be detected. The good fit
with only two free parameters suggests that a change of ZnO con-
ductivity as well as ZnO energy levels are the main changes
between different ZnO treatment conditions. For the fresh
ZnO 80 device, the energetic offset at the ZnO interface is the
highest at 0.48 eV while annealing at 200°C reduces the offset
to 0.43 eV. After light soaking under white light and after the
final UV light soaking, the ZnO offset is 0.36 eV for both treat-
ment conditions. This value matches the offset for the UV and
vacuum-treated sample already in a fresh state (0.36 eV). For
SnO2, no energetic barriers were observed.

The SCLC tests for PM6-Y6 with ZnO reflect the observations
made in the calcium tests: High initial injection barriers for the
devices annealed at 80°C and 200°C are consistent with strong
reaction of the calcium, while the UV and vacuum-treated sample
has a low initial injection barrier and no reaction of the calcium.

As a next step, PM6-Y6 solar cells were tested with the slow light
soaking protocol as previously established for SCLCmeasurements.

The slow light soakingwith white light LEDs provides enough time
for in situ measurements. A self-built automated setup periodically
measures EL images with an IR camera and IV curves are also
recorded in the same intervals as EL images (see Figure 3).

The EL images show an inhomogeneous image for the fresh ZnO
which was annealed at 200°C (see Figure 3d). After 40 h of slow
light soaking with the white LED, the image for ZnO becomes
homogeneous, while for SnO2 the EL image is homogeneous
from the start. This is consistent with the observations on the
SCLC devices where a continuous increase of injection current
is observed for the ZnO device annealed at 200°C under white
light illumination. We can thus observe both, a reduction of
injection barrier in SCLC and a change of the EL image to a more
homogeneous area as a direct consequence of ZnO light soaking.
Additionally, an increase of PCE is observed during light-soaking
for ZnO which is not present in SnO2.

After slow light soaking for 40 h, an additional UV LED (365 nm)
is turned on to fully light-soak the devices and test solar cell sta-
bility. Previous experiments showed a reduced stability of devices
with SnO2 under blue light illumination [29], which can also be
observed here using UV illumination. The devices with SnO2 have
a faster reduction of PCE under UV illumination as well as a very
fast reduction of EL intensity to non-measurable levels. So while
SnO2 mitigates negative effects due to light-soaking, it can be a
liability for long-term photo-stability, where additionally potas-
sium ions used as stabilizing ligands for SnO2 have been shown
to negatively impact device stability [20]. Consequently, a tradeoff
has to be made when choosing interface layers.

To further investigate the effects of the adsorbed oxygen on the
cell dynamics, we did transient photo voltage (TPV) and charge
extraction (CE) measurements, shown in Figure S7, for a PM6:Y6
cell before and after lightsoaking. Panel (a) shows the carrier life-
time τ plotted over the bias light intensity (given as OD), showing
no difference in recombination behavior, while for (b) where we
plotted τ over VOC, we observe a general shift in the voltage,

(a) (b) (c)

(d) (e)

FIGURE 3 | Degradation of PM6-Y6 cells with either ZnO or SnO2 as the electron transport layer both were annealed at 200°C. (a) The schematic

drawing of the setup used for the measurement. (b) PCE over time. (c) The EL intensity over time for the EL images at (d) and (e). (e) The EL images for

SnO2 and (d) the EL images for ZnO at different times. EL = electroluminescence.
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indicating a barrier. CE in panel (c) also shows a shift along the
voltage axis, while the charge carrier density is mostly unchanged.
Figure S7d shows the combination of both measurements as the
carrier lifetime τ (extracted from TPV) is plotted over the Q
(extracted) from CE. The curves show a slope (recombination
order) of 1.877 for initial cell and 1.876 for the lightsoaked cell,
further indicating no change of recombination kinetics.

In the following, we will use several different active layer mate-
rials with ZnO interlayers in order compare the light-soaking
effects observed for PM6-Y6 with other active layer materials.
In particular, also P3HT-ehIDBTR and PCE10-ehIDBTR solar
cells are investigated. ZnO was annealed at just 80°C in order
to obtain good observability of any light-soaking effects. Again,
a slow light soaking with white LED illumination was used to
allow for in situ IV-measurement during the light soaking pro-
cess. As the drift-diffusion modeling has identified energetic off-
sets and series resistance as the twomain factors, we will focus on
fill factor and series resistance data of the solar cells. Energetic
offsets typically present themselves as s-shapes in IV curves
which are represented by the fill factor.

