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Organic Solar Cells: Electrostatic Stabilization of Organic 
Semiconductor Nanoparticle Dispersions by Electrical 
Doping
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Organic semiconductor nanoparticle dispersions are electrostatically sta-
bilized with the p-doping agent 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoqui-
nodimethane (F4TCNQ), omitting the need for surfactants. Smallest amounts 
of F4TCNQ stabilize poly(3-hexylthiophene) dispersions and reduce the size 
of the nanoparticles significantly. The concept is then readily transferred to 
synthesize dispersions from a choice of light-harvesting benzodithiophene-
based copolymers. Dispersions from the corresponding polymer:fullerene 
blends are used to fabricate organic solar cells (OSCs). In contrast to the 
widely used stabilizing surfactants, small amounts of F4TCNQ show no 
detrimental effect on the device performance. This concept paves the way for 
the eco-friendly fabrication of OSCs from nanoparticle dispersions of high-
efficiency light-harvesting semiconductors by eliminating environmentally 
hazardous solvents from the deposition process.
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production costs. In particular, in the 
field of organic solar cells (OSCs), sub-
stantial research efforts have been con-
ducted toward replacing these solvents 
with non-toxic, environmentally friendly 
solvents.[4,5] Significant progress has been 
achieved over the last years by modifying 
high-performance organic semiconduc-
tors to enhance their solubility in tetrahy-
drofuran, o-xylene, or toluene, eliminating 
halogenated solvents while maintaining 
the high power conversion efficiencies 
(PCEs) of the corresponding solar cells 
beyond 17%.[6–8] An alternative route 
toward eco-friendly processing agents, 
such as water or alcohol, is the synthesis 
of nanoparticle inks. Light-harvesting 
layers for solar cells can then be fabricated 

from nanoparticle dispersions by the same deposition methods 
used for solvent processing (spin coating, doctor blading, and 
inkjet printing).[9] After deposition, thermal annealing warrants 
the joining of the nanoparticles and the formation of a closed 
layer.[10] While virtually any organic semiconductor can be dis-
persed in suitable agents at low concentrations, for example, for 
spectroscopic investigations,[11] the fabrication of OSCs requires 
dispersions with high concentrations in the g L−1 regime, often 
causing the coagulation of the dispersions. Highly concentrated 
dispersions can only be achieved if they are strongly stabilized 
against coagulation.

Ionic surfactants have been widely used to stabilize aqueous 
organic semiconductor nanoparticle dispersions prepared by 
the miniemulsion method.[12–14] Yet, these surfactants remain 
in the bulk-heterojunction where they are suspected to hinder 
charge carrier transport and thus reduce the performance 
of the OSCs.[14–17] Moreover, the slow formation of nanoparti-
cles in miniemulsions promotes the formation of core–shell 
structures, which may also be detrimental to the later perfor-
mance of solar cells. Yet, tailoring the nanoparticle morphology 
between core–shell, intermixed, and flipped core–shell architec-
tures in miniemulsion processes was achieved by controlling 
the surface energy.[18]

In earlier work, the drawbacks of employing surfactants, 
that is yielding core–shell nanoparticles and wetting issues 
with water during later thin-film deposition, prompted us to 
synthesize surfactant-free nanoparticle dispersions from blend 
solutions of poly(3-hexylthiophene) (P3HT) and indene-C60 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202202566.

1. Introduction

The solution-processability of organic semiconductors enables 
the fast and flexible design of organic optoelectronic devices 
and eventually their production by large-scale high-throughput 
printing and coating. As of today, most organic semiconduc-
tors are only soluble in halogenated, aromatic, or heterocyclic 
solvents such as chloroform, chlorobenzene, or tetrahydro-
furan. Unfortunately, the environmental and health hazards 
of these solvents[1–3] require the implementation of expensive 
solvent capturing techniques which are in conflict with low 
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bisadduct (ICBA) by nanoprecipitation in alcohols, yielding dis-
persions with remarkable shelf-stability and OSCs with PCEs 
of 4%.[10] The principal nanoprecipitation method by solvent  
displacement was first described by Takeuchi.[19,20] If a polymer 
solute in a good solvent is injected into an excess amount of 
a miscible non-solvent, the immediate change in solubility 
supersaturates the solution, causing the polymer chains to col-
lapse and eventually form nanoparticles.[21] In contrast to the 
slow nanoparticle formation in miniemulsion processes, the 
rapid nanoparticle formation during nanoprecipitation pro-
motes well-intermixed polymer and fullerene phases inside 
the nanoparticles.[22] So far, only very few organic semiconduc-
tors have formed stable nanoparticle dispersions upon nano-
precipitation, with the most prominent examples being P3HT, 
as well as blends of P3HT and fullerenes. To enable the use 
of other semiconducting polymers, Xie et  al. added a steri-
cally stabilizing poloxamer to the nanoprecipitation process, 
but laborious subsequent cleaning steps were necessary to 
iteratively reduce the surfactant content for best photovoltaic 
performance.[17]

Electrostatic effects were reported to stabilize nanoparticles 
of individual polymers.[23] And recently, we reported that the 
intrinsic stability of P3HT and P3HT:ICBA nanoparticle dis-
persions is also of electrostatic origin.[24] If electrostatic effects 
are powerful enough to stabilize P3HT:ICBA nanoparticles 
over an extended period of time, the deliberate generation of 
(surface) charges on the nanoparticles should enhance the col-
loidal stability. A common approach to charge organic semi-
conductors is electrical p-doping with strong oxidizing agents 
such as 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane 
(F4TCNQ).[25–42] In this work, we investigate the stabilization 
of organic nanoparticle dispersions by electron transfer from 
the comprised polymer to F4TCNQ. To present the principal 
case and for best comparability with the literature, we study 
the effect of F4TCNQ on dispersions of P3HT or P3HT:ICBA. 
Thereafter, we transfer the concept to other organic semicon-
ductors and blends, which are commonly used in OSCs, and 
which otherwise would immediately show strong coagulation 
upon nanoprecipitation.

