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The neglected influence of zinc oxide light-soaking on
stability measurements of inverted organic solar cells

Marcella Giinther, Soroush Lotfi, Sergio Sdnchez Rivas, Dominic Blitte, Jan P. Hofmann,

Thomas Bein, and Tayebeh Ameri*

Although zinc oxide (ZnO) is one of the most commonly used materials for
electron transport layers in organic solar cells (OSCs), it also comes with dis-
advantages such as the so-called light-soaking issues, i.e., its need for expo-
sure to UV light to reach its full potential in OSCs. Here, the impact of ZnO
light-soaking issues on stability measurements of OSCs is investigated. It is
found that in the absence of UV light a reversible degradation occurs, which
is independent of the used active layer material and accelerates at higher
temperatures but can be undone with a short UV exposure. This reversible
aging is attributed to the re-adsorption of oxygen, which for manufacturing
reasons is trapped at the interface of ZnO, even in an oxygen-free environ-
ment. This oxygen can be removed with a UV pretreatment of the ZnO but at
the expense of device efficiency and production that has to take place in an
oxygen-free environment. This study establishes that stability measurements
of ZnO-containing OSCs must be performed exclusively with a light source
including a UV part since the usage of a simple white light source — as often

conductivity and stability, low cost and
toxicity, and easy solution-based pro-
cessing.?l On the other hand, however,
ZnO is also a complex material with a
pronounced defect chemistry, whose elec-
tronic properties strongly depend on pro-
cessing conditions and environment. One
of its major problems is the so-called light-
soaking issue.’l ZnO-containing solar
cells need exposure to light with an energy
corresponding to the ZnO band gap -
usually in the ultraviolet (UV) range — to
reach their full potential.**! Without this
light-soaking, the current-voltage charac-
teristics show an s-shape with a reduced
fill factor (FF) and an increased serial
resistance, as schematically shown in
Figure 1 with the red curve. The neces-

reported in the literature — can lead to erroneous results.

1. Introduction

Zinc oxide (ZnO) is one of the most popular and widely used
electron transport materials in organic solar cells, owing to
its many advantageous properties, such as high transparency,
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sary exposure time and wavelength of
light depend on the exact properties of the
used ZnO but are usually in the range of
some seconds and between 360-380 nm,
respectively. Importantly, the light-soaking issues are reversible,
meaning that after some time without UV illumination, the cell
performance can degrade again with the s-shape and reduced
fill factor coming back. The cause of the light-soaking issues
is attributed to oxygen being chemically adsorbed on the sur-
face of zinc oxide, which traps negative charges at the surface
of the ZnO and thus at the interface to the photoactive layer of
the solar cell. This leads to an upward band bending toward the
surface of the ZnO layer and consequently a hindered electron
extraction, resulting in enhanced interface recombination and
a decreased FF. UV irradiation generates electron-hole pairs in
the ZnO, of which the holes can recombine with the trapped
electrons, leading to desorption of the oxygen and a reduced
band bending. Consequently, the electron extraction issue at
the interface of active layer and ZnO is resolved.””) However,
irradiation with UV can also result in the generation of oxygen
radicals which can decompose the absorbing layer, which is
why the duration of UV illumination is usually kept as short as
possible.[5-11

Since oxygen is responsible for the light-soaking issues, they
are especially pronounced in oxygen-containing atmospheres,
where the FF is decreasing within several minutes without UV
illumination due to oxygen diffusing through the active layer
to the ZnO interface and adsorbing there.) On the contrary,
the light-soaking issues are strongly reduced in an oxygen-
free environment (e.g., a glove box) and it can be reasonably
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Figure 1. Schematic current-voltage curves for a ZnO-containing organic
solar cell before (red) and after (blue) UV light-soaking. The insets show
the valence band (VB), conduction band (CB), and Fermi-level (E¢) of the
zinc oxide with adsorbed oxygen and upward band-bending (red), which
hinders the electron injection from the active layer, and after the desorp-
tion of oxygen (blue) with decreased band-bending.

assumed that in such an atmosphere one short initial UV expo-
sure is enough to resolve the light-soaking issues long-term.

This assumption is particularly important when it comes to
stability measurements of ZnO-containing solar cells. Thermal
stability or photostability of OSCs is often investigated in an
oxygen-free atmosphere using a light source without UV part to
determine the performance of the cells over time.'?"1 This is
either done to distinguish UV-induced aging from other aging
factors or it is for pragmatic or financial reasons since it is by
far easier and cheaper to do long-term aging with a white light
LED, which has a stable intensity and only needs little cooling,
in contrast to expensive xenon-lamp solar simulators.

In this work, we show that the influence of ZnO light-soaking
cannot be neglected even in an oxygen-free atmosphere and that,
therefore, investigations on thermal or photostability can be
misleading under such conditions. We demonstrate for several
different active materials that stability measurements of ZnO-
containing solar cells which are performed with a light source
without a UV component in an oxygen-free atmosphere show
a reversible degradation that can be recovered completely by a
short UV treatment. This reversible degradation is amplified at
elevated temperatures, which makes it prone to be mistaken for
thermal degradation of the solar cell. Using X-ray photoelectron
spectroscopy (XPS) measurements, we show that the reversible
degradation is caused by oxygen, which is unavoidably trapped
at the interface between ZnO and the active layer, and which re-
adsorbs on the ZnO thermally activated, resulting in a hindered
electron extraction and a decreased fill factor.