Most interestingly, in Figure 4, the fill factor for PM6-Y6 reaches
most of its final value after around 5 h, while for the other two
material systems, light soaking takes over 40 h to get close to the
final state. The same trend is also reflected in the series resistance
data. The 5-h time range for PM6-Y6 light soaking is fully con-
sistent with the SCLC data from Figure 5 where the final state is
also approached in a similar time range. Notably, PM6-Y6 seems
to be the exception with significantly faster kinetics than the
other materials tested. In order to gain more insight, another
experiment was performed with just a fourth of the light intensity
(25 mW cm−2 instead of 100 mW cm−2) (see Figure 4f ). No light
intensity dependence is observed for PM6-Y6 with the low light

intensity experiment showing the same kinetics as the high
intensity data. To verify, that all “light soaking” processes are
complete after 5 h, even in the low light intensity test with just
the white LED, a final UV treatment step was performed for the
PM6-Y6 sample. No further change is observed with the final UV
treatment, suggesting all changes of the ZnO layer were complete
already after 5 h independent of light intensity.

Given the fast and light intensity independent “light soaking” for
PM6-Y6, it can be speculated that the active layer reacts with
residual oxygen from ZnO with only minimal activation neces-
sary. This would be consistent with the results from Du et al. [26]
who observed a low starting efficiency for PM6-Y6 devices if the
ZnO was insufficiently annealed at low temperatures. A recent
review on PM6-Y6 by Shoaee et al. [30] highlights that the high-
est performance for PM6-Y6 is typically achieved with a PEDOT
based bottom interface layer and that the efficiency of ZnO-based
devices is lacking behind across the literature. The unique behav-
ior of PM6-Y6 in our slow light soaking test combined with those
literature observations suggests that a fast limited reaction of the
active layer with oxygen released from ZnO might be the cause
for a reduced starting efficiency. This adds to the unique proper-
ties of PM6-Y6 which also have been shown to have unique
charge generation properties [31].

In order to test, if improved treatment of the ZnO interface layer
can improve the starting efficiency, UV illumination of the ZnO
layer in vacuum was used, which showed no signs of reaction
with calcium in Figure 1. Three different active layer materials
were tested (see Figure 5). The IV curves were directly measured
with an AM1.5G solar simulator, which provides enough UV
light to fully activate ZnO during the measurement. This means
no s-shapes or FF losses (see Figure S3) are observed for those
measurements. For PM6:Y12 (Y12 instead of Y6 was chosen,

(b)(a) (c)

(e)(d) (f)

FIGURE 4 | (a–c) Fill factor evolution during slow light soaking for three different active layer materials. PM6-Y6 shows exceptionally fast kinetics.

(d–f ) Series resistance data for the same experiment measured in the dark.
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to understand if the effect is a general effect on the y-series
acceptors) a significantly higher starting Jsc is observed with
the UV and vacuum treated ZnO interlayer, suggesting that
removal of oxygen from the ZnO layer allows to significantly
improve Jsc. For P3HT-ehIDTBR no change of Jsc is observed.
The low sensitivity of eh-IDTBR based systems to ZnO treatment
is consistent with a low photo-bleaching rate for eh-IDTBR [27].

For PCE10-ehIDTBR, a small reduction of Jsc is visible without
UV treatment. Since the difference is small, data for a repeated
experiment is shown in Figure S5. The short circuit current for
the PCE10-ehIDTBR devices without UV treatment of the ZnO
layer is lower in several samples and does not improve with a UV
light soaking step of the full device. As discussed for PM6-Y6, this
suggests permanent (albeit smaller) damage caused by the ZnO
layer which was not UV-treated during cell production and hap-
pens even before a classical light-soaking step of the finished
solar cell. While IDTBR has a high stability against photo-
oxidation [27], those losses might be caused by damage to the
PCE10 from small amounts of oxygen being released from
ZnO. The possibility to avoid permanent Jsc losses, especially
for PM6-Y6, by UV and low pressure treatment of ZnO is critical
for large scale role to roll processing, as well as for tandem solar
cells, where ZnO is also used as interface layer [32] and where
high temperature annealing is prohibitive. To further show the
relevance for this treatment for role to roll processing, we also did
an exposure test, shown in Figure S8. Here, we exposed half cells
(after deposition of the active layer) and full cells (after evapora-
tion of silver) to ambient air for 10 min, showing the benefits of
UV treatment are, even though smaller, still present.

3 | Summary and Conclusion

In a nutshell, three major factors for ZnO-based interlayers
were investigated. Energetic barriers at the ZnO interfaces are

observed from drift-diffusion fits of SCLC devices and are typi-
cally visible in s-shapes of IV curves. Changes in series resistance
were observed in SCLC fits, which are expected to represent a
change of conductivity in the ZnO layer upon light-soaking.
In solar cells, a change of series resistance is visible upon light
soaking and could be used to identify a distinctly different light
soaking behavior in PM6-Y6 devices. Finally, permanent Jsc
losses can be linked to different treatment conditions of ZnO
and are most likely caused by reactions of the active layer mate-
rials with residual oxygen released from ZnO. Those permanent
Jsc losses can be significant for novel PM6-Y6 based devices and
have not yet received sufficient scientific attention, as they occur
before the first IV measurement and are absent for established
material systems like P3HT-ehIDTBR.
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