2. Results and Discussion

2.1. Doping of P3HT Dispersions

The principal effect of the dopant F4TCNQ on organic semicon-
ductor nanoparticles is best studied on the well-known donor-
type semiconductor P3HT. P3HT forms stable nanoparticle 
dispersions in absence of surfactants, which lets us compare 
the effect of doping with a non-doped reference. F4TCNQ can 
undergo an integer charge transfer with P3HT, leaving a posi-
tive charge on P3HT, with a doping efficiency on the order of 
60%–70% in chloroform.[35]

All P3HT dispersions were synthesized by nanoprecipitation 
following established experimental protocols.[10] Therefore, we 
rapidly injected chloroform solutions of P3HT (2 g L−1) into the 
miscible non-solvent ethanol (1:4 v/v). To investigate the effect 
of F4TCNQ-doping on P3HT dispersions, we added F4TCNQ/
acetonitrile solutions (10 g L−1) in small amounts to the P3HT/

chloroform solutions prior to nanoprecipitation. The mass ratio 
of F4TCNQ and P3HT (wF TCNQ4 ) was varied between 0.005 and 
5 wt%. The nanoparticles were then formed upon injection of 
the P3HT:F4TCNQ solutions into ethanol.

The nanoparticles were almost spherical (see atomic 
force microscopy, AFM, images in Figure S1, Supporting 
Information). The electrical doping of P3HT nanoparticle dis-
persions with F4TCNQ directly affects the size of the nanopar-
ticles in Figure 1 but not their shape. If no F4TCNQ is added 
to the P3HT/chloroform solution before nanoprecipitation 
(wF TCNQ4   = 0 wt%), the nanoparticles exhibit a size of 72  nm, 
which is in agreement with earlier works.[22] Even at very low 
concentrations of wF TCNQ4  = 0.004 wt%, we found a reduction of 
the nanoparticle size to 62 nm. This concentration of F4TCNQ 
corresponds to about 12 F4TCNQ molecules per nanoparticle 
(for details see Section S1, Supporting Information). At 
wF TCNQ4   = 0.1  wt%, the nanoparticle size is further reduced to 
36  nm, which is half the nanoparticle size of the non-doped 
dispersion. Up to wF TCNQ4   = 0.4  wt%, the nanoparticle size 
steadily decreases, before the effect saturates. This saturation 
corresponds to a concentration of approximately one F4TCNQ  
molecule per P3HT chain (Equation (S2), Supporting Information).

The reduction of the nanoparticle size through electrical 
doping can be understood by reviewing the fundamental 
mechanisms of the nanoparticle growth process. During the 
nanoprecipitation of high-molecular-weight polymers, the indi-
vidual polymer chains collapse immediately after solvent dis-
placement.[43] The resulting nuclei size is already in the range 
of the critical nuclei size, and thus the growth process of the 
P3HT nanoparticles is mainly controlled by their colloidal sta-
bility.[44,45] According to the DLVO theory, the colloidal stability 
of electrostatically stabilized nanoparticle dispersions can be 
described by the interplay of attractive van der Waals forces and 
repulsive electrostatic forces, which together form an energy 
barrier.[46] As both forces increase with nanoparticle size, this 
energy barrier is increased during nanoparticle growth, until it 

Figure 1. P3HT nanoparticle size after addition of F4TCNQ/acetonitrile to 
the P3HT/chloroform solution and subsequent nanoprecipitation versus 
the mass ratio of F4TCNQ and P3HT ( F TCNQ4w ). The error bars represent the 
standard deviations of at least three independent experimental results.
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is sufficient to prevent further agglomeration. If the repulsive 
forces are low, the process may not stop at all, leading to contin-
uous growth and hence the rapid formation of visible agglom-
erates.[47] If the repulsive forces are enhanced, for example, 
by an increased number of surface charges, the nanoparticle 
growth stops earlier, leading to smaller nanoparticles.[45,48] Elec-
trical doping with F4TCNQ adds to the surface charge of the 
nanoparticles and hence helps to stop nanoparticle growth and 
to suppress agglomeration. The feasibility of using low dopant 
concentrations also lets us conclude that, unlike surfactants, 
surface coverage of the nanoparticles by F4TCNQ is not the pre-
dominant stabilization mechanism.

2.2. The Role of the Counterion

Importantly, the charging of the nanoparticles can only occur if 
the countercharges are displaced from the nanoparticles. If the 
countercharges remained on the nanoparticles, the nanoparti-
cles would exhibit zero net charge even after electrical doping. 
Once an electron from P3HT has been accepted, the F4TCNQ− 
anion must be detached from the nanoparticle and must not be 
incorporated in order to foster the charging of the nanoparticle. 
According to earlier literature reports on doping of P3HT in 
solution, the F4TCNQ− anion can be separated more efficiently 
from the charged P3HT, if the permeability, εr, of the environ-
ment is high,[31,49] which prompted us to use ethanol (εr = 24.5) 
as the dispersion medium. Moreover, F4TCNQ exhibits some 
solubility in ethanol, which facilitates the separation of the 
F4TCNQ− anion from the positively charged nanoparticle.