2. Results and Discussion

In order to study the influence of ZnO light-soaking issues
on thermal stability measurements, inverted organic solar
cells with an architecture ITO|ZnO (30—40 nm)|active layer
(80-100 nm)|MoO, (10 nm)|Ag (100 nm) were built, containing
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the active layer materials PBDB-TF and IT-4F at a 1:1 weight
ratio. The molecular structures and a scheme of the cell archi-
tecture can be found in Figure S1 (Supporting Information).
The commercially available ZnO nanoparticle dispersion
(2.5 wt.% in 2-propanol) was spin-coated on ITO substrates,
annealed at 120 °C for 10 min in air, and subsequently trans-
ferred into a nitrogen-containing glove box in which the spin
coating of the active layer and the evaporation of MoO, and Ag
was carried out. The finished cells were then subjected to the
measurement routine schematically depicted in Figure 2a. All
steps of this routine were performed in a nitrogen-containing
glove box, with the cells having no further contact with oxygen.

First, current density-voltage (J-V) curves were measured
for the freshly prepared cells with a white light LED (step 1 in
Figure 2a) at room temperature ( = 19°C). The used LED has a
cut-off wavelength of 430 nm, thus containing no UV part, and
was calibrated with a silicon photodiode to match the photo-
current under AM 1.5 (see Figure S2, Supporting Information
for emission spectrum and experimental part for calibration
details). The cells then were illuminated with a UV LED for 5 s
to overcome the light-soaking issues and a second J-V curve
was measured with the white light LED (step 2 in Figure 2a).
The UV LED with a wavelength of 365 nm was calibrated
with a silicon photodiode to match the UV part of AM 1.5G
(=4.6 mW m~2). The spectrum of the UV LED is also shown in
Figure S2 (Supporting Information). After those two initial J-V
measurements, the cells were subjected to thermal aging on a
hotplate for 30 h at 85 °C, being kept in the dark except for J-V
measurements performed at regular intervals with the white
light LED (step 3 in Figure 2a), which is in accordance with
the typical procedure in the literature for thermal aging.”'®! To
examine whether the absence of a UV component had an influ-
ence on the measurement results during the 30 h of thermal
aging, the cells were then again illuminated with the UV LED
for 5s, and a final J-V measurement was taken with the white
light LED (step 4 in Figure 2a).

For better comparability, the performance data of all cells
measured with this procedure and presented below are nor-
malized to the respective cell’s performance after the initial 5 s
UV-soaking (step 2). All presented data points are averaged over
six independently measured cells. The freshly prepared PBDB-
TF:IT-4F cells in general showed the expected strong s-shape in
step 1 due to the missing UV soaking, with a low fill factor of
46.0 £ 1.0%, a low power conversion efficiency (PCE) of 6.8 £
0.4%, an open-circuit voltage (Voc) of 0.80 + 0.05 V, and a short-
circuit current density (Jsc) of 18.8 £ 0.7 mA cm™ (average over
all measured cells). After the initial 5 s UV-soaking in step 2,
the performance improved to an average PCE of 11.8 * 0.3%,
a FF of 73.5 £ 0.2%, a Voc 0of 0.84 £ 0.01 V, and a Jsc of 18.7
0.4 mA cm™2. These values are a bit lower than the 12-13% PCE
which are usually reported in the literature for inverted PBDB-
TF:IT-4F cells,®° however, since the aim of this project was a
deeper understanding of the stability behavior, the cells were
not further optimized.

The results of the J-V measurements performed with the
described routine for reference cells kept at room temperature
(19 °C) are shown in Figure 2b,c. After the initial UV soaking,
the cells show a relatively constant PCE over time, however,
after 30 h, a small relative loss of =4% in PCE is apparent,
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Figure 2. a) Scheme depicting the measurement procedure used. The whole procedure is performed in an oxygen-free environment and at 19 °C if not
otherwise stated. As a first step, a J-V curve is measured of the pristine cells with a white light LED, followed by a 5 s UV illumination (365 nm) and
another J-V measurement with the white light LED (step 2). Then the cells are thermally aged for 30 h at 85 °C and measured at regular time intervals
with the white light LED (step 3). As a last step, the cells are again illuminated with UV light for 5 s and measured. b,c) Normalized performance as a
function of time for the different figures of merit (FoM) of PBDB-TF:IT-4F solar cells, which were measured according to the described procedure but
as were kept at 19 °C in step 3 as a reference. The blue markings indicate the time of the UV treatments. d,e) Normalized performance as a function
of time for PBDB-TF:IT-4F cells measured at 85 °C according to the described procedure.

which can be attributed to a decreasing FF, while Jsc and V¢
are stable over time. Notably, this small loss is fully recovered
after the final 5 s of UV illumination, showing that it is not a
real thermal aging effect. Thus, already the behavior at room
temperature is an indication that the absence of UV illumina-
tion can produce erroneous stability results. Nevertheless, the
influence is relatively small and can probably be justifiably
neglected on the chosen timescale, especially if other aging
influences are responsible for much larger losses.

However, the behavior over time changes drastically
when the cells are thermally aged at a temperature of 85 °C
(Figure 2d, e), which is the commonly used condition for
thermal stability tests.'”] After the initial UV soaking, the
cells' performance shows a strong exponential decay, with a
relative PCE loss of 15% already after two hours. After =20 h,
>20% of the initial efficiency is lost, exceeding the cell’s life-
time according to the Ty, definition."® The PCE loss is mainly
attributed to the decreasing FF, while the Jsc and V¢ are
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constant over time with a small initial increase and decrease,
respectively, which is due to the J-V measurement being per-
formed at elevated cell temperature. Strikingly, here again, the
final UV soaking step recovers all of the losses and restores the
initial cell performance, clearly proving that the cells did not
thermally degrade during the measurement time. In fact, after
the second UV soaking, the PCE is even =1% higher compared
to the initial value, which we attribute to a long-term annealing
effect on our devices. This means that the usage of a white light
source without a UV part for characterizing cells at elevated
temperatures resulted in a PCE loss, that could be wrongly
attributed to thermal degradation, but is fully recoverable by
UV illumination.

Hence, the main question is why the lack of a UV illu-
mination component, especially at elevated temperatures,
leads to a decrease in cell performance. Two causes would
seem plausible: The behavior could originate from the active
layer, for example, when thermal degradation is cured by UV
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Figure 3. Normalized fill factor as a function of time for the three dif-
ferent active layers PBDB-TF:IT-4F (red), PBDB-TF:Y6 (black), and
PTB7-Th:PC;BM (green). The measurements were run according to the
procedure described in Figure 2a, with the first data point being the pris-
tine cells, the second data point (blue marking) being the UV-soaked
cells, followed by thermal aging at 85 °C, and the last data point repre-
senting the cells that were again soaked with UV-light (blue marking).

illumination, although this would be rather unusual for organic
solar cells. Or the behavior could be caused by the interfacial
layers, in which case ZnO light-soaking issues would be an
apparent possibility.

To investigate whether the active layer is responsible for
this behavior, cells with two alternative active layers — one
being PTB7-Th:PC;BM and one being PBDB-TF:Y6 (system-
atic molecule names can be found in the experimental part;
the structures are shown in Figure S3, Supporting Informa-
tion) — were prepared with the otherwise same cell architecture
and subjected to the same measurement procedure at 85°C.
The behavior of the FF over time for the different active layers
is shown in Figure 3. Again, all values are normalized to the
performance after the initial UV-soaking and averaged over
six independently measured cells. The corresponding graphs
for PCE, Vg, and Jsc can be found in Figure S4 (Supporting
Information). For all three different active layers, a clear deg-
radation of the FF after the initial UV-soaking occurs, with a
comparable, exponential decay in the first few hours. For
PBDB-TF:IT-4F and PBDB-TF:Y6, the initial performance can
be fully restored with the UV-soaking step after 30 h. For PTB7-
Th:PC;;BM, the performance is only partly restored. This can
probably be explained by real thermal aging of the active layer,
as PBT7-Th:PC;BM blends are known to phase-separate at ele-
vated temperatures, resulting in a decreased FF and PCE.[?%

Since the used alternative active layers show a comparable
behavior to the initial PBDB-TF:IT-4F system, although they
exhibit both molecularly and morphologically major differ-
ences, it seems to be very unlikely that those materials are
responsible for the observed behavior. Instead, it is much
more likely that this reversible thermal degradation originates
from the interface layers. And indeed, a very similar behavior
originating from ZnO light-soaking is well-known in the
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literature:[*° When ZnO-containing cells with a protective UV

filter are measured in air, their performance degrades within
several minutes, with the J-V curve developing a strong s-shape
with reduced FF and increased serial resistance. When the
UV filter is removed, the performance can be fully recovered.
This behavior is attributed to oxygen diffusing into the cell and
adsorbing on the ZnO interface with the active layer, resulting
in band bending and hindered electron extraction. Illumi-
nating the cell with UV light results in immediate desorption of
oxygen and thus in a recovered performance.

In contrast to those literature reports, however, the meas-
urements in this work were carried out under exclusion of
oxygen and at elevated temperatures. The question is therefore
whether the observed behavior nevertheless can be explained by
the adsorption of oxygen and where this oxygen comes from in
an oxygen-free atmosphere.

To answer this question, the used ZnO layer was examined
in more detail. The layer consists of commercially available
ZnO nanoparticles, which are highly crystalline with the typical
wurtzite crystal structure, as confirmed by the powder X-ray dif-
fraction (XRD) pattern shown in Figure 4a. From the reflection
line broadening an approximate particle size of 12 nm is calcu-
lated with the Scherrer equation. As apparent from the atomic
force microscopy (AFM) image in Figure 4b, the spin-coated
and annealed ZnO films consist of closely packed nanoparti-
cles with very good coverage, exhibiting a smooth surface with
a low roughness of 0.86 nm root mean square. From the UV-
vis spectra of the ZnO film and the active layer PBDB-TF:IT-4F
shown in Figure 4c it is evident that the spectral range of the
UV LED is mainly absorbed by the ZnO, while the active layer
primarily absorbs in the visible range.

In order to obtain more information about the chemical
speciation of possibly adsorbed oxygen on the surface, the
ZnO layer was investigated with X-ray photoelectron spec-
troscopy (XPS). As expected, mainly the elements zinc and
oxygen are visible in the survey spectrum, which is shown in
Figure S5 (Supporting Information). In addition, however,
carbon is detectable, which indicates organic impurities, for
example, residues of spin coating the ZnO nanoparticles from
2-propanol or adventitious carbon species adsorbed from han-
dling the samples in ambient conditions. In Figure 4d the
high-resolution scan of the O 1s region is shown. According
to literature, the spectrum was fitted with three components
corresponding to stochiometric O~ ions in the wurtzite struc-
ture (Og, 530.0 €V), O% ions in oxygen-deficient regions of the
wurtzite structure (Ogep, 531.0 eV), and adsorbed oxygen species
(Oadger 532.2 eV).2123] The latter might be atmospheric oxygen
which is physisorbed or chemisorbed as oxygen atoms or
molecules, depending on temperature and atmospheric com-
position.[%24 The details of assigning this species are a contro-
versial topic in literature, but below 150°C and in an ambient
atmosphere chemisorbed O, seems to be the dominating
species.? Additional adsorbed oxygen species coming from
sources other than atmospheric oxygen may also be involved,
such as CO;, -OH, or H,0. However, due to the close-lying O
1s binding energies of the different possible adsorbates in the
532-533 eV region it is not possible to unambiguously identify
the molecular nature of the O-containing adsorbate. Notably,
the adsorbed species is stably present and neither affected nor
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Figure 4. a) Powder X-ray diffractogram of the used ZnO (black line) with red bars indicating the diffraction lines of ZnO hexagonal wurtzite structure.

b) Atomic force microscopy image of the ZnO layer surface, showing dens

ely packed ZnO nanoparticles with a root mean square (RMS) roughness

of 0.86 nm. c) UV-vis absorption spectra of a ZnO film (red line) and a PBDB-TF:IT-4F film (black line) on a quartz substrate, respectively, with the
blue bar indicating the emission range of the used UV-LED. d) O 1s XPS spectrum of the ZnO layer, fitted with three components for stoichiometric

oxygen (Og) of bulk ZnO, oxygen in oxygen-deficient regions (Ogef), and a
the fitted components.

desorbed by sample storage in an N, glove box nor by handling
in ultra-high vacuum conditions during XPS analysis.[?!

Based on the results presented so far, we hypothesize the
following: The freshly prepared solar cells contain an adsorbed
layer of oxygen species on top of the zinc oxide layer, which is
unavoidable due to the necessary manufacturing of the ZnO
layer in air, even if all other steps are performed in an oxygen-
free atmosphere. The oxygen-containing adsorbates then are
enclosed by the active layer spin-coated on top and cause an
upward band bending in the ZnO. The initial UV treatment or
the first illumination of the pristine cells with a UV containing
AM 1.5G spectrum results in desorption of those oxygen spe-
cies and thus in good cell performance. However, due to the
active layer being on top of the ZnO, the desorbed oxygen
species are confined at the interface and therefore are able to
re-adsorb. The adsorption of oxygen onto ZnO is known to be
an endothermic process, where the activation energy strongly
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dsorbed oxygen species (O,4s). The black line represents the envelope of

depends on the exact ZnO layer properties and environmental
conditions.[?>2% Therefore, the elevated temperature of 85°C
accelerates the re-adsorption and thus also speeds up the per-
formance loss, while at room temperature the re-adsorption
and the resulting degradation are very slow.

To verify this hypothesis, thermal stability was measured
at several temperatures for eight hours with the procedure
described in Figure 2a. In case the hypothesis is correct, the
thermal degradation should show a strong, consistent tem-
perature dependence and it should be possible to determine
apparent activation energy from the temperature-dependent
decay time constants. And indeed, as shown in Figure 5a the fill
factor follows an exponential decay over time for all tested tem-
peratures, with the slope of this decay increasing with tempera-
ture. For all degradation temperatures, after eight hours, the FF
could be fully restored by a 5 s UV illumination (measurement
points at 8 h, blue marking in Figure 5a). Interestingly, the cells
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Figure 5. a) Development of the normalized fill factor as a function of time for PBDB-TF:IT-4F devices heated at different temperatures between 19 °C
and 85 °C, with the data points being the average of five separately aged solar cells. All values are normalized to the initial performance after 5 s of UV
illumination (time =0, blue marking) and after 8 h of thermal degradation, the devices were exposed to a second UV illumination of 5 s (blue marking).
The exponential fits of the respective data points according to Equation 1 are shown as solid lines. b) Semi-logarithmic Arrhenius-type diagram of the
time constants obtained from the exponential fits over the inverse temperature T multiplied with the Boltzmann constant k. The linear fit of the data

is indicated with a solid black line, with the fit's slope corresponding to the activation energy E5 = 0.36 eV.

measured at 85 °C even show a small improvement in perfor-
mance after the re-soaking compared to the freshly UV-soaked
cells, which probably can be attributed to a beneficial annealing
effect on the active layer morphology. To obtain the decay time
constant 7, the measurement data of the fill factor over time
FE(t) for each temperature was fitted with an exponential decay
with offset y, and scaling factor A according to Equation 1:

FF(t)=yo +A~exp(—%) 1

The use of FF(t) for this fit can be justified by the fact that
the FF is the parameter that should be most sensitive to pos-
sible band bending at the ZnO interface and therefore should
have a direct linear correlation to the amount of adsorbed
oxygen species. The corresponding data for Vo, Jsc, and PCE
over time and the details for all fits can be found in Figure S6
and Table S1 (Supporting Information). The obtained time con-
stants then were plotted semi-logarithmically in an Arrhenius-
type diagram versus the inverse temperature, as shown in
Figure 5b. The linear trend of the data points is clearly evident,
indicating that the temperature-dependent behavior is indeed
controlled by one process with uniform activation energy. More
importantly, from the slope of the linear fit, apparent activation
energy can be determined with a value of E, = 0.36 eV. There
are no literature values for the activation energy of oxygen
adsorption on ZnO within a solar cell, however, there are values
for this process on pure ZnO nanowires. Madel et al.l>’ inves-
tigated the persistent photoconductivity of ZnO nanowires and
found an activation energy of 0.16 eV for oxygen adsorption in
a pure oxygen atmosphere. For a lower atmospheric oxygen
content, the activation energy was found to increase, with a
value of 0.33 eV in an atmosphere with 1% oxygen in argon. In
comparison, for the case investigated here, an activation energy
of 0.36 eV seems to match this trend, considering that there
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is no atmospheric oxygen but only the oxygen trapped at the
interface.

Provided that the presented hypothesis is correct, the
problem of thermal degradation should be solvable by removing
the oxygen species adsorbed on the ZnO by UV illumination
before the additional solar cell layers are deposited.

To this end, we transferred freshly prepared ZnO layers into
a nitrogen-filled glove box and exposed them to UV illumina-
tion for different time periods before depositing the other layers
and avoiding any further contact with oxygen, analogous to the
approach described by Liu et al.?”] which they used to reduce
photocatalytic decomposition of active layer materials by oxygen
adsorbed on ZnO. The cells pretreated in this way then were
exposed to the same procedure as described in Figure 2 and
heated at 85°C for 30 hours. The resulting normalized PCE and
FF over time for no pretreatment and pretreatments of 2 min,
10 min, and 1 h are shown in Figure 6a,b, the corresponding
trends for Jsc and V¢ can be found in Figure S7 (Supporting
Information).

It is clearly visible that the FF loss is greatly reduced even
for a ZnO pretreatment of 2 min compared to the untreated
devices. A pretreatment of 10 min almost completely eliminates
the degradation within this time frame, with a total loss in PCE
of =2% after 30 h. An even longer pretreatment time of up to
one hour did not show any further improvement, which is why
10 min of UV treatment is assumed to be the optimum at the
used UV light intensity.

To understand how exactly the UV pretreatment affects the
ZnO surface, a ZnO layer was illuminated with UV inside the
XPS chamber and the O 1s spectrum was recorded before and
after the illumination (technical details can be found in the
experimental section). The corresponding min-max normal-
ized O 1s spectra are shown in Figure 6¢c. As described above,
both spectra were fitted with three components for stochio-
metric oxygen (Og), oxygen in oxygen-deficient regions (Ogef),
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Figure 6. a) Normalized PCE and b) FF as a function of time for PBDB-TF:IT-4F solar cells, for which the ZnO was illuminated with UV light at different
times as a pretreatment. The measurements were run according to the procedure described in Figure 2a, with the first data point being the pristine
cells, the second data point being the UV-soaked cells (blue marking), followed by thermal aging at 85 °C, and the last data point showing the cells that
were again soaked with UV-light (blue marking). c) O 1s XPS spectra for a ZnO layer before (black) and after (red) UV illumination inside of the XPS
chamber. The spectra were fitted with three components for the stochiometric oxygen (O,), the oxygen in oxygen-deficient regions (Oge), and adsorbed
oxygen species (O,gs), dashed lines and solid lines representing the fits for the spectrum before and after illumination, respectively. d) Enlarged high
binding energy region of O 1s spectra for the ZnO layer before (black) and after (red) UV illumination and after oxygen exposure (green) and a second

UV illumination (gray).

and adsorbed oxygen species (O,4,). As to be expected, the O 1s
spectrum shows no difference due to the UV treatment in the
region of the stochiometric oxygen signal. However, the illu-
mination reduces the signal intensity in the region between
531-534 eV, which can be mainly assigned to a reduction of
the adsorbed oxygen species, supporting the concept of UV-
induced desorption. For a quantitative evaluation, the non-nor-
malized fits of the three components were integrated and the
percentage of each component in the total O 1s integral was
calculated (see Table S2 Supporting Information). The com-
ponent for adsorbed oxygen species accounts for 27% before
UV illumination and 22% afterward, showing a significant
reduction.
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To get an idea of which oxygen species are involved in the
desorption and re-adsorption process, following the first UV
illumination of the ZnO layer, the sample was exposed to an
O, partial pressure of 0.1 mbar in the same vacuum system and
a third O 1s spectrum was recorded. Afterward, the ZnO layer
was UV illuminated a second time and a final O 1s spectrum
was obtained. A comparison of those four O 1s spectra in the
relevant region between 531-534 eV is shown in Figure 6d.

It is clearly visible that the oxygen exposure again results in
the same spectrum as for the ZnO layer before illumination,
while the second illumination reproduces almost the same
spectrum after the first illumination. We take this as proof
that the observed behavior of the corresponding solar cells is

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

25U90 17 SUOWILIOD AR 3|qeoljdde 3Ly Aq peueA0B o S YO ‘88N J0'SaINJ 0 A1 aUIIUO ABIA U0 (SUO1IPUOD-PLB-SLLLBYWIOD A3 1A AReAc]1jBu1 U0/ SdIY) SUONIPUOD) PUE SULS | aU) 95 *[E20Z/0T/v0] U0 A%iq178UIIUO 4811 *ALlewisD aUeI4p0D) AQ 89602202 WiPR/Z00T 0T/I0p/Lc0"Aa| 1 AIe.q1Pu U0/ Sy WoJy pepeojumod ‘ET ‘€207 ‘82089T9T



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Table 1. Work function (WF), valence band maximum (VB), and conduc-
tion band minimum (CB) of a ZnO layer before and after UV illumina-
tion obtained from UV photoelectron spectroscopy.

Table 2. Averaged performance parameters for pristine PBDB-TF:IT-4F
cells for different ZnO pretreatment times (/-V measurement performed
after 5 s of UV soaking to achieve maximum performance).

WF [eV] VBM [eV] CBM [eV] ZnO treatment Jsc [mA cm™?| Voc V] FF [%] PCE [%]

Before UV 3.69 -7.00 -3.63 none 18.7+0.4 0.84 +£0.01 73.5+0.2 1.8+0.3
After UV 3.65 —-7.03 -3.66 2min 18.3+£0.6 0.83+£0.01 73.5+0.4 1M.1+£0.5
10min 18.1+£0.6 0.82+0.01 73.0+0.1 10.8+0.4

1h 18.1+0.6 0.81+£0.01 73.0£0.3 10.7+0.3

governed by the reversible desorption and re-adsorption of
molecular oxygen, while the other adsorbed oxygen species do
not interfere with the cell’s performance. However, we note that
when fitting the Ols spectra, the weighting between O,4, and
Oger is not unambiguous. Another interpretation is also pos-
sible, where the observed changes could be partly attributed to
a change in oxygen speciation in the oxygen-deficient region.
Nevertheless, we consider the simple, reversible desorption and
re-adsorption of oxygen to be the chemically more plausible
process and therefore chose the presented fitting.

Furthermore, to confirm experimentally that the adsorption
and desorption of oxygen indeed change the work function of
the ZnO surface, we performed UV photoelectron spectros-
copy (UPS) on a ZnO layer before and after illuminating the
ZnO with UV light inside the UPS analysis chamber, analogous
to the XPS measurements. The resulting UPS spectra of the
valence band region and the secondary-electron cut-off region
(SEC, measured with a bias of 8 eV) of a ZnO layer before and
after UV illumination can be found in Figure S8 (Supporting
Information). A linear method (extrapolation of the leading
edge to the zero baselines of VBM and SEC) was used to obtain
the values of SE energy cut-off and VBM. The low binding
energy onset in the valence band region provides the energetic
distance between valence band maximum (VBM) and Fermi
level. With a literature value of 3.37 eV for the ZnO band gap,?®!
the conduction band minimum (CBM) and valence band
energies versus vacuum can be calculated, as summarized in
Table 1. It is evident that the UV illumination results in a small
but consistent down-shift of the ZnO energy levels by =30 meV.
It must be mentioned that by illuminating ZnO with UV, the
charge carrier density in the material is increased. After the end
of illumination, this higher charge carrier density decreases
only slowly due to the so-called persistent photoconductivity of
ZnO. ! This phenomenon to a small extent could also influ-
ence the UPS measurements. However, in combination with
the above-explained XPS results, those UPS results further sup-
port the hypothesis that the UV-induced desorption of oxygen
reduces the band bending at the ZnO interface, resulting in
improved electron injection from the active layer to ZnO, and
thus in an increased fill factor.

To summarize, the UV pretreatment of the ZnO layer elimi-
nates the problematic reversible degradation behavior, but it is
not a flawless solution, since the pretreatment itself decreases
the device efficiency. The performance parameters of the pris-
tine cells after the initial 5 s UV-soaking are listed in Table 2
for different ZnO pretreatment times. All figures of merit
decrease with the duration of the ZnO pretreatment, with a
drop of PCE from 11.8% (untreated) to 10.8% for the optimum
time of 10 min pretreatment. The cause of this loss is not
clearly attributable, but it seems reasonable that by changing
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the surface chemistry of ZnO through UV pretreatment (e.g.,
the dipole moment of the interface), the behavior of the devices
are also affected. However, a small and time-independent loss
in PCE after a ZnO pretreatment (=8% of relative PCE loss for
10 min UV pretreatment) is certainly preferable to a progres-
sive thermal degradation, which means a loss of >20% after
only 30 h.

3. Conclusion

In conclusion, we have studied the influence of ZnO light-
soaking on stability measurements of inverted organic solar
cells. It was found that the inverted devices in the absence of
UV illumination show a reversible degradation of performance,
mainly governed by a loss of FF, which can be recovered by a
short UV illumination. Such behavior is principally known for
OSCs with ZnO as ETL and is usually explained by the fact that
atmospheric oxygen diffuses through the cells and adsorbs on
the ZnO surface, resulting in an upward band bending in the
ZnO, which hinders electron extraction and thus decreases FF
and PCE. UV illumination helps desorbing the oxygen and thus
recovers the performance. In this work, however, we show that
this kind of reversible degradation unexpectedly also occurs in
an oxygen-free environment and is amplified by higher tem-
peratures. We hypothesize that instead of oxygen diffusing in
from the atmosphere, the cause of the reversible degradation
here is oxygen that is already adsorbed on the ZnO surface due
to its production process. Although this oxygen can be des-
orbed with an initial UV treatment, it is then trapped at the
interface between ZnO and active layer and can re-adsorb when
no continuous UV illumination is applied. As evidence, we
show that the reversible degradation is independent of the used
active layer materials and that its temperature dependence can
be attributed to the activation energy of oxygen re-adsorption.
Finally, we demonstrate, supported by XPS measurements, that
removing the oxygen from the ZnO surface by a UV pretreat-
ment before building the solar cell solves the reversible degra-
dation problem, however, at the price of a small loss of device
efficiency.

This work establishes that stability measurements of ZnO-
containing OSCs should be performed exclusively with light
sources featuring a UV part and closely reproduce the AM 1.5G
spectrum, otherwise there is a high risk of confusing real aging
effects with ZnO light-soaking effects. Furthermore, there are
additional implications for using ZnO in commercial OSCs:
since the oxygen is typically adsorbed on the ZnO due to the
manufacturing process, its presence cannot be avoided even by

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85U8017 SUOWILIOD BAIIERD) 8|qedl|dde ) Aq peusenob ke sejoe VO @SN JO'Sa|n 10j Aeiq18uluO A8]1/M UO (SUONIPUOD-PUR-SLUBIALI0D A8 1M ATelq 1[BU1|UO//:SANY) SUORIPUOD pue SWs | 8u 88S *[£20Z/0T/70] Uo ARiqiTaulluo A8|im ‘Auewes aueiyo0D Aq 89/602202 WPe/Z00T OT/I0pA0d A8 imAreIq1pul|uo//Sdny wo.j pepeojumod ‘€T ‘€202 ‘820€9TIT



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

encapsulating the assembled cells. However, the oxygen pre-
sent reduces the performance of the solar cells under opera-
tion, especially in the morning hours when the UV component
in natural sunlight is not yet sufficient for complete oxygen
desorption. This could only be avoided by pretreating the ZnO
layer with UV and performing the whole manufacturing pro-
cess under complete exclusion of oxygen. It is likely that such
increased manufacturing cost and complexity could lead to a
re-assessment of the utility of ZnO to serve as ETL in commer-
cial OSCs.

4. Experimental Section

Materials: ITO substrates with a sheet resistance of 15 Q cm?
were purchased from Kintec. The ZnO nanoparticle dispersion
(N-10) was obtained from Avantama AG. Poly[(2,6-(4,8-bis(5-
(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-
(5,5-(1",3’-di-2-thienyl-5",7’-bis (2-ethylhexyl)benzo[1",2"-c:4",5"-’]
dithiophene-4,8-dione))] (PBDB-TF), 3,9-bis(2-methylene-((3-(1,1-
dicyanomethylene)-6,7-difluoro)-indanone))-5,5,11,11-tetrakis (4-
hexylphenyl)-dithieno[2,3-d:2",3"-d"]-s-indaceno[1,2-b:5,6-b’"]
dithiophene (IT-4F) and 2,2"-((2Z,2”Z)-((12,13-bis (2-ethylhexyl)-3,9-
diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-e]thieno[2”,3":4",5"]
thieno[2”,3”:4,5]pyrrolo[3,2-g]thieno[2”,3":4,5]thieno[3,2-b]indole-
2,10-diyl)bis(methanylylidene))bis(5,6-difluoro-3-ox0-2,3-dihydro-
1H-indene-2,1-diylidene))dimalononitrile  (Y6) were purchased from
Solarmer.  Poly[4,8-bis (5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b"]
dithiophene-2,6-diyl-alt- (4- (2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-
2-carboxylate-2-6-diyl)] (PTB7-Th) was obtained from T1-Material.
[6,6]-Phenyl-C71-butyric acid methyl ester (PC;BM, 99.5%) was
purchased from Solaris Chem. Chlorobenzene (anhydrous, 99.8%),
chloroform (anhydrous, >99%, amylene stabilized), 1,8-diiodooctane
(DIO), and MoO; powder (99.97% trace metals basis) were purchased
from Merck. 1-chloronaphthalene was obtained from TCI.

Device Fabrication: The ITO substrates were cleaned with detergent
and ultrasonicated in water, acetone, and 2-propanol for 10 min.
They were dried with a nitrogen flow and plasma-cleaned for 10 min.
Subsequently, the ZnO nanoparticle dispersion was spin-coated with
1400 rpm for 45 s and annealed for 10 min at 120 °C in air. The substrates
then were transferred into a nitrogen glovebox (oxygen level <0.1 ppm)
and all following steps and measurements were performed without any
further contact with oxygen, if not otherwise stated. For the active layer
solutions, the components were separately dissolved in the respective
solvent, followed by mixing and stirring overnight. The respective additive
was added 30 min before spin coating. PBDB-TF:IT-4F solutions were
prepared with a 10:10 mg mL™" weight ratio in chlorobenzene with 0.5
vol% DIO and dynamically spin-coated at 900 rpm for 5 s and 4000 rpm
for 60 s. For PTB7-Th:PC;BM, a ratio of 8:12 mg mL™" in chlorobenzene
with 3 vol% DIO was used, and the solution was dynamically spin-
coated with 1500 rpm for 45 s. PBDB-TF:Y6 solutions were prepared with
7.25:8.75 mg mL7 in chloroform with 0.5 vol% 1-chloronaphthalene and
dynamically spin-coated with 3000 rpm for 30 s. Finally, 10 nm of MoO,
and 100 nm of Ag were evaporated through a mask.

Characterization Techniques: |-V measurements were carried out in a
nitrogen-filled glove box using a Keithley 2401 source-measure unit and
a white light LED (Bridgelux), which was calibrated to 100 m\W cm~2 with
a silicon diode (Hamamatsu S1227-66BQ). The cells were illuminated
through a shadow mask with a 6.25 mm? open area. Wide angle X-ray
diffraction measurements were performed in transmission with an STOE
STADI P diffractometer (Cu K, 2 =1.5406 A) and a Ge(111) single crystal
monochromator equipped with a DECTRIS solid state strip detector
MYTHEN 1K. For the sample preparation, the ZnO dispersion was drop-
cast on a heating plate at 120°C (same conditions as for the annealing
of the spin-coated films) and the emerging powder was used. The
ZnO crystal structure was assigned using the ICSD database.% AFM
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measurements were done with a NANOINK atomic force microscope
in tapping mode. UV-vis spectra of thin films on quartz substrates were
recorded in transmission with a PerkinElImer LAMBDA 1050 instrument
with an integrating sphere. XPS measurements were performed in
the cluster tool Darmstadt Integrated System for Solar Cell research
(DAISY-SOL) using a Thermo Fisher Scientific Escalab 250 system
equipped with a monochromatized Al Ko X-ray source (1486.6 eV)
operated at 200 W power and 650 um spot size. UPS measurements
were performed with the same spectrometer; He | (21.22 eV) was
used. The He pressure inside the analytic chamber was set up at
2.5 X 10® mbar. The XPS spectra were collected at a take-off angle of
90° with respect to the sample surface. All XPS region scans (O 1s, Zn
2p) were acquired with a pass energy of 10 eV, a step size of 0.05 eV,
and a dwell time of 50 ms per measurement point. Survey spectra were
obtained with a pass energy of 50 eV, a step size of 0.5 eV, and a dwell
time of 50 ms. UPS valence band edge and secondary electron cut-off
were acquired with a pass energy of 2.5 eV, a step size of 0.05 eV, and
a dwell time of 100 ms. All XPS spectra were binding energy calibrated
to the main C Ts peak with a value of 285.0 eV and the Fermi level of
clean silver (Ar sputtered) was used to calibrate the UPS corresponding
spectra. The Fermi level value was determined with a sigmoid fit and
taking the position where the intensity was at 50%. The Fermi level of
the cleaned silver was used to determine the instrumental resolution:
0.35 eV for XPS (pass energy of 10 eV) and 0.22 eV for UPS (pass energy
of 2.5 eV). Measurements were carried out in ultra-high vacuum (UHV <
1% 10~° mbar). For re-adsorption experiments, the sample was exposed
to an oxygen partial pressure of 0.1 mbar inside a separate vacuum
chamber with a base pressure of 1 x 10® mbar as a part of the cluster
tool vacuum system, i.e., all transfer operations were done under UHV
conditions (<1 x 107 mbar). Peak fitting was performed using a sum
of Gaussian (70%) and Lorentzian (30%) lines, while the secondary
electron background was subtracted utilizing the Shirley function using
CasaXPS software version 2.3.25.51

Stability testing: All stability tests were done in a nitrogen-filled
glovebox with oxygen and water levels <1 ppm. For thermal stability
measurements, all devices were first put into a home-built metal sample
holder and subjected to a J-V measurement at room temperature
(19 °C). Then the devices in the sample holder were transferred to
a temperature-controlled heating plate and J-V measurements were
performed in regular intervals with the devices maintaining the chosen
temperature. The UV soaking before and after the thermal stability
measurements was performed with a 365 nm UV LED (Thorlabs Solis-
365C) which was calibrated with a Si-diode (Hamamatsu) to match the
UV part of AM 1.5G (4.6 mW cm™2).

Statistical Analysis: All stability measurements in this work were
statistically evaluated according to the following procedure: For each
aging condition, twelve individual solar cells on one common substrate
were prepared and measured over time. To ensure unbiased filtering
of outliers, from those twelve cells, the six cells with highest PCE were
chosen. Then, the figures of merit of those six cells were individually
normalized to their respective value at time = 0 h. The normalized
values were averaged, and the standard deviation (SD) was calculated,
which is shown in the graphs as an error bar (mean + SD).
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