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Suppressed Degradation Process of Green-Solvent Based
Organic Solar Cells Through ZnO Modification With

Sulfhydryl Derivatives

Zerui Li, Yunan Li, Jinsheng Zhang, Renjun Guo, Kun Sun, Xiongzhuo Jiang, Peixi Wang,
Suo Tu, Matthias Schwartzkopf, Zhiyun Li, Chang-Qi Ma, and Peter Miiller-Buschbaum*

The interface of organic solar cells plays a crucial role in device performance and
stability. Several investigations demonstrated that the interface will affect the
morphology and microstructure of the active layer, which is important for device
performance. Here, several mercaptan derivatives are explored in green-solvent
based organic solar cells (PBDB-TF-T1: BTP-4F-12) as effective stabilization
modifiers on ZnO. Operando grazing-incidence wide/small-angle X-ray scat-
tering (GIWAXS/GISAXS) provides a deep understanding of the degradation
process during operation. The degradation process is driven by a compression
of the molecule stacking as well as a decrease in the donor crystallinity, besides
the known decomposition of the acceptor at the interface. Solar cell degra-
dation comprises three stages, where an unexpected component from the
acceptor appears in the second stage, simultaneously with a shapely shrinking
micro-structure. Furthermore, the interface modifier pentaerythritol tetrakis (3-
mercapto-propionate) (PETMP) stabilizes the crystallinity of the donor as well
as suppresses the decomposition of the acceptor, thus improving the device
stability. The modification effect is caused by the interaction between Zn and
S from the sulfhydryl groups of the mercaptan derivatives. Thus, studies of
changes in the active layer morphology extend the knowledge from ex situ char-
acterizations, broadening the understanding of the degradation mechanisms.

over 19%.!" Nowadays, the relatively poor
stability has raised up as another research
hot spot for organic solar cells. The degra-
dation of organic solar cells can be caused
by a multitude of different factors such
as light, heat, mechanical stress, oxy-
gen, and moisture.l?l Understanding the
complex mechanisms of device degrada-
tion is of high importance. While clas-
sical ex situ measurements can only of-
fer limited information for the fresh
and aged states, operando measurements
have been proven to be a useful tool for
the kinetic analysis of degradation pro-
cesses. In particular, operando grazing-
incidence wide/small-angle X-ray scatter-
ing (GIWAXS/GISAXS) provides infor-
mation about the evolution of the crys-
tallinity and the microstructure during
the device degradation process.l*! In the
complex functional stack forming the so-
lar cell, the sensitive interface of ZnO
was found to be highly related to the

1. Introduction

The rapid development of non-fullerene acceptors has greatly
promoted the efficiency of organic solar cells, which has reached

morphology and crystallinity of the active
layer and, therefore, of importance for
the device performance.l*! For example, Su et.al found that the
morphology of the active layer would also be influenced with the
interfacial modification of ZnO with plasmonic gold nanoparti-
cles (NPs) at an amphiphilic dendritic block copolymer (DBC)
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Figure 1. a) Scheme of the operando GISAXS/GIWAXS measurements of organic solar cells; b) an active layer of PBDB-TF-T1 and BTP-4F-12 and c) the

chemical structures of studied interfacial modifiers.

denoted as DBC@AuNPs.®! Li et.al got an efficient and stable or-
ganic solar cell using ZrSe, modified ZnO, where the crystallinity
of PBDB-T:TIC increased due to the modification.l®! Besides a
simple performance decrease, the interfacial degradation at the
ZnO/active layer interface under illumination was also reported
to be the key issue for device aging caused by the decomposi-
tion of the organic active layer due to a photocatalytic effect.”]
Furthermore, such interfacial degradation could be effectively
suppressed with interfacial modifications using several differ-
ent chemical approaches such as self-assembled monolayers
(SAM) 18], a pyrene-bodipy molecular dye (Py-BDP),! fullerene
derivatives,!* hydroxide and/or hydroxyl radical scavengers, e.g.,
ethylenediamine-tetraacetic acid (EDTA), isopropyl alcohol (IPA),
and 2-phenylethanethiol (2-PET).7< Although 2-PET showed the
best interfacial modification effect, the chemistry working prin-
ciple behind this improvement is not clear yet. Moreover, 2-PET
is highly toxic with a bad smell, which renders it less attractive
during device fabrication.

Another issue calling the attention of scientists is
environmental-friendly organic solar cells. To become
environmental-friendly the used solvents are a key factor. Today,
still the most used solvents are halogenated solvents such as chlo-
roform, chlorobenzene and 1,2,4-trichlorobenzene or aromatic
solvents (e.g., toluene, o-xylene, 1,2,4-trimethyl-benzene).'!] In
addition, also halogenated additives (e.g., 1-chloro-naphthalene
and 1,8-diiodooctane) are frequently used. These chemicals
would harm the human body and can cause environmental
pollution during the device fabrication process and waste solvent
treatment. Accordingly, in the present study, materials that could
work well in tetrahydrofuran (THF) are chosen as the research
model, where the conjugated polymer PBDB-TF-T1 and the
non-fullerene small molecule BTP-4F-12 are used as donor
and acceptor, with diphenyl ether (DPE) as additive. THF has
relatively lower toxicity compared with traditional halogenated
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or aromatic solvents and shows great potential in the case of
alkanes when used as a green solvent for organic solar cell
fabrication.

Because 2-PET is of high toxicity with an unclear interface
modification mechanism in our present work, a series of alter-
natives for 2-PET is explored for modification. The five selected
molecules have different amounts of mercapto groups, ranging
from 0 to 4 sulthydryl groups (-SH), and are named pentaery-
thritol tetraacetate (PETA), butyl 3-mercaptopropionate (BMP),
ethylene glycol bis(3-mercaptopropionate) (EGBMP), trime-
thylolpropane tris(3-mercaptopropionate) (TETMP), pentaery-
thritol tetrakis(3-mercapto-propionate) (PETMP) (see Figure 1).
The device performance, as well as the light stability, are inves-
tigated. We observe that the ZnO modification with molecules
having more sulfhydryl groups, i.e., using TETMP and PETMP,
results in an optimized device performance and stability, sug-
gesting a key role of sulfthydryl groups. Operando GIWAXS
and GISAXS measurements probe the device degradation in
air to deeply investigate the differences in the degradation pro-
cesses between PETMP modified solar cells and reference ones.
A three-stage degradation process is found for the reference
solar cell, and the PETMP modification suppresses the de-
composition of the acceptor and the decrease of the polymer
donor crystallinity. XPS is used to analyze the element distri-
bution on the ZnO surface, where the ratio of hydroxyl oxy-
gen decreases with sulfhydryl derivatives, which supports the as-
sumed degradation mechanism that hydroxyl causes the inter-
facial degradation. With FTIR the interaction between PETMP
and ZnO is probed. The -SH signal disappears after mixing
the two compounds, which demonstrates the interaction be-
tween -SH and Zn?*, supporting the importance of -SH in
the interfacial modification. Here, GISAXS and GIWAXS pro-
vide valuable information about kinetic changes in the ac-
tive layers of the solar cells during the device degradation,
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which goes well beyond a simple interface degradation and
modification.

2. Results and Discussion

Figure 1 shows the device structure as well as the chemicals
used in this work, where an inverted structure of ITO/ZnO/active
layer/MoO, /Ag is selected as model solar cell. THF and DPE are
selected as the solvent and additive to align with a green solar cell
fabrication, respectively. THF has less toxicity compared with the
traditional halogenated and aromatic solvents commonly used in
the preparation of active layer solutions, which could decrease
the damage to human body and environment during the de-
vice fabrication and waste treatment and offer more potential
in real applications. In addition, the similar boiling points of
chloroform (61.2 °C) and THF (66 °C) demonstrate the simi-
lar solvent evaporation rate as well as film formation process,
suggesting that it will not affect the device performance and
stability if an optimized microstructure and morphology of ac-
tive layer film is achieved. For better solubility in the green sol-
vent, we select the conjugated polymer PBDB-TF-T1 as the donor
(see Figure 1), which comprises PBDB-TF and PTO2 with an
optimized ratio of 0.8:0.2.!2) PTO2 was introduced to enhance
solubility in non-aromatic solvents without significantly impact-
ing device performance compared to the traditional donor poly-
mer PBDB-T-2F (also known as PM6). The non-fullerene small
molecule BTP-4F-12 (or Y12, see Figure 1) is selected due to its
excellent solubility coming from longer side chains compared
with BTP-4F.['?13] It was reported that PBDB-TF-T1:BTP-4F-12
could serve as a reliable material system in THF with excellent
performance.[?]

In our previous study, we observed that the interfacial degra-
dation coming from the photocatalyst effect of ZnO is the key
reason causing the device degradation, where 2-PET showed
an excellent effect on improving the device stability via elim-
inating interfacial hydroxide or hydroxyl radicals.’*'*] In the
present study, several mercaptan derivatives are selected as al-
ternatives for 2-PET (see Figure 1) for the interface modifica-
tion, and methanol is maintained as a solvent for the interfa-
cial modifier. In the first set of experiments, PETMP is used in
the classical system PBDB-T-2F:BTP-4F (PM6:Y6) to establish an
optimized process. The achieved device performance with dif-
ferent PETMP concentrations is shown in Figure S1 and Table
S1 (Supporting Information). An excessive interface modifica-
tion results in solar cells showing an S-shape J-V curve, sug-
gesting that the interfacial charge transfer or injection is sup-
pressed. As a result, an optimized concentration of 0.2 mg mL~!
in methanol is got, which is kept constant for the subsequent
work.

When using the mercaptan derivatives (with 0.2 mg mL™!)
as interfacial modifiers of the ZnO/active layer interface pro-
nounced differences in the solar cell performance is found. The
detailed solar cell performance data are listed in Table 1 and
plotted in Figure S2 (Supporting Information). Again, methanol
(MeOH) is used as a reference for the interface modifiers to ex-
clude the effect from the used solvent of the mercaptan deriva-
tives. The device performance of MeOH modified solar cells in-
creased a bit from 13.6 to 14.1% compared with the reference de-
vices without interface modification (w/o0). A further improved
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Table 1. Device performance of solar cells with different interfacial modi-
fiers.

Voc V] Jsc [mA cm™2] FF PCE [%]s
w/o 0.831 + 0.002 24.7+0.2 0.66+0.02 13.6+0.5
MeOH 0.832 + 0.001 248 +0.4 0.68+0.01 14.1+02
PETA (0-SH) 0.834 + 0.001 25.1+0.2 0.67+£0.01 13.9+0.2
EMP (1-SH) 0.832 + 0.002 242+03 0.69+0.02 13.8+05
EGEMP (2-SH) 0.831 + 0.002 246 +0.4 0.69+0.01 14.1+04
TETMP (3-SH) 0.827 + 0.002 24.9+06 070 +£0.01 144+03
PETMP (4-SH) 0.828 + 0.002 25.2+0.4 0.69+0.01 143 +04

The average PCE values with standard deviations are calculated from at least 15 de-
vices. All devices are tested with a metal mask applied (effective area of 0.079 cm?)

device efficiency is achieved with TETMP and PETMP modifica-
tion (increase to 14.4%). In contrast, there are no obvious differ-
ences between the reference and modifiers with fewer sulfhydryl
groups (PETA, EMP, EGEMP) in the device efficiency. Almost no
obvious change in V- and Jy. is found for these modifiers, and
the performance increase mainly results from an increase in the
FF, suggesting that the suppressed charge recombination might
come from the interface passivation.

The stability of solar cells under illumination in air reveals
accelerated degradation processes influenced by the presence of
oxygen, with notable differences observed among various inter-
facial modifiers, highlighting superior stability in TETMP and
PETMP modified devices. The stability of these solar cells is in-
vestigated under illumination in air with a controlled atmosphere
(25-27 °C, 28-32% R.H.). The observed device degradation be-
havior in terms of V¢, Jsc, FF and PCE decrease is shown in
Figure 2a,d, respectively. All these solar cells show similar but ac-
celerated degradation processes compared with our previous re-
search in nitrogen, where the degradation mainly resulted from
losses in Js- and FF."“1* Thus, the presence of oxygen mod-
ifies the device degradation. Unexpectedly, PETA modified so-
lar cells show the fastest degradation process compared with the
other interface modifiers, including the reference. MeOH modi-
fied solar cells show a slight improvement in stability compared
to the reference, which matches our earlier findings from degra-
dation studies in the N, atmosphere.’! For the other four mer-
captan derivatives, the device stability improves with the number
of sulfhydryl groups. TETMP and PETMP modified solar cells
show the best device stability. Both maintain over 70% of their
initial PCE values after 15 hours of illumination in air, while the
reference decreases to 23%. The calculated Ty, time is 440 min
for TETMP and PETMP compared to 35 min for the reference.
The temporal evolution of Js, V¢, FF, and PCE for each cell are
compared in Figure S3 (Supporting Information). For the refer-
ence case, the degradation mainly comes from the decay of [y
and FF, while V. only shows a slight decay, which can be sup-
pressed with MeOH modification, suggesting that such a decay is
not attributed to the decrease of the built-in potential.'>] The fast
decay of the FF comes from the increased recombination, which
might be due to the raddled interface between the active layer
and charge transfer layers or the decrease in domain sizes and
loss in connectivity of the donor/acceptor during aging.!”-*+1¢]
The fast decay of J;- might come from the decomposition of the
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Figure 2. Temporal evolution of PBDB-TF-T1:BTP-4F-12 solar cells (at least 3 pixels) parameters extracted from J-V curves under illumination in air
(25-27 °C, 28-32% R.H.): a) Vo¢, b) Jsc, €) FF and d) PCE. The different interfacial modifiers are indicated.

acceptor at the interface or the increase of domain sizes and dis-
tances in the internal due to the evaporation of additive during
operation.[3a-¢7¢14]

Furthermore, mercaptan derivatives modification can sup-
press the decay of J. and FF simultaneously, demonstrating
that such an improvement works on the interface to suppress
the acceptor decomposition with the same effect as 2-PET.l’?
TETMP/PETMP modified solar cells still show an inevitable de-
crease in Jic and FF. The decreased FF might come from the
decrease of polymer domains due to the evaporation of additives
during operation, while the loss of Ji- might come from the de-
crease of the crystallinity during the operation time, which we
will discuss later in the X-ray scattering part.>><] Moreover, the
stability against UV light in air is also improved in the case of
PETMP modified devices, as shown in Figure S4 (Supporting In-
formation). To exclude a possible effect from the thickness of the
modification layer caused by differences in the volatility of the
modifier, the stability of EMP modified devices is studied for dif-
ferent EMP concentrations (from 0.2 — 0.8 mg mL™!). As seen
in Figure S5 (Supporting Information), the modified solar cells
show a slightly slowed degradation even at the highest EMP con-
centration. Thus, the number of sulfhydryl groups plays an im-
portant role in the interfacial passivation.

GIWAXS/GISAXS measurements can provide very valuable
information about the inner active layer structure. However, clas-
sical ex situ measurements cannot contribute easily to an under-
standing of kinetic processes for such a device degradation as
operando measurement does.’*<'7] There is no heat effect from
the X-ray beam accelerating the degradation since there is no
continuous illumination with the X-ray beam. The GIWAXS and
GISAXS measurements are carried out at beamline P03 (DESY,
Hamburg) to observe the detailed degradation process of the
stability-enhanced solar cells (see Figure S6, Supporting Infor-
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mation). Simultaneously, with the measurement of J-V curves
under illumination with AM1.5 light, the GIWAXS/GISAXS data
are taken at the film area between the two electrodes. Figure S7
(Supporting Information) shows the background GIWAXS data
from the ZnO/ITO sample, where the two intensity rings at q
positions of 0.28 A~! and 0.52 A" are the signals of the Kapton
windows, which is subtracted as background in the later analy-
sis. Here, we focus on PETMP modified solar cells in compari-
son with the reference solar cell and shorten the measurement
time scale due to the limited beamtime at synchrotron facilities.
Figure 3a,b show the operando J-V curves of the reference solar
cell and of the PETMP modified solar cell. Similar degradation
behavior is also observed as Figure 2, where the loss of Js. and
FF is the main cause of the performance decrease, while V.
just shows a slight decrease for the reference cell. As expected
from the aging studies, the PETMP modified solar cell shows
much better stability in all three device parameters (Vy, Js¢, FF)
against light degradation in air. Figures S8 and S9 (Supporting
Information) show the 2D GIWAXS data from the operando ex-
periments and Figure 3c,f compare the 2D GIWAXS data of the
fresh/aged solar cells directly to illustrate the level of changes for
the reference solar cell versus the PETMP modified solar cells.
For the further analysis of the 2D GIWAXS data we focus on two
directions: out-of-plane (OOP) direction referring to vertical cake
cuts and in-plane (IP) direction referring to horizontal cake cuts.
The peak in 2D GIWAXS data at q position around 1.70 A~! in
the OOP direction refers to the z-z stacking (010) with a face-on
crystallite structure. Two lamellar stacking peaks (100) are seen at
qof0.32 A ~1in the IP and OOP direction, which refer to edge-on
and face-on crystallite structures, respectively. The -z stacking
in OOP direction is of importance since face-on crystallites plays
a favorable role in the charge transport as well as device perfor-
marnce.
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Figure 3. Temporal evolution of J-V curves of the a) reference and b) PETMP modified solar cells measured in situ with GIWAXS during illumination.
2D GIWAXS data of the c) fresh and e) aged reference solar cell and 2D GIWAXS data of the d) fresh and f) aged PETMP modified solar cell from the
in situ studies. g) Cake cuts in OOP direction of the in situ 2D GIWAXS data of the reference (left) and PETMP modified solar cell (right). h) Temporal

evolution of fit parameters (d and CCL) from the GIWAXS data analysis.

PETMP modification significantly stabilizes the crystallinity of
the active layer in solar cells, as evidenced by the less pronounced
shift in the z-7 stacking signal after aging compared to the ref-
erence cell, with detailed d (d) and crystalline coherence length
(L¢) calculations further supporting this observation. Figure 3g
depicts cake cuts of the 2D GIWAXS data performed in the OOP
directions of the reference solar cell and of the PETMP modi-
fied solar cell, where the background has been subtracted. The
signal of the z- stacking (010) for the reference solar cell shifts
from 1.67 A~" to 1.77 A~" after 2 hours of aging, while it shifts
less pronounced (1.68 A~! to 1.71 A~") for the PETMP modified
one, suggesting that the PETMP modification stabilizes the crys-
tallinity of the active layer. For a further analysis of the GIWAXS
data, the d and L are calculated for the z-r stacking in the OOP
direction by!'®!

d == 1
. 1)

_ 2nk
¢~ FWHM
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where k is the Scherrer factor (k = 0.9), and FWHM is
the full width at the half-maximum of the peak.'”) For the
reference film without interfacial modification, the evolution
can be divided into three stages (see Figure 3h). In the first
stage, the d and L. values decrease gradually from 3.74 A
and 18.38 A to 3.57 A and 16.43 A in the first 60 minutes, respec-
tively. This finding suggests a decrease in the crystallinity and
molecular aggregation of the materials as well as the compressed
crystal structure with aging, which might come from the decom-
position of side chains or end groups in the donor/acceptor ma-
terials, as found in other previous work.[7¢14]

In the second stage, after 60 minutes of aging, the d value
remains constant while the L. value shows a sharp decrease to
14.89 A. Finally, both d and L. values remain constant, which is
defined as the third stage. In contrast, for the PETMP modified
case, the general d and L. values decrease gradually from 3.75
A and 18.45 A t0 3.67 A and 16.47 A, respectively, and no degra-
dation stages are identified. Importantly, the relative changes of
the parameters d and L. are much less than those of the ref-
erence solar cell, illustrating the suppressed degradation with
PETMP modification. For comparison, the evolution of the PETA
modified case is also investigated by ex situ characterizations as
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shown in Figure S10 (Supporting Information), where the gen-
eral d value decreases from 3.72 A to 3.60 A, suggesting that it has
no stability effect as indicated in the device degradation curves
(Figure 2). Another point needing clarification is that, in general,
a decreased d value will enhance the intermolecular interaction
and consequently improve the charge transport and thereby con-
sequently affect the device performance. However, here, such an
evolution during aging is attributed to the collapse of the struc-
ture due to the decomposition of materials. Moreover, the peaks
are separated into several peaks with different q positions. To un-
derstand such peak splitting, the pure films of donor polymer
PBDB-TF-T1 and acceptor molecule BTP-4F-12 are measured
with GIWAXS as well (see Figure S11, Supporting Information).
Cake cuts in the OOP direction show peaks located at 1.68 A~* for
the donor polymer and 1.73 A~" for the acceptor molecule (see
Figure S12, Supporting Information), which are in agreement
with the literature.!?”] The corresponding stacking distances and
crystalline coherence lengths are also shown in Figure S12 (Sup-
porting Information). The acceptor shows a more intense z-7
stacking than the donor, which is in agreement with the literature
as well.[?!] For further analysis, the peaks are fitted with Gaussian
peaks as shown in Figures S13 and S14 (Supporting Informa-
tion). We need three to four Gaussian peaks to model the mea-
sured z-r stacking peak shape. At the beginning of the operando
GIWAXS study, all fit parameters are very similar for the refer-
ence, and PETMP modified solar cells, indicating the only small
difference in the performance of the fresh devices. One peak at a
q position of 1.38 A~! always exists, which might come from the
amorphous region of the acceptor and thus is not related to the z-
« stacking that we are interested in and almost remains constant
during the aging.[??!

L. values, as well as the stacking distances, are calculated from
the fit values and plotted in Figure 3h. The detailed values are
listed in Tables S2 and S3 (Supporting Information). For the fresh
blend film, the stacking distances and L. values show combined
results of the values for donor and acceptor, which is consistent
with a former report.13] To be specific, the stacking distances of
donor and acceptor increase from 3.74 A and 3.63 A to 3.78 A
and 3.69 A, respectively, indicating a more intense z-r stacking
formed in the blend, which can be beneficial for the charge trans-
fer and device performance.3] While the L value for donor and
acceptor in the blend film (20.08 A and 16.92 A) shows a slight
decrease compared to the pure materials (23.31 A and 21.34 A).
The values for the PETMP modified case and the reference case
are almost the same, indicating that the improved performance
comes from an interfacial modification rather than from changes
in the crystalline parts of the active layer. For the reference so-
lar cell case, the L. value of the donor decreases from 20.08 A to
12.71 A, while the L value of the acceptor remains relatively con-
stant around 17 — 18 A, which is disadvantageous for the charge
transport characteristics.[>*] The stacking distance of the donor
and acceptor gradually decrease from 3.78 A and 3.67 A to 3.69
A and 3.53 respectively, where the acceptor accounts for a rela-
tively larger proportion to the overall z-z stacking signal, which
might come from the collapsed structures due to the broken end
groups.l’<%]

In addition, a new feature arises at a q position of 2.25 A~!
(d,, ~ 2.8 A) with a similar L. value of the acceptor (17.72 A)
after aging for 60 minutes, i.e., in the second degradation stage,
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where the L. value decreases quickly from 17.72 A to 10.39 A and
the relative proportion increases by degrees from 7.45 to 16.05%.
The ratios of the proportion of donor and acceptor (S, . p/S,z.4)
remain consistent during aging, which is similar to their weight
ratio (1:1.2), demonstrating the reliability of the fit results. The
arising feature observed here is attributed to a new component,
which might come from the decomposition of the acceptor. For
the data of the PETMP modified solar cell, the same analysis is
carried out. The L value of the donor shows much less change
compared to the reference, demonstrating that the PETMP mod-
ification is beneficial for the stability of the crystallinity of the
donor polymer. The L. value of the acceptor shows a similar
evolution as the reference. No new feature is evolving, suggest-
ing that PETMP can suppress the decomposition of the acceptor,
which is consistent with our previous findings.”*! The stacking
distance of the donor shows the same decrease as the reference
from 3.77 A to 3.68 A, whereas the stacking distance of the ac-
ceptor shows less decrease from 3.70 A to 3.63 A. This finding
further indicates the effect of the PETMP modification on the
acceptor.

PETMP modification has been proved to suppress changes in
the stacking distances as well as L. values for z-7 stacking in the
OOP direction, which is more crucial for the acceptor. In addi-
tion, also cake cuts in the IP direction are performed with the
background subtracted, which includes the information about
the lamellar stacking of face-on oriented crystallites (see Figure
S15, Supporting Information). Two peaks assigned to the accep-
tor and donor are found at q positions of 0.28 A' and 0.32 A~!
respectively, where the stacking distances are 22.44 A and 19.63
A. The attribution of these peaks is referred to the literature.2'%!
The peak positions and shapes remain stable during the ag-
ing. In more detail, the relative intensity of donor/acceptor sig-
nals shows an obvious increase, which might come from the de-
composition of the acceptor thereby lowering its signal in the
IP direction. In contrast, the lamellar stacking remains stable
for the PETMP solar cell, suggesting a relatively more stable
molecule stacking in the active layer with the applied interfacial
modification.

To understand the changes in the active layer morphology, be-
sides GIWAXS also operando GISAXS measurements are car-
ried. The characteristic scattering pattern of the bottom part of
the solar cells (ZnO/ITO substrate) is shown in Figure S16 (Sup-
porting Information), together with the scattering of the active
layer. The critical angle («.) of active layer materials is calcu-
lated to be 0.135° for pure PBDB-TF-T1 and 0.132° for pure BTP-
4F-12 for the X-ray wavelength (1.044 A), which is consistent
with the calculation for PM6 and Y6 as previously reported.[?¢]
At the critical angle, the Yoneda peak is located, as illustrated in
Figure S16 (Supporting Information). From the GISAXS study,
selected 2D GISAXS data of fresh and aged solar cells are shown
in Figure 4a,f. More operando 2D GISAXS data of the refer-
ence and PETMP modified solar cell are seen in Figures S17
and S18 (Supporting Information), respectively. Horizontal line
cuts of the 2D GISAXS data are taken at the Yoneda peak of 0.56
nm™' (see Figure 4g). These data are modeled by assuming three
cylindrically-shaped object types (domains) in the blend films
with different radii (large, middle, and small).?”) The modeling is
done in the framework of the distorted-wave Born approximation
(DWBA) and the effective interface approximation (EIA), where
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Figure 4. 2D GISAXS data of the a) fresh, b) 60 minutes aged and c) 120 minutes aged reference solar cell and 2D GISAXS data of the d) fresh, e) 60
minutes aged and f) 120 minutes aged PETMP modified solar cell from the operando studies. g) Horizontal line cuts of the in situ 2D GISAXS data
taken at the Yoneda peak of active layer materials. h) Temporal evolution of characteristic radii of the three structures used to fit the horizontal line cuts.

a Gaussian size distribution is assumed to account for the poly-
dispersity of the domains.[2]

Figure 4h summarizes the morphology changes during oper-
ation in terms of changes in the domain radii of the three types.
It is challenging to attribute these domains to a specific donor or
acceptor phase due to their similar electron densities. The two
smaller object types are considered more crucial for the device
performance since their dimensions are closer to the exciton dif-
fusion length of active layer materials.*I The radius of the largest
domain type decreases to rather similar values for the reference
and PETMP modified solar cells after aging, although with dif-
ferent temporal trends. The radius of the middle domain type
follows a similar trend and also decreases in both cases. How-
ever, in the PETMP modified case, the decrease is not as strong
as in the reference solar cell. For the radius of the small domain
type, a decrease is only found for the reference solar cell and the
PETMP modified one shows main no changes on this length
scale. Interestingly, the same three stages can also be defined
in the GISAXS measurements during the degradation process.
The similar degradation stages further confirm our understand-
ing from the GIWAXS data analysis. Not only crystallinity and
molecular aggregation of the materials are decreased, but also
the domain sizes are decreased due to the compressed structures
from the decomposition of the active layer materials. To be spe-
cific, such an evolution is particularly significant in the second
stage, where the sharp change after aging for 60 minutes seen in
GISAXS corresponds to the sharp change of L. as well as gener-
ated the new material detected in the GIWAXS measurements.
The decomposed component is not detected in GISAXS, which
tells that it does not form regular domains within the resolved
length scale regime. One of the possible reasons for the decreased
domain sizes, especially at the beginning of the degradation, is
the evaporation of the residual solvent additive as it was observed
in the case of NFA based solar cells already.*»?! This explains
well why the evolution trends for these two cases are almost same
in the first stage. For the second stage, the difference mainly
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comes from the interface, where more collapsed structures are
found in the reference case without PETMP modification.l’¢%]
In addition, the ex-situ results of the PETA modified case are
also investigated as shown in Figure S19 (Supporting Informa-
tion), where the dimensions of the three domains decrease from
445 + 1.5 nm, 18.2 + 0.9 nm, 4.8 + 0.3 nm to 39.6 + 1.7 nm,
11.5 + 0.7 nm, 3.8 + 0.3 nm, respectively. Thus, similar decrease
trends are observed as for the reference case. Combined with the
GIWAXS results, there is no obvious difference in the evolution
trend of the PETA films compared with the reference case, sug-
gesting that its accelerated degradation might come from some
other interfacial issues.

To confirm our aforementioned speculation and elaborate
clearer, the surface properties are investigated further. Figure S20
(Supporting Information) shows AFM images of the ZnO sur-
faces modified with MeOH, EMP (0-SH) and PETMP (4-SH). Ba-
sically, we see no change either in the surface morphology or in
the surface roughness for the different interfacial modifiers. XPS
of the ZnO surface is conducted to analyze the element distribu-
tion. Figure 5a shows the O 1s peaks as seen in the XPS spectra
of pure ZnO compared to the different interfacial modifiers. The
O 1s peak contains three contributions. The low-binding energy
marked in green (529.7 eV) refers to the ZnO lattice oxygen. The
medium-binding energy marked in red (531.1 eV) refers to vacant
oxygen or O 1s electrons from water molecules strongly bound
to the exposed ZnO surface. The high-binding energy in blue
(532.3 eV) refers to the oxygen from hydroxide or hydroxyl rad-
icals, which would cause the decomposition of the acceptor and
degradation of the solar cells, as reported in previous works.>"!

In earlier work, such an interfacial hydroxide or hydroxyl rad-
ical was further found to cause a fracturing down of the C=C
bond of the acceptor and thus decrease the device performance,
whereas the f-alkyl chains on the thiophene unit next to the C=C
linker could block the attack of hydroxyl radicals onto the C=C
bonds.[*l Figure 5b summarizes the ratio of these three kinds
of oxygen. The proportion of hydroxide oxygen increases from
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Figure 5. a) XPS spectra of O 1s peak at the surface of ZnO with different modifiers; b) comparison of the content of three kinds of oxygen of in the
analysis of the XPS spectra of O 1s orbital; c) XPS spectra of Zn 2p peaks at the surface of ZnO with different modifiers, d) FTIR spectra of ZnO, PETMP

and the mixture films.

19 to 30% with the modification via MeOH, and it decreases to
8% in the case of PETMP modification. The effective suppression
of hydroxide oxygen via the mercapto derivatives is regarded as
the reason for the observed enhanced interfacial stability, which
is consistent with our previous conclusion.’! Interfacial passi-
vation is another possible effect for the improved performance
and stability, while it is challenging to further analyze, if such a
modification effect is related to the passivation of oxygen vacan-
cies from the XPS results, since the signal of vacant oxygen is
overlapping with that of oxygen in the modifiers (531.1 eV). The
suppression of hydroxide or hydroxyl radicals at the surface has
been confirmed as the main degradation reason. The correlation
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between the number of sulthydryl groups and the strength of the
modification effect is supposed to be related to the interaction be-
tween Zn and S. Figure 5c depicts the XPS signal of Zn 2p peaks.
The observed two peaks refer to Zn 2p 1/2 (1044.4 eV) and Zn 2p
3/2 (1021.4 eV), respectively.!] These two peaks shift to higher
energies of 1045.3 eV and 1022.3 eV with the MeOH modifica-
tion, suggesting a change of the chemical environment of Zn.
Such a shift is attributed to the increased electron density around
Zn due to the existence of -OH groups at the ZnO surface. No sig-
nificant shift of the peaks is observed in the PETA (0-SH) mod-
ification case compared with MeOH modified ZnO, suggesting
no correlation between the PETA modifier and ZnO. In contrast,
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the ZnO 2p peaks show strong shifts to 1044.6 eV and 1021.6 eV
for the other three mercapto-containing modifiers, suggesting a
change in the chemical environment of Zn coming from the in-
teraction with sulphur in the modifier molecules. These peak po-
sitions show a tiny shift toward higher binding energy compare
with the ZnO case, further proving the coordination between Zn
and S, which would slightly cause the increased electron density
of Zn.

In addition, FTIR measurements are performed for ZnO,
PETMP, as well as their blend films, as shown in Figure 5d.
The peak at around 2570 cm™! is regarded as the signal of the
S—H bond according to the literature, which disappears in the
ZnO-PETMP blend film, suggesting the existence of coordina-
tion between Zn and S.3?! It can be concluded that such a co-
ordination between Zn and S helps to suppress the hydroxide
oxygen formation. Also, the modification can be more effec-
tively with having more SH groups at a similar layer thickness.
Obviously, mercaptans such as PETMP can offer the same ef-
fect for an enhanced stability like 2-PET does. These findings
agree well with our previous work, where a clearer mechanism
was proposed. In addition, it can be concluded from our previ-
ous knowledge that such a degradation starts with the decom-
position of materials at the ZnO/active layer interface, followed
by the evolution of the molecular packing as well crystallinity
of the active layer internal materials. The interfacial modifica-
tion of the underlying mercaptan layer suppresses the original
degradation, and then influences the evolution in the bulk. In
a word, such an interface degradation coming from hydroxide
radicals will cause changes of the crystallinity and microstruc-
ture in the active layer, while a proper modification can sup-
press the hydroxide radical formation and thus improve device
stability.

3. Conclusion

The sensitive interface of ZnO is quite crucial for organic solar
cell performance and stability. Here, several mercaptan deriva-
tives are explored as the interface modification material in green-
solvent-based PBDB-TF-T1:BTP-4F-12 solar cells to investigate
their effect on the device performance as well as light-stability
in air. The changes in the structure and morphology of the ac-
tive layer are investigated with operando GIWAXS and GISAXS
measurements. Importantly, both the crystallinity and the micro-
structure of the active layer change during the device degradation,
and the interfacial modification impacts the degree of degrada-
tion. The degradation of the reference solar cell without inter-
facial modification can be divided into three stages. In the first
stage, the crystallinity of the polymer donor weakens gradually
and the domain sizes stay relatively stable. In the second stage,
due to the decomposition of the acceptor molecules, a new ma-
terial appears after 60 minutes of aging, and the domain sizes
decrease sharply. Finally, the crystallinity and stacking distance
remain stable while the domain sizes continue decreasing. Such
staged degradation would be easily ignored in simple ex situ mea-
surements, while they contribute to the instability of the refer-
ence solar cells and are observable in the operando GIWAXS and
GISAXS measurements. The enhanced device stability realized
by the PETMP modification is based on impacting donor and ac-
ceptor materials. Upon PETMP modification, the crystallinity of
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the polymer donor is stabilized and the decomposition of the ac-
ceptor molecule is suppressed, resulting in an enhanced stability
against light-induced degradation. Furthermore, it is found that
the interfacial modification effect is related to the coordination
between S and Zn, where the mercapto-rich modifiers can de-
crease the hydroxide oxygen at the interface, which causes the ac-
ceptor decomposition. Such findings deeply contribute to an un-
derstanding of the complex mechanisms of active layer degrada-
tion, where the inner structure of the active layer is also affected
by the interfacial degradation at the ZnO interface. The stability
improvement with hydroxide scavengers can serve not only for
suppressing the decomposition of the acceptor as we knew before
but also contribute to the stability of the crystallinity of the donor
polymer.

4. Experimental Section

Materials: The patterned ITO substrates were bought from Liaoning
Youxuan New Energy Technology Co., Ltd. The substrates were ultrason-
ically cleaned in the sequence of diluted Hellmanex Il (2:98), DI water,
acetone, and isopropanol consecutively for 30 minutes each before use.
Cleaned ITO substrates were then flow-dried and treated by an O;-plasma
for spin-coating.

The ZnO nano-particles solution was synthesized as reported, which
keeps consistent with the previous work.[*3] The concentration of ZnO
was 15 mg mL~" in methanol with 0.05% (volume fraction) ethanolamine
for better dispersion. The solution was spin-coated on the cleaned ITO
substrates with a speed of 3000 rpm, resulting an optimized ZnO thick-
ness of 30 to 40 nm. The as-cast ZnO films were then annealed at 130 °C
for 10 minutes.

PBDB-TF-T1 and BTP-4F-12 were purchased from 1-Material Inc. THF
(99.9%) and DPE (99.9%) were bought from Sigma-Aldrich Inc. The blend
solution of PBDB-TF-T1 and BTP-4F-12 with 0.5 vol% DPE in THF was
stirred for 3 h (the concentration of PBDB-TF-T1 and BTP-4F-12 was
18 mg mL~" in total). The solution was dynamically spin-coated on the
ZnO substrates with a speed of 2000 rpm, resulting in an optimized ac-
tive layer thickness around 100 nm. The as-cast films were then annealed
at 100 °C for 10 minutes.

MoO; and silver were bought from Carl Roth GmbH + Co. KG. MoO,
was thermally evaporated on the active layer with a thickness of 10 nm.
Silver was then evaporated on the top with a thickness of 100 nm. Both
evaporations were conducted under a vacuum of 3 x 107° Pa.

Characterizations: |-V measurements were carried out with a solar
simulator (class ABA, Newport) with a lamp (SMR-100/XEAR2, Ushio
America, Inc.) as the light source and 2611B Keithley as the monitor of
voltage and current. The light intensity was corrected with a reference sil-
icon solar cell (Fraunhofer ISE019-2015) before measurement and set at
100 MW cm~2. The solar cell devices were measured by masking the active
area with a metal mask of 0.079 cm?.

Stability measurements (as well as operando J-V measurements) were
carried out with a homemade system called “pocket solar”, which adapts
a lamp (PE150AF Xenon Ceramic Body Parabolic Lamp) to mimic the so-
lar spectrum. The atmosphere temperature during the measurement was
controlled at 25 °C via a Julabo to exclude the possible effects from heat.
The light intensity was adjusted to 100 mW cm~2 as AM 1.5G with a refer-
ence silicon solar cell (Fraunhofer ISE019-2015) before the measurements.
The J-V sweeps ran every two minutes and the parameters (Voc Jsc, FF,
PCE) were calculated automatically.

Atomic Force Microscope (AFM) measurements were carried out with
an AFM instrument (Nanosurf, FlexAFM, Switzerland). Gwyddion was
used as the software for data analysis and image post-processing.[>4]

X-ray photoelectron spectroscopy (XPS) spectra were measured
through PHI 5000 Versa Probe I1I at the Vacuum Interconnected Nanotech
Workstation (Nano-X) of SINANO.
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Fourier-transform infrared spectroscopy (FTIR) spectra were collected
from a FT-IR spectrometer (Bruker Equinox), where the films were drop-
casted on cleaned silicon wafers.

Operando GIWAXS/GISAXS experiments were conducted at the PETRA
11l synchrotron P03 beamline at Deutsches Elektronen-Synchrotron (DESY,
Hamburg). A monochromatic X-ray beam with an energy of 11.7 keV and
a beam size of 23 x 32 um? was used. Alignment was carried out every 15
minutes to ensure the accuracy of the incidence angle. A damage scan
was conducted before the operando measurements and a damage of the
organic materials was found after 5 seconds of X-ray exposure. Therefore,
the individual X-ray beam exposure time per spot were limited to be well
below this damage time by moving the sample in the beam (10 um each
step). The positions of the X-ray beam center and sample-to-detector dis-
tance (SDD) in all measurements using a LAMBDA 9 M (X-Spectrum,
pixel size 55 pum) detector were calibrated by fitting the patterns of LaBg
and CeO, with the DPDAK package.3%! The reshaped 2D GIWAXS data,
as well as the cake cuts of the scattering data, were processed with the
Python tool INSIGHT.[36] The 2D GISAXS data were generated with Bor-
nAgain (version 1.17.0).137] The line cuts of the 2D GISAXS data were also
done with the DPDAK package and fitted in the framework of the distorted-
wave Born approximation (DWBA) and the effective interface approxima-
tion (EIA) with a lab fitting tool. For GISAXS, the samples were probed at
an incidence angle of 0.4° with a Pilatus 2 M (Dectris, pixel size 172 um)
detector in an SDD of 4242 mm to study the sample morphology on the
micro-scale. The exposure time for each GISAXS image was 1 s. For GI-
WAXS, the samples were probed at an incidence angle of 0.13° and 0.6°
with an SDD of 164 mm to study the sample crystallinity. The exposure
time for each GIWAXS image was 1 s. The scattering signal of ITO was
obtained from the GIWAXS data measured at 0.6°, and the correction of
the SDD values was done by calibrating the ITO peaks to q = 2.132 A1,
which was determined before from the XRD measurement of the same
batch ITO substrate.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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