The F4TCNQ− anion has been reported to show distinct 
absorption features,[30] which allows us the investigation of the 
dispersion and its ions by UV–vis–NIR spectrometry. Figure 2a  
depicts the optical density of P3HT:F4TCNQ/chloroform solu-
tions (dashed lines) and the corresponding dispersions after 
nanoprecipitation in ethanol (solid lines). For reference, the 
black lines show the absorption of typical neat (undoped) 
P3HT/chloroform solutions and P3HT/ethanol dispersions, 

the latter of which exhibit the commonly observed redshift of 
semi-crystalline P3HT.[50,51] Upon p-doping with F4TCNQ, we 
observed the emergence of two distinct spectral features. One 
of these two features is a broad absorption shoulder between 
1.2 and 1.8 eV, which was previously attributed to the electronic 
transition P2 of polarons in P3HT either by electrochemical oxi-
dation of P3HT or by molecular p-doping.[35,39,52,53] The second 
feature comprises two absorption peaks at 1.45 and 1.65 eV.[35,39] 
These two peaks are the fingerprint of the F4TCNQ− anion, evi-
dencing the electron transfer to the F4TCNQ moiety. Toward 
larger wF TCNQ4 , both features become more pronounced, indi-
cating an overall increase in electrical p-doping by integer 
charge transfer. Upon nanoprecipitation, that is, the transition 
from semiconductor solution to dispersion, both the polaron 
absorption peak P2 as well as the absorption of the F4TCNQ− 
anion persisted. Thus, we infer that the amount of polarons on 
P3HT also persisted, that is, the previously generated charges 
still populate P3HT after nanoprecipitation. We note that even 
the non-doped sample shows a weak P2 feature, which may 
indicate an intrinsic charging of P3HT and explain the excep-
tional intrinsic colloidal stability of P3HT nanoparticle disper-
sions. We further note that in solution, the absorption band at 
2 eV was more enhanced toward increased doping ratios, which 
is generally indicative of a closer packing of P3HT.[54,55] Thus, 
electrical doping may also affect the packing of P3HT, which in 
turn would influence nanoparticle formation.

The electrostatic stabilization of the dispersion requires a 
displacement of the F4TCNQ− anion from the nanoparticles. To 
investigate whether F4TCNQ− anions are present in the disper-
sion medium, we intentionally triggered the coagulation of a rep-
resentative doped P3HT dispersion (P3HT/chloroform solution, 
2 g L−1, doped with F4TCNQ, wF TCNQ4   =  1 wt%, nanoprecipitated 
in ethanol, 1:4 v/v) by adding sodium bromide (10−3 m), removed 
the sediments by centrifugation, and measured the optical den-
sity of the supernatant, which is displayed in Figure 2b. We then 
deconvolved the spectrum into the spectra of neutral, anionic, 
and dianionic F4TCNQ with a least-square fit. The best fit was 
achieved if all F4TCNQ molecules were in their anionic form. 

Figure 2. a) Optical densities (per path length) of P3HT dispersions (solid lines) and optical densities of P3HT solutions prior to nanoprecipitation 
(dashed lines). The measurement of the optical density of doped dispersions and solutions is restricted to the relevant lower photon energies by the 
experimental setup. b) Top: (Logarithmic) optical density of the ethanol supernatant after coagulation (with sodium bromide) and centrifugation of a 
P3HT dispersion doped with F4TCNQ (1 wt%). Traces of P3HT from residual nanoparticles remain visible in the optical density between 2 and 3 eV. 
The spectrum was deconvolved into the spectra of neutral, anionic, and dianionic F4TCNQ with a least-square fit. Bottom: Optical densities of neutral 
F4TCNQ, F4TCNQ− anions, and F4TCNQ2− dianions (1 g L−1 each) for reference [30].
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Neutral and dianionic states made only negligible contributions 
to the optical density of the dispersion. Between 2 and 3 eV, we 
also found traces of P3HT from the remaining nanoparticles. 
Notably, ethanol solutions of neat F4TCNQ exhibited different 
optical densities (for details see Section S3, Supporting Informa-
tion) as neutral F4TCNQ tends to react with certain solvents.[41,56] 
Once in its anionic form, F4TCNQ appears rather inert against 
the solvent ethanol. The concentrations of the different F4TCNQ 
species in the supernatant add up to 4.0 mg L−1, which equals 
the amount of F4TCNQ in the dispersion before the segregation 
of the particles. This observation suggests that after nanoprecip-
itation, F4TCNQ preserves its anionic form and is dissolved in 
the dispersion medium.

From these findings, we picture the nanoprecipitation pro-
cess as illustrated in Figure 3. The doping of the polymer solu-
tion with F4TCNQ leads to an ion pair of P3HT+ and F4TCNQ− 
(Figure 3a). In a non-polar solvent like chloroform, this ion pair 
is bound due to the Coulomb attraction of the opposite charges. 
The solvent exchange causes the formation of polymer nuclei 
while maintaining the charge distribution (Figure  3b). Due to 
the high permittivity of ethanol (εr = 24.5), the F4TCNQ− anions 
can dissociate from the nanoparticles, leaving a positive charge 
on the nanoparticles (Figure 3c). This positive charge controls 
the nanoparticle growth and ultimately leads to enhanced col-
loidal stability due to the electrostatic repulsion between the 
nanoparticles. At this stage, without changing the conclusions 
from this experiment, the distribution of the F4TCNQ− anions 
across the electrical double layer around the nanoparticle 
remains for further investigation.

2.3. Solar Cells Fabricated from Electrically Doped P3HT:ICBA 
Nanoparticle Dispersions

After we understood the interaction of P3HT and F4TCNQ, as 
well as the corresponding stabilization process of P3HT nano-
particles, we translated our experimental efforts to blends of 
P3HT:ICBA, which have been used in surfactant-free nano-
particle dispersions for the fabrication of OSCs before.[9,10] 

Recent reports indicated that the inclusions of fullerenes with 
residual solubility in the dispersion medium help the disper-
sion stability by displacing the negative countercharges from 
the positively charged nanoparticles.[24,57] Earlier investigations 
on solution-processed polymer:fullerene light-harvesting layers 
demonstrated no detrimental effects of small amounts of 
F4TCNQ on the OSC performance.[28,32,37,42]

We prepared solutions of P3HT:ICBA (1:1 w/w) in chloro-
form (8 g L−1) and added different amounts of F4TCNQ (wF TCNQ4  
between 0.1 and 1 wt% with respect to the mass of P3HT) to 
the solutions by injecting the respective amount of F4TCNQ/
acetonitrile solution (10  g L−1). Then we carried out the nano-
precipitation as described in Section 2.1. The dispersions were 
concentrated to 8 g L−1 by thermal evaporation and centrifuged 
to remove any larger agglomerates, which might later produce 
defects in the light-harvesting layers. In accordance with the 
literature, the nanoparticles are likely to exhibit intermixed 
polymer and fullerene phases due to their rapid formation upon 
nanoprecipitation. Core–shell architectures, as they are com-
monly observed in nanoparticles synthesized along the minie-
mulsion route, require more time to form. Table 1 summarizes 
the nanoparticle sizes of the dispersions in dependence on 
the F4TCNQ content. Again, we observed that the addition of 
F4TCNQ causes a decrease in the nanoparticle size from 76 nm 
(wF TCNQ4  = 0 wt%) to 41 nm (wF TCNQ4  = 0.4 wt%). Yet, the effect is 
not as pronounced as in the previous experiment.

OSCs were fabricated with an inverted device architecture 
comprising indium tin oxide (ITO)/ZnO/P3HT:ICBA/poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS)/
Ag. The P3HT:ICBA layers were spin-coated from dispersions 
and thermally annealed at 150 °C to merge the nanoparticles 
for leveling the layers (Figure S4, Supporting Information) and 
for the best extraction of photo-generated charge carriers, as 
described previously.[10] During this annealing step, the mor-
phology of the light-harvesting layers may also be reorganized 
and optimized due to the high diffusivity of the fullerene.[58–60]

The current density–voltage (J–V) curves of representative 
OSCs are depicted in Figure 4a and their key parameters, open-
circuit voltage (VOC), short-circuit current (JSC), fill factor (FF), 

Figure 3. The electrostatic repulsion of organic nanoparticles upon electrical doping of the polymer controls the nanoparticle growth process. a) Upon 
electrical doping of the polymer in solution with F4TCNQ, bound ion pairs form. b) During the solvent exchange, the polymer chains collapse into 
nuclei. The F4TCNQ− anions dissociate into the non-solvent ethanol. c) The persisting positive charges on the nanoparticles warrant mutual repulsion 
of the nanoparticles and therefore, enhance the colloidal stabilization.
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and PCE are summarized in Table 1. Up to wF TCNQ4  = 0.2 wt%, 
the incorporation of F4TCNQ had only a negligible effect on the 
overall device performance, which is well in accordance with 
earlier literature reports on the F4TCNQ-doping of OSCs.[42] 
JSC gradually increased up to wF TCNQ4  = 0.4 wt%, beyond which 
it was reduced. The enhanced band at 2  eV of the external 
quantum efficiency (EQE) (Figure S5, Supporting Informa-
tion) indicates that the presence of small amounts of F4TCNQ 
enhances the crystallinity of P3HT. At wF TCNQ4   = 1 wt% and 
beyond, a pronounced decrease of the VOC was observed, paired 
with an overall deterioration of all key parameters.

To investigate the origin of the decrease of the VOC toward 
higher F4TCNQ concentrations, we measured the VOC of 
the respective solar cells in dependence on solar irradiation. 
Figure 4b depicts the VOC versus the logarithmic irradiance, I, 
where the VOC follows a linear relation according to:[61]

V V n
k T

e

I

I
·lnOC 0

B 0= − 



  (1)

with the ideality factor n, the Boltzmann constant kB, the tem-
perature T, the elementary charge e, and the constants I0 and 
V0. An ideality factor close to 1 indicates dominant bimolec-
ular recombination in the device. A larger n indicates a more 
pronounced Shockley–Read–Hall (SRH) recombination.[62,63] 
We obtained n = 1.32 for OSCs with neat P3HT:ICBA light-
harvesting layers, which is in accordance with earlier literature 
reports.[64] Upon addition of F4TCNQ, n gradually increases 
up to 1.73 (wF TCNQ4  = 0.4 wt%), hence indicating enhanced SRH 

recombination, which agrees well with the reduction of the VOC 
and the fill factor toward higher doping ratios. At even higher 
doping ratios, the developments of the key parameters are 
much more complex, as discussed in Section S6, Supporting 
Information. Our observations are well in accordance with pre-
vious recombination studies on the influence of dopants on the 
performance of OSCs.[28,32,65] While small amounts of dopants 
can reduce SRH recombination by trap filling, the incorpora-
tion of large numbers of trap states either intentionally or by 
impurities can lead to an increased SRH recombination.[63,66,67]

In summary, the incorporation of small amounts of F4TCNQ 
into the nanoparticulate solar cells hardly affects the device 
performance. Only toward larger amounts of F4TCNQ, we 
observed minor deterioration of FF and VOC, due to increased 
recombination. Yet, the simultaneous increase of JSC, presum-
ably due to enhanced absorption, results in an overall increase 
of the PCE to 3.6% (wF TCNQ4  = 0.1%).

2.4. Dispersions of Other Light-Harvesting Polymers

With the stabilization of polymer nanoparticles mediated by the 
addition of F4TCNQ at hand, we now have a tool to investigate the 
nanoprecipitation of other polymers, which have been inacces-
sible to the synthesis of surfactant-free nanoparticle inks so far. 
The high electron affinity of F4TCNQ (nominal Eea = 5.2 eV[25]) 
allows p-doping of organic semiconductors with sufficiently 
low ionization potentials. Therefore, we investigated a variety 
of organic semiconductors for their principal applicability in  

Table 1. Key parameters of the nanoparticulate P3HT:ICBA solar cells in dependence of the mass ratio of the dopant and the polymer, F TCNQ4w . Each 
data set shows the statistics of eight samples (no device failures).

F TCNQ4w  [wt%] DNP
a) [nm] Thicknessb) [nm] VOC [mV] JSC [mA cm−2] FF [%] PCEc) [%]

0 76 58 851 ± 2 −6.8 ± 0.1 61 ± 1 3.53 ± 0.05 (3.59)

0.1 53 63 835 ± 1 −7.0 ± 0.1 62 ± 1 3.63 ± 0.05 (3.68)

0.2 49 59 830 ± 2 −7.1 ± 0.1 60 ± 2 3.55 ± 0.07 (3.60)

0.4 41 62 810 ± 1 −7.2 ± 0.1 58 ± 1 3.39 ± 0.03 (3.42)

1 68 64 621 ± 6 −6.3 ± 0.1 47 ± 1 1.85 ± 0.03 (1.89)

a)Nanoparticle size; b)Thickness of the nanoparticulate light harvesting layer; c)Hero devices in parentheses.
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dark (dashed lines). b) Open-circuit voltage versus irradiance.
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nano precipitation. In the first place, we examined the commonly 
used benzodithiophene-based polymers, poly[[4,8-bis[(2-eth-
ylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl][3-fluoro-
2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7), 
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), poly[(2,6-(4,8-
bis(5- (2-ethylhexyl ) thiophen-2-y l ) -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′-c′]dithiophene-4,8-dione)] (PBDB-T), poly[(2,6-
(4,8-bis(5-(2-ethylhexyl-3-fluoro)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′-c′]dithiophene-4,8-dione)] (PBDB-T-2F), and 
poly[[5,6-difluoro-2-(2-hexyldecyl)-2H-benzotriazole-4,7-diyl]-2,5-
thiophenediyl[4,8-bis[5-(tripropylsilyl)-2-thienyl]benzo[1,2-b:4,5-
b′]dithiophene-2,6-diyl]-2,5-thiophenediyl] (J71) as 
representatives of widely used donor polymers in highly effi-
cient OSCs, all of which do not form nanoparticle dispersions 
upon nanoprecipitation in the absence of any stabilizing agents.

All polymers were dissolved in chloroform (0.5  g L−1), and 
F4TCNQ was added as described above. The polymer solutions 
were then nanoprecipitated by injecting 1 mL of solution into 4 mL 
of ethanol. Figure 5a shows the nanoparticle sizes 10–20 s after 
nanoprecipitation. In absence of F4TCNQ (i.e., wF TCNQ4  = 0 wt%),  
all dispersions coagulated within minutes as exemplified by 
PTB7 in Figure S8, Supporting Information. Since the nano-
particle sizes of non-stabilized dispersions rapidly increased 
during the DLS measurements, here, the nanoparticle sizes 
of dispersions with wF TCNQ4  = 0 wt% are provided for orienta-
tion only. The addition of F4TCNQ, however, showed a distinct 
effect on the nanoparticle formation and colloidal stability. 
At wF TCNQ4   = 1  wt%, the polymers PTB7, PTB7-Th, J71, and 
PBDB-T formed nanoparticles with average sizes of 100 nm or 
smaller, further reducing size toward wF TCNQ4  = 4 wt%. Notably, 
a somewhat higher amount of F4TCNQ was needed to stabilize 
the dispersions, which can be attributed to a lower doping effi-
ciency of the polymers by F4TCNQ as rationalized below. The 
dispersions exhibited shelf stability of several days. Only the 
colloidal stability of PBDB-T-2F was not enhanced by the addi-
tion of F4TCNQ, but immediate coagulation of the polymer dis-
persion was observed, which we again attribute to a low doping 
efficiency.

The effects, which we observed on these polymers, resem-
bled very much the previous findings on the P3HT nanopar-
ticles. Figure  5b depicts the absorption spectrum of PTB7 
solutions, which had been doped with different amounts of 
F4TCNQ. Again, the addition of F4TCNQ to the PTB7/chloro-
form solutions (0.5  g L−1) produces a low-energy absorption 
shoulder and a peak at 1.45 eV, which is the distinct signature 
of the F4TCNQ− anion. The second peak at 1.65 eV is concealed 
by the absorption of PTB7. The peak at 1.15 eV can be attributed 
to the P2 polaron absorption of PTB7.[34,68] But in contrast to 
P3HT solutions, where almost all F4TCNQ was reduced to the 
anionic F4TCNQ−, most of F4TCNQ remained in the neutral 
state as became visible in the characteristic absorption peaks 
at 3.2 and 3.4  eV. We conclude that only a small fraction of 
F4TCNQ engages in the oxidation of the polymer,[34] and there-
fore, a higher concentration of F4TCNQ was needed to push 
the chemical equilibrium toward sufficient amounts of charges 
to stabilize the dispersion. Apparently, the doping efficiency 
of F4TCNQ on PTB7 is much lower, which is probably why 
F4TCNQ has never been reported as a dopant for PTB7 before. 
Consequently, the amount of F4TCNQ that is required to stabi-
lize the PTB7 dispersion, is much higher than for P3HT.[38,40,69]

2.5. Solar Cells Fabricated from PTB7:PC71BM Dispersions

In order to fabricate solar cells from PTB7 dispersions, the con-
centration of the nanoparticle dispersions must be increased 
(>1 g L−1) by thermal evaporation of chloroform and substantial 
amounts of non-solvent. The low doping efficiency of F4TCNQ 
on PTB7 opens up a competing process during the formation 
of the dispersion. In its neutral state, F4TCNQ can react with 
ethanol, as discussed in Section S3, Supporting Information, 
with the effect being more pronounced at elevated tempera-
tures, for example, during the concentration of the dispersion. 
This competing process hinders F4TCNQ from doping PTB7[41] 
and hence, reduces the charging of the nanoparticles. There-
fore, in this experiment, we opted for acetonitrile as the non-
solvent (i.e., the dispersion medium, εr  = 37.5), which is inert 
against reaction with F4TCNQ,[41] and which allowed us the 
thermal removal of the chloroform and the concentration of the 
dispersion.

Figure 5. a) Nanoparticle sizes of polymer dispersions of J71, PTB7, PTB7-Th, PBDB-T, or PBDB-T-2F in ethanol versus the amount of F4TCNQ. Dotted 
lines are drawn to guide the eye. b) Optical densities of PTB7/chloroform solutions (0.5 g L−1) doped with F4TCNQ. The two peaks at 3.2 and 3.4 eV 
can be attributed to F4TCNQ in its neutral state. They increase for larger amounts of F4TCNQ. Anionic F4TCNQ− shows a characteristic peak at 1.45 eV.
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For the fabrication of solar cells, we chose to combine 
PTB7 with the fullerene acceptor PC71BM (1:1 w/w). F4TCNQ 
(20 or 40 wt% with respect to the mass of PTB7) was added to 
PTB7:PC71BM/chloroform solutions (2 g L−1) and the solutions 
were nanoprecipitated in an excess of seven parts of acetoni-
trile. The significantly larger amount of F4TCNQ is a direct 
consequence of the much lower doping efficiency as discussed 
above. The dispersions were concentrated to 1 g L−1 by thermal 
evaporation and centrifuged to remove any larger agglomer-
ates, which otherwise might later produce defects in the light-
harvesting layers. Similar to neat PTB7 dispersions, in absence 
of F4TCNQ, the PTB7:PC71BM dispersions immediately coagu-
lated and sedimented.

In the next step, the light-harvesting layers were spin-cast 
from the nanoparticle dispersions, thermally annealed, and 
integrated into solar cells with regular device architecture 
(Glass/ITO/PEDOT:PSS/PTB7:PC71BM/ZnO/Ag). AFM micro-
graphs of the nanoparticulate PTB7:PC71BM layers are depicted 
in Figure S4, Supporting Information. The respective key 
parameters are summarized in Table 2, and the J–V curves are 
depicted in Figure 6. Both batches of solar cells exhibit low fill 
factors accompanied by a moderate JSC, altogether producing 
PCEs of 1.2% or 1.5%. We observed a strong voltage dependence 
of the device current under reverse bias, attributable to a field 
dependence of the charge carrier generation. Hence, the origin 
of the moderate device performance is likely a non-optimized 
bulk-heterojunction morphology.[70] Similar performance dete-
riorations have been reported for PTB7:PC71BM solar cells pro-
cessed from solution, whenever omitting solvent additives.[71–73] 

In contrast to P3HT:fullerene solar cells, where the morphology 
can be controlled by thermal annealing,[74–76] the use of solvent 
additives for the fabrication of PTB7:fullerene bulk-hetero-
junctions is compulsory to reach favorable morphologies (see 
also the comparison of the AFM micrographs before and after 
thermal annealing in Figure S4, Supporting Information). Yet, 
so far, solvent additives are not readily compatible with nano-
particle formation by nanoprecipitation.

3. Conclusions

The electrical doping of semiconducting polymers by the intro-
duction of the strong electron acceptor F4TCNQ to the nanopre-
cipitation allows the electrostatic stabilization of dispersions and 
the precise control of nanoparticle sizes. We have demonstrated 
this novel concept in the formation of P3HT and P3HT:ICBA 
dispersions. We used lowest F4TCNQ concentrations to tailor 
the P3HT nanoparticle size in the range of 25–75  nm. Impor-
tantly, the performance of the corresponding solar cells com-
prising light-harvesting layers fabricated from these dispersions 
is hardly affected by the addition of small amounts of F4TCNQ. 
Our process can be readily transferred to the electrostatic sta-
bilization of several benzodithiophene copolymer dispersions, 
among them the widely used PTB7 and its derivatives, signifi-
cantly broadening the future choice of organic semiconductors 
for nanoparticulate solar cells. Although the performances of 
the corresponding PTB7:PC71BM solar cells do not live up to 
other reports due to lacking morphology control, we consider 
our study a blueprint for future stabilization of nanoparticle dis-
persions. By choosing suitable strong acceptors, dispersions of 
organic semiconductors can be stabilized omitting surfactants, 
which are commonly considered detrimental to the device per-
formance. At the same time, this study calls for distinct efforts 
in the design of organic semiconductors to be processed from 
eco-friendly nanoparticle dispersions. Today, all light-harvesting 
polymers are designed to yield good bulk-heterojunction mor-
phologies when processed from solution, but morphology con-
trol for best PCEs on the nanoparticle route apparently requires 
other, yet-to-be-specified, sets of material properties.

4. Experimental Section
Materials: P3HT (“4002-EE,” Mw  = 50–70  kg  mol−1, regioregularity 

> = 90%) was purchased from Rieke Metals; ICBA from Solenne; PTB7, 
PTB7-Th, PBDB-T and PBTB-T-2F from 1-Material; F4TCNQ from Ossila. 
All organic semiconductors were used as received without further 
purification and stored under a nitrogen atmosphere.

Ethanol (absolute, Emsure), acetonitrile, and chloroform (all 
analytical grade) were purchased from Merck and used without 
further purification. Notably, ethanol batch variations could affect the 

Table 2. Key parameters of the nanoparticulate PTB7:PC71BM solar cells. Each data set shows the statistics of eight samples (no device failures).

wF TCNQ4  [w%] DNP
a) [nm] Thicknessb) [nm] VOC [mV] JSC [mA cm−2] FF [%] PCEc) [%]

20 97 80 790 ± 10 −6.4 ± 0.1 29 ± 1 1.5 ± 0.1 (1.5)

40 89 90 780 ± 10 −5.3 ± 0.1 28 ± 1 1.2 ± 0.1 (1.2)

a)Nanoparticle size; b)Thickness of the nanoparticulate light harvesting layer; c)Hero devices in parentheses
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Figure 6. Representative J–V curves of nanoparticulate PTB7:PC71BM 
solar cells ( F TCNQ4w  = 20, 40 wt%) under 1 sun irradiation (solid lines) and 
in the dark (dashed lines).
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nanoparticle formation, influencing the nanoparticle size and colloidal 
stability of the dispersion.

Preparation of Semiconductor Solutions: All semiconductors were 
dissolved separately in chloroform (0.5–8 g L−1) before use and stirred 
for at least 20  min under ambient conditions. Donor/acceptor blend 
solutions were prepared by mixing the individual solutions in equal 
volumes.

Doping of Organic Semiconductor Solutions: F4TCNQ was dissolved 
in acetonitrile (10 g L−1) at room temperature. The stock solutions were 
stirred before use (1 h). Solutions of F4TCNQ with low concentrations, 
which were used to yield low doping ratios, were achieved by dilution 
of the F4TCNQ stock solution with acetonitrile. The semiconductor 
solutions were then doped by adding the required amount of F4TCNQ 
in acetonitrile solution to the organic semiconductor solution, thereby 
negligibly diluting the solution by less than 1  vol%, even at high 
doping ratios. The doped semiconductor solutions were heated (50 °C, 
10–30 min) to avoid pre-agglomeration in the solution. F4TCNQ slowly 
reacts with ethanol (see Section S3, Supporting Information) and hence, 
F4TCNQ was deactivated within hours after dissolution in ethanol (or in 
ethanol-stabilized chloroform), which prompted the use of acetonitrile 
to initially dissolve F4TCNQ. Yet, after charge transfer from the organic 
semiconductor, the F4TCNQ− anion was inert against ethanol.

Nanoparticle Synthesis: Organic nanoparticle dispersions were 
prepared by nanoprecipitation. Therefore, beakers with the non-solvent 
(ethanol or acetonitrile, 4  mL) were heated on a hotplate (50 °C). The 
organic semiconductor solutions were then injected into the non-solvent 
(P3HT, P3HT:ICBA, PTB7, PTB7-Th, J71 PBDB-T, and PBDB-T-2F into 
ethanol: 1:4 v/v; PTB7:PC71BM into acetonitrile: 1:7 v/v) under stirring. 
The good miscibility of solvent and non-solvent led to an immediate 
reduction of semiconductor solubility and hence to the formation of 
nanoparticles.

Investigation of F4TCNQ in the Non-Solvent: A solution of 
P3HT:F4TCNQ (99:1 w/w) in chloroform (2 g L−1) was nanoprecipitated 
in ethanol (1:4 v/v) and coagulated by the addition of sodium 
bromide (10−3 m) afterward. Then, the agglomerates were removed by 
centrifugation (Eppendorf, MiniSpin plus, 14 500  rpm, 14 100g,  2  min). 
The remaining components in ethanol were differentiated by 
deconvolving the optical density of the supernatant into contributions 
from 1) neutral F4TCNQ, 2) anions, 3) dianions, and 4) the reaction 
product of F4TCNQ in ethanol using least-square fits.

Fabrication of P3HT:ICBA Organic Solar Cells: The nanoparticle 
dispersions were nanoprecipitated by injecting P3HT:ICBA (1:1 w/w) 
chloroform solutions (8 g L−1) into ethanol (1:4 v/v) as described above. 
The concentrations of the dispersions were increased and the remaining 
chloroform in the dispersions was removed by evaporation (70 °C) until 
their volumes were reduced to the volume of the initial P3HT:ICBA 
solutions (8 g L−1). Afterward, contingent agglomerates were removed 
by centrifugation. The concentrations of the resulting dispersions were 
monitored in absorbance measurements and compared to reference 
spectra by least-square fits.

Solar cells were fabricated with inverted device architecture. ITO-
covered glass substrates were cleaned by wiping with cleanroom tissues 
and isopropanol and subsequently ultrasonicated in acetone and 
isopropanol (10 min each). Visible remaining particles were removed by 
a cleanroom polyester swab and isopropanol. All subsequent steps were 
carried out under inert conditions (<10  ppm oxygen, <10  ppm  water). 
Electron transport layers (10 nm) were spin-cast (2000 rpm, 40 s) from 
zinc oxide nanoparticles (1 wt%, in butanol)[77] and dried on a hotplate 
(120 °C, 10  min). The light-harvesting layers were then applied by 
three subsequent spin coating steps. The spin coating speeds (2600–
2900 rpm) were individually adjusted to yield the same layer thicknesses 
(60  nm) in all experiments. The samples were then annealed on a 
hotplate (150 °C, 10 min). For the deposition of the hole transport layers, 
PEDOT:PSS (HTL Solar, Heraeus) was filtered (pore size: 0.45  µm), 
diluted with water (1:1 v/v), spin-cast (500  rpm, 3  s; 2000  rpm, 40  s; 
30 nm) and annealed on a hotplate (120 °C, 10 min). Finally, the silver 
top electrodes (100 nm) were sublimed in high vacuum (base pressure 
≤1 × 10−6 mbar).

