


solvents such as tetrahydrofuran (THF), ortho-xylene (oXY), and

1,2,4-trimethylbenzene (TMB) is increasing for manufacturing

the BHJ in OSCs [10–13]. This development has sparked consid-

erable research efforts in new derivatives of the now popular

small-molecule acceptor (SMA) BTP-4F (also commonly referred

to as Y6) to increase its solubility in those nonhalogenated sol-

vents. It is leading to a growing number of different SMA varieties

with different alkane sidechains, which impact the morphology of

the BHJ, thereby affecting the performance and stability of the

resulting solar cells [4, 14–18]. This additional complexity from

sidechain engineering can increase manufacturing costs, which,

despite low material consumption in OSCs, can lead to high total

costs. The usage of less complexly structured molecules and poly-

mers, such as PTQ-2F (also commonly referred to as PTQ10,

Figure 1b), can be a way to balance device fabrication costs with

achievable PCEs [19, 20], which, for real-world applications of

OSCs, turns into an interest-gaining research direction. In con-

junction with stability, the simplicity of the fabrication of the

OSCs will commercially outperform record-setting donor–acceptor

combinations.

Previous work demonstrated the viability of using hot solvents to

increase the solubility of BTP-4F in solvents other than CF for

slot-die coating BHJs of PBDB-T-2F:BTP-4F, thereby allowing

for the scalable fabrication of efficient OSCs from these so-called

“green” solvents [10]. This finding also highlights the impact of

drying kinetics on the aggregation of the domains within the

BHJ, which is a key aspect for obtaining highly efficient OSCs,

typically fine-tuned by the inclusion of additives within the sol-

vent [9, 21], which, however, again increases complexity and fab-

rication costs. In the case of some green solvents, especially those

where the solubility of the acceptor is limited due to a compara-

tively low boiling point, such as 2-methyltetrahydrofuran, the

necessary solubility of the acceptor material often can be achieved

by engineering the properties of alkyl side chains [7, 12, 22].

Alternative techniques to exert control over the OSCsmorphology,

such asmultistep “layer-by-layer” depositionmethods, also increase

manufacturing complexity [23, 24].

In this work, we fabricate PTQ-2F:BTP-4F OSCs using both halo-

genated and nonhalogenated solvents in a hot-solvent spin-coating

process. Thus, we focus on a simple OSC system, which is less

sensitive compared with recent record-setting donor–acceptor

combinations. We investigate the impact of the solvent used

on their mesoscopic morphology after fabrication and during

device operation. Spin-coated active layers from CF, CB, oXY,

and TMB result in efficiencies of up to 12.2%, 10.5%, 10.0%,

and 9.9%, respectively. We subsequently investigate the time-

dependent performance and morphology degradation under

illumination by operando grazing-incidence small-angle X-ray

scattering (GISAXS), demonstrating a strong influence of the sol-

vent used on the aging behavior of the resulting OSCs. These

techniques also allow us to understand the kinetic processes

occurring during the operation from degradation by connecting

changes in the morphology and performance. Overall, solar cells

manufactured from oXY demonstrate the highest retention in

efficiency, demonstrating the promising potential of this green

solvent for the manufacturing of efficient OSCs for commercial

applications.

2 | Results and Discussion

2.1 | Ex Situ Analysis

A model solar cell architecture with an inverted device architec-

ture of ITO/ZnO/PTