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Polymer photovoltaic solar cells based on PTQ10:IT4F were fabricated and characterized with voluntary
contamination of several impurities in various amounts. Impurities were selected as related to the Stille coupling
reagents: in particular palladium catalysts and their respective ligands. Below a concentration of 300 ppm, the
pristine device efficiencies were not significantly affected for any of the studied compounds. The degradation
patterns under accelerated light soaking were not modified either. For higher impurities amounts (>300 ppm),

Pd(PPhs)4 catalyst shows a strong poisoning effect on both pristine device performances and operating stability.
Interestingly, we demonstrate that not only the metallic center of the catalytic complex, but also the ligands can
play a role on the organic solar cells performances.

1. Introduction

Organic photovoltaic (OPV) solar cells are approaching the maturity
in the light of large-scale printing solar panel deployment. Impressive
power conversion efficiencies (PCE) in single-junction have been ach-
ieved in laboratory with over 19% at the cell level [1-3] and over 14%
[4,5] at module level on a laboratory scale. High quality materials are
essential to achieve high performance OPV devices [6]. OPV solar cells
are usually based on an active layer composed of a bulk heterojunction
(BHJ) made of two semiconducting materials. One of these materials is
an electron donor, mainly a polymer and less frequently a
solution-processable small molecule [7,8]. The second material is an
electron acceptor, initially a fullerene derivative [9], and currently,
mostly a non-fullerene acceptor (NFA) [10-12] or rarely NFA-inspired
polymers [13-15]. From a chemical synthesis point of view, small
molecules and fullerenes are small repeated units easier to purify and
reproduce than polymers. Column chromatography and recrystallisation
are common process that allows to limit residue accumulation and
minimize batch-to-batch variation. On the other hand, polymers are
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usually prepared from catalyzed polycondensation reaction, generating
long chains whose length variation are inherent to reaction conditions.
These long chains of different length, do not allow easy purification
process which lead to residues accumulation, in particular those from
reagents introduction. With a lack of purification strategy, their pres-
ence in the active layer can induce severe losses of device performances.
Indeed, Bracher et al. demonstrated that remaining metallic nano-
particles from catalyst can induce current shunts within the device [16].
Liu et al. showed polymer oxidation assisted by palladium [17]. Saeki
et al., Camaioni et al. and Schopp et al., reported that catalyst remaining
traces can alter organic photovoltaic devices by affecting charge carriers
mobility [18-20]. Here we show that not only catalysts but also catalyst
ligands can affect OPV solar cells. To provide a global insight concerning
reaction residues, a series of compounds has been studied and classified
as detrimental or inert towards device performances.

2. Discussion

For this study, the polymer PTQlOl has been chosen [21]. This
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1 pTQ10: poly[(thiophene)-alt-(6,7-difluoro-2-(2-hexyldecyloxy)quinoxaline)].
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polymer presents a low synthetic complexity and promising perfor-
mances [2] which fits with large scale industrial chemistry
requirements.

Two synthetic paths were reported for this polymer (the first is
depicted on Fig. 1 and the second [22] in Fig. 1S). We focused on their
last common polymerization step, a Stille coupling where stannylated
thiophenes react with a bis-bromo-alkyl-oxyquinoxaline (3). To estimate
residues impacts coming from this step on OPV performances, the
PTQ10 polymer was blended with the non-fullerene acceptor IT4F>
[23]. This NFA is in accordance with the energetic levels of PTQ10
(Fig. 2a). This photoactive blend was introduced in the following
inverted architecture: of ITO/ZnO/BHJ/MoOs/Ag, where ZnO is the
electron collector and MoOQs the hole one. Device fabrication is detailed
in supporting information. Fig. 2 depict an averaged typical
current-voltage characteristic and optoelectronic properties, of this kind
of solar cell.

First, the PTQ10 batch was characterized in term of purity. Trace
elemental analyses were performed in order to evaluate the synthesis
residues in the polymer. Palladium (Pd), Tin (Sn) and Phosphorus (P)
contents have been measured on the as-received polymer using ICP-OES
(Inductive Coupled Plasma Optical Emission Spectrometry). The anal-
ysis showed a Pd content of 18 ppm, which can be considered as low
especially compared to previous work where concentrations of over
thousands ppm were reported [16,19]. Unexpectedly, the Tin content
was 874 ppm. Such a high concentration was unexpected and maybe
related to reagent residues (step iii. in Fig. 1) but also from Sn-ending
polymer chains. Indeed, during the polymerization condensation reac-
tion (Fig. S2) Bromo-trimethylstanyl chemical should be released. This
highly reactive compound, should be rapidly converted into trimethyl-
stannylol or methoxytrimethylstannane during methanol precipitation
purification process performed in air. Both are small molecules, highly
soluble and with a high vapor pressure as stannylated compounds. So,
their presence in the polymer would be really surprising and thus very
unfortunate. The second possibility of tin residue source is in the
non-capping of the polymer chains. The Trimethylstanyl function is
relatively fragile (usually easy to hydrolyze). But, with organic semi-
conductor polymer folding properties [24], protection of this function in
a polymer matrix is more credible. All these aspects may reveal the
necessity of an end-capping procedure or a special process to help the
hydrolysis for a better control of the polymers on remaining tin aspect.
And this result itself is highly relevant to set the specifications of the
purity requirements. Finally, phosphorus content was found to be below
the detection level of the ICP-OES measurement.

OPV devices have been characterized in terms of performances on
freshly prepared samples. In order to understand the impact of a prob-
able contaminations, seven different compounds were investigated as
impurities and introduced deliberately in the active layer at different
concentrations. Indeed, according to the PTQ10 catalytic polymeriza-
tion cycle depicted in Fig. S2, the most abundant impurities that could
remain after polymerization condensation are catalysts, catalyst ligands,
stannylated compounds, and brominated compounds.

Tetrakis(triphenylphosphine)palladium(0) (Pd(PPhs)4), one of the
most used catalyst in pallado-catalyzed C-C cross coupling in organic
chemistry, was selected as an impurity to study. This pollutant has been
previously investigated by various teams [16,17,20,25]. Schopp et al.
reported a study for a BHJ composed of PTB7-Th/IOTIC-4F [20]. It was
observed a considerable detrimental effect on PCE at 3 %wt Pd of
catalyst vs polymer which corresponds to a Pd contamination at 2760
ppm with respect to the donor. To picture the order of magnitude, in the
literature, an usual contamination of 2000-3000 ppm Pd was described
in different polymers [16,19]. As a consequence, we studied the addition

2 IT4F: 3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7-difluoro)-inda-
none))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2,3-d’]-s-indaceno
[1,2-b:5,6-b’1dithiophene, (Molecular structure in SI).
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of Pd(Phg)4 of respectively 0, 300, 600, 1200 and 2500 ppm in the active
layer of the OPV cells, keeping in mind that our baseline is at 18 ppm. Pd
(PPh3)4 represents a source of palladium where the metal oxidation state
is (0). This metallic complex is also in a dynamic equilibrium that can
release triphenylphosphine (PPhj3) ligand to provide access to the
reactive Pd atom during the polymerization reaction. It is then also
important to run control experiments using PPhs as a potential
contaminant to understand if damages are caused by the metal itself or
by its ligands. To provide a fulfil insight on this aspect, it would be logic
to introduce also metallic Pd, which is impossible (Pd atoms agglom-
erate to generate black palladium). That is also why investigating
another source of Palladium (0) was relevant. Tris(dibenzylideneace-
tone)dipalladium(0) (Pdz(dba)s) in addition with PPhs is commonly
used to generate in situ PA(PPhg)4 catalyst [22]. Pda(dba)s addition was
also studied with control experiment with (dibenzylideneacetone (dba).
To complete this aspect, it was worthy to examine a source Pd where the
metal oxidation state is (II).Indeed, in presence of a reducer Pd (II) can
also be used in the case of Suzuki reaction in polycondensation poly-
merization to generate Pd(0) catalyst complex in situ [26]. For this
reason, a Palladium(II) acetate (Pd(OAc)-) was chosen, as well as acetic
acid (AcOH) in control experiments. Finally, as last residue, we also
introduced on purpose bistrimethylstanylthiophene ((Me3Sn)»-Thio) as
a source of Tin. The chemical structures of these compounds are dis-
played in inset of graphs of Fig. 3a.

3. Initial performances of OPV cells: impact of the contaminants

The impact of the considered impurities on PV efficiency for pristine
cells (i.e. at t0) is shown on Fig. 3b-e. First, one can observe on Fig. 3b,
Pd(PPhgs), introduction at concentrations superior to 300 ppm is detri-
mental for the PCE. Indeed, PTQ10:IT4F pristine devices exhibit PCE
around 9.2%, whereas with 2500 ppm of Pd(PPhs) it drops to 6.3% (a
30% loss). Nikiforov et al. reported that below 1 wt% Pd (= 920 ppm
Pd), the damage on the performances of PTB7:PCBM devices were not
significative [25]. They considered that Pd(PPhs)4 addition does not
affect device performance until the Pd concentration became larger than
the initial Pd concentration. Since here, the initial concentration is very
low (18 ppm), far below 1 wt% Pd, a slight increase in PCE (0.5%),
associated to an increase of FF (see Fig. S3) is observed up to 300 ppm.
This benefic trend is similar to the use of additives, like the common
diiodooctane (DIO) [27] which improves initial OPV performance. So
“additive effect” summarize well this phenomenon. Interestingly, at
0.75 wt% Pd (= 690 ppm Pd), Schopp et al. observed the same increase
of the performances [20]. They also noticed a slight increase of coher-
ence lengths describing PTB7-Th lamellar stacking, suggesting that this
improvement could be explained by a little benefice in polymer chain
ordering at low contaminant concentration. Concerning the following
30 % loss, such performance decrease is consistent with the work re-
ported by Schopp et al. where 44% of PCE were lost in PTB7-Th:
IOTIC-4F solar cells [20]. These performances losses are principally
due to a considerable impact on the current density (Jsc, as can be seen
in Fig. $3), with a drop from 17.5 mA/cm? for the non-polluted condi-
tion down to 14.2 mA/cm? for 2500 ppm, while the open circuit voltage
(Voc) remains extremely stable with the increasing concentration of Pd
(Fig. S3d). This loss in Jsc is also observed on the External Quantum
Efficiency measurements (Fig. S11a). To understand how the catalyst
hampers device efficiency, thin film morphology was imaged by AFM
(Atomic Force Microscopy) and charge carrier mobility was extracted
from SCLC (Space Charged Limited Current) characterizations of hole
only and electron only devices. No clear and significant change in the
height and phase BHJs AFM images was observed upon addition of the
Pd(PPh3),4 suggesting that introduction of 300 ppm or 2500 ppm of Pd,
via Pd(PPhg)4, in the BHJ does not affect the active layer morphology
(see Figs. S12-S14) as already reported [20]. Concerning electron
mobility obtained by SCLC, comparable mobility (see Table 1) around
2.2 x 10* em? V1 57! was observed on pristine samples and with 300
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Fig. 1. First synthesis of PTQ10 described by Sun et al. [21], reaction conditions: i: Glyoxylic acid, AcOH, r.t.; ii: 1-bromo-2-hexyldecane, ; iii: 2,5-bis(trimethyl-

stannyl)thiophene, Pd(PPh3),, toluene, reflux.
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Fig. 2. a) Typical JV curve of PQT10:IT4F-based devices (average of 64 devices), with energetic levels (expressed in eV). JV curves with deep blue dots and lines
indicating the averaged curve, shades indicating the standard deviations, dash indicates were PCE max is generally obtained; b) Absorbance of a pristine PTQ10 (pink
line), pristine IT4F (blue line) and PTQ10:IT4F (ratio 1:1.2) BHJ (purple line) thin films and external quantum efficiency (EQE, orange dotes).

and 2500 ppm of introduced palladium. The pollutant are not signifi-
cantly affecting the electron mobility. On the opposite, the hole mobility
is significantly affected by the addition of Pd(PPhg)s. With 300 ppm
impurity the hole mobility decreased of about half of the pristine value,
from 5.2 x 107> t0 2.7 x 10~> em? V! s71. The addition of 2500 ppm of
Pd generates a loss of one order of magnitude, down to 5.7 x 10~ cm?
v~1 57 Plotting the current-voltage curves of hole only devices in
logarithm scale demonstrated a characteristic trap assisted regime (see
Fig. 4) [28]. Due to the pollution with Pd(PPh3)4 even at 300 ppm level
(see Fig. S16). This trapping mechanism was not observed by Shopp
et al. [20] observing a preserved hole mobility in their study based on a
different material system. Our observation underlines that impurity
mechanisms require advanced studies for each type of active layer. Our
experiment illustrates once again that, like previous studies of Nikiforov
et al. and Schopp et al., but in a different active layer: PTQ10:IT4F, large
amount of remaining palladium catalyst (>300 ppm) have a detrimental
effect.

As underlined previously, catalyst complexes are not fully covalent
entities, ligands are labile and can coordinate/uncoordinate very
quickly, this aspect was of high importance to study. With that in mind,
investigating the introduction effect of the same amounts of the ligand
PPhgs, without the palladium itself seemed to be an appropriate control
experiment (Fig. 3b). Surprisingly, a very similar detrimental effects
with the ligand compared to the complete palladium catalyst. Once
again AFM measurements showed no significative modifications (see
Fig. S15) and comparable trap assisted mechanism were observed with
SCLC measurements (see Fig. S17) suggesting the importance of this
molecule in hole trap creation. Therefore, the metallic atom itself cannot
be the only moiety responsible for device PCE losses. In order to deter-
mine if the damages were only due to the phosphine part, the impact of
another source of Pd(0): Pdy(dba)s, on the OPV performances was
studied. With Pdy(dba); as contaminant, a similar behavior is again
observed (Fig. 3c): starting with a PCE at 10.2%, the same “additive
effect” was observed up to 100 ppm (with 0.8% of PCE increase), fol-
lowed by PCE losses above 300 ppm to reach 7% (31% loss). Then we
used the same strategy as before, ie keeping the dba ligand without the

Pd. No clear dependence of PCE on dba concentration was observed. As a
consequence, in this experiment, the palladium clearly seems to be
responsible for the PCE loss. For further insight, a source of palladium
(II): Pd(OACc),, less used as a catalyst, was investigated (Fig. 3d). This
compound with an initial PCE of 9.6% generated, once again, a small
increase in performance (0.2% of PCE) up to 300 ppm followed by a less
pronounced decrease of performance (20% loss). Note that the acetic
acid control experiment did not here again show any PCE loss. As a
conclusion, the three palladium containing catalysts (metallic or ionic)
are showing similar behavior of PCE losses on pristine devices as well as
the phosphine ligands. This confirms that, not only the metallic Pd, but
also the phosphine ligands can impact similarly the solar cells.

As remaining phosphine has to be considered, its degree of oxidation
can also be a relevant parameter. That is why, we proceeded to a com-
plementary experiment with the introduction of triphenylphosphine
oxide in the same amount than in PPhs experiment (Fig. S3). And
remarkably triphenylphosphine oxide does not exhibit any adverse ef-
fect on the OPV efficiency. This experiment highlights that the bulkiness
of triphenylphosphine groups does not impact the photovoltaic perfor-
mances, suggesting that the active layer morphology is not impacted. On
the contrary, it demonstrates an important point: the doublet of the
phosphine is the key parameter able to damage solar cells performances.

Finally, the impact of stannylated compound (Me3Sn),-Thio on the
initial performances was investigated. This source of tin, does not affect
the photovoltaic properties even for high content, up to 2500 ppm
(Fig. 3e). Although surprising, this result should be put in perspective
since already 874 ppm of tin is present in the as-received polymer (from
our ICP-OES analysis). We can still admit that the introduction of up to
2500 ppm of tin (four times tin residues) should be enough to initiate
any impact on devices performances, which is not the case. Tin
contamination seems to have globally no adverse effect until 3300 ppm
on the solar cell which is encouraging.

4. Impurities impact on devices aging

To evaluate the stability of the devices under light soaking,
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Fig. 3. (a) Chemical structures of the studied molecules. (b-e) Dependence of PCEs of PTQ10:IT4F pristine cells with the introduced concentration of impurity for a)
Pd(PPh3), and its ligand PPhs, b) Pd,(dba)s; and its ligand dba, ¢) PA(OAc), and AcOH and d) (Me3Sn),-Thio. Error bars indicate standard deviation on a minimum of
8 cells. See Figs. S3-S6 for different photovoltaic parameters (Jsc, Voc, FF).Note that zero means no voluntary introduction, i.e. pristine materials with a measured
residual Pd content of 18 ppm, Sn content of 874 ppm and P content 0 ppm. (b) Pd(PPh3)4 and PPhs; (c) Pda(dba)s and dba; (d) Pd(OAc), and AcOH; (e) (Me3Sn)»-
Thio. Note also that, for PPhs, dba, and AcOH, the introduced amounts are exactly the same amount than in case of corresponding catalyst introduction without
Palladium for comparison. That is why you can read equivalent Pd ppm (“eq. Pd” ppm).

Table 1
Mobility of electrons (e~) and holes (h*) obtained by SCLC measurements.

Mobility (cm2.V~1s™1)

Pd (ppm) e h*

0 ppm 2.2x107* 5.2 x 107°
300 ppm 2.2 x107* 2.7 x 107°
2500 ppm 2.1 x 107 5.7 x 107
2500 eq ppm (PPhy) 1.9 x 107* 7.7 x 107®

accelerated ageing of samples has been performed under 1.5 sun in a
chamber with a controlled temperature of 50 °C. For the devices
contaminated, the most representative cases were selected: O ppm, as
reference, 300 ppm, for the noticed “additive effect” and 2500 ppm,
where damages were obvious. Fig. 5a shows the evolution of the PCE for
the seven impurities at a concentration of 300 ppm or equivalent.

For low concentration (300 ppm or eq.), the initial PCEs of the
different samples were very similar, and in order to facilitate the com-
parison between the samples, the evolution upon ageing of normalized
PCE:s are presented (See in Fig. S7 for non-normalized values). All OPV
devices show the same degradation kinetics as the control device,
regardless of the type of contaminant. After 30 h of accelerated ageing,
all samples still have 80% of initial performances. The evolution of the
different photovoltaic parameters (Jsc, Voc, FF) are presented in Figs. S7
and S8. From these results, it seems that low concentrations of impu-
rities (below 300 ppm or eq) do not affect significantly the degradation

N
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Fig. 4. SCLC measurements of hole only devices containing 0 and 2500 ppm
de Pd.

kinetics and in particular the burn-in.

For higher concentration (2500 ppm or eq.), normalized PCEs are
shown on Fig. 5b (See in Fig. SO for non-normalized values). For most of
the contaminants, except Pd(PPhs)4 and Pd(OAc),, PCEs are following
the same degradation kinetics observed previously for low concentra-
tions. The evolution of the different photovoltaic parameters (Jsc, Voc,
FF) are presented in Figs. S9 and S10. Pd(OAc),, which has a slightly
better FF maintained, is slowing devices degradation. At the opposite, Pd
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(PPhg3)y, due to a combination of severe damage on FF and Jgc, seriously
damages the solar cells. As this catalyst is well known to be light sen-
sitive, it means that, at high concentration, due to light exposition,
highly reactive entities are released in the active layer accelerating the
aging of the cells.

5. Conclusion

During this study we highlight that Stille reaction impurities can
have an impact on pristine organic solar cells performances and on the
stability under light soaking. For PTQ10:IT4F active layer we demon-
strated that Pd(PPhs)4 but also its phosphine ligand PPhg severely affect
photovoltaic performances at high pollution content (> 300 ppm). At
low concentration (~ 300 ppm) a slight improvement of the perfor-
mances can be observed which might be related to morphology changes.
Under light soaking, for low concentration of residues (~ 300 ppm), no
significant changes were observed, the degradation kinetics remaining
similar to that of the reference device. At high concentration (2500
ppm), the different contaminants did not show a significant impact on
the stability of the devices, except for palladium catalysts. In particular,
Pd(PPhgs)4 clearly shows a detrimental effect on the solar cells perfor-
mances, mainly due to a strong decrease of FF and Jsc. According to our
study, tin residues are inert below 3300 ppm and a palladium residues
content below 300 ppm is an acceptable threshold. However, we did not
investigate the mix of impurities. Therefore, we have no information
related to the cocktail effect. Thus, we can only recommend to have the
lowest level of residues in OSC polymers. Finally, this study clearly
points out the necessity to carefully purify the raw materials for OPV,
systematically check their contamination level through trace residue
analysis, proceed end-capping and set specifications of the purity. Such
effort would improve the materials quality to enable high efficiency and
stable organic solar cells in the future.
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