Fabrication of PTB7:PC71BM Organic Solar Cells: The nanoparticle 
dispersions were nanoprecipitated by injecting PTB7:PC71BM (1:1 w/w) 
chloroform solutions (2  g L−1) into acetonitrile (1:7  v/v) as described 
above. The concentrations of the dispersions were increased and the 
remaining chloroform in the dispersions was removed by evaporation 
(70 °C) until their volumes were reduced to twice the volume of the initial 
PTB7:PC71BM solution (1  g L−1). Afterward, contingent agglomerates 
were removed by centrifugation and the concentrations of the resulting 
dispersions were monitored in absorbance as described above.

Solar cells were fabricated with regular device architecture on glass/
ITO substrates that were cleaned as described above. The substrates 
were treated with an oxygen plasma (2  min). PEDOT:PSS (VPAI 4083, 
Heraeus) was filtered (pore size: 0.45 µm), spin-cast (5000  rpm, 30  s) 
on the samples under ambient conditions, and dried on a hotplate 
(150 °C, 10  min). All subsequent steps were carried out under inert 
conditions (<10 ppm oxygen, <10 ppm water). The light-harvesting layers 
were then applied by 20 subsequent spin coating steps (800 rpm, 10 s). 
The number of spin coating steps was adjusted to ensure equal layer 
thicknesses (100  nm). The samples were then annealed on a hotplate 
(180 °C, 10  min). Electron transport layers were spin-cast (1000  rpm, 
40 s) from zinc oxide nanoparticles (1 wt%, in butanol) and dried on a 
hotplate (120 °C, 10 min). Finally, the silver top electrodes (100 nm) were 
sublimed in high vacuum (base pressure ≤1 × 10−6 mbar).

Optical Density Measurement: The optical density of solutions and 
dispersions was recorded in double-beam mode with a UV–vis-NIR 
spectrophotometer (Agilent Cary 5000). The samples were measured in 
a quartz cuvette against the respective solvent or dispersion medium, 
neglecting any addition of acetonitrile (<1 vol%). For the optical density 
measurements of doped P3HT/chloroform solutions (2  g L−1), the 
samples were not diluted in order to avoid changes in the doping rate.[35] 
For the optical density measurements of dispersions, identical solutions 
were nanoprecipitated in ethanol, reducing the concentration to 0.4 g L−1, 
and again measured without further dilution. To compare the solutions 
with the dispersions, the absorbance of the dispersions was multiplied 
by 5. The optical density measurements of PTB7 solutions were carried 
out at 0.5 g L−1. Cuvettes of different optical path lengths (1 and 10 mm) 
were used to capture the optical density per path length over several 
orders of magnitude.

Nanoparticle Size Measurement: The intensity-based average 
nanoparticle sizes of dispersions were measured via dynamic light 
scattering (Malvern Panalytical, Zetasizer Nano ZS). Small amounts of 
the dispersions (10 µL) were diluted with ethanol (1 mL) in a polystyrene 
cuvette and characterized by 15 consecutive runs, 10 s each. Extreme 
outliers were removed from the statistical analysis.

Solar Cell Characterization: The solar cells were measured under 
standard conditions (1 sun, AM 1.5G) in a nitrogen atmosphere. AM 1.5G 
was simulated with a xenon high-pressure solar simulator (Sciencetech, 
Lightline AX-LA200, Classification AAA, ASTM E927), and its power 
was adjusted to 1 sun by a silicon reference solar cell with a KG5 filter 
(Newport 91150-KG5). The electric characteristics were obtained by 
a current–voltage sweep from −1.5  to 1.5  V with a source meter unit 
(Keithley 2420) in 4-wire mode. The spectral mismatch factors were 
determined by measuring the EQE of each solar cell variation according 
to ASTM E973 without tracking the temperature difference and used to 
calculate corrected currents.

For the illumination-intensity-dependent open-circuit voltage 
measurements, the current was set to zero and different solar irradiations 
were generated by adjusting the output levels of an LED solar simulator 
(Newport, Oriel Verasol-2, Classification AAA, ASTM E927). The spectra 
were monitored with an array-spectrometer (Instrument Systems CAS 
140CT-156 with EOP-146 optics).

External Quantum Efficiency: The wavelength-dependent EQEs 
of the solar cells were measured with a home-built setup. A xenon 
high-pressure lamp (450W LSH601, LOT Oriel) was used to generate 
broadband white light. A Czerny–Turner-monochromator (Omni-
λ300, LOT Oriel with an MSZ3122, LOT Oriel filter wheel) was used 
to sequentially select monochromatic light. To allow for lock-in 
amplification, the light was optically chopped (C-995, Terahertz 
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Technologies) at 373  Hz. To track fluctuations of the xenon high-
pressure lamp, the output light was split into two beams. The first 
beam was focused on a monitor photodiode (K1713-09, Hamamatsu). 
The second beam was coupled into an optical fiber (fiber patch cable 
M37L02, Thorlabs), which led into a nitrogen glovebox to measure 
in inert conditions. The light was decoupled and focused onto the 
measurement sample. Two transimpedance amplifiers (OE-200S, 
Femto Messtechnik) were used to convert the current into an amplified 
voltage. The voltage signal was measured by a lock-in amplifier 
(eLockIn 203, Anfatec Instruments) with a settling time of 2 s and 2 s 
integration time. The setup was referenced to a calibrated photodiode 
(818-UV-20925, Newport Corporation, calibrated per procedure no 
PTP99163 by Newport Corporation in December 2020 with traceability 
no O-0000000544) to obtain the spectral response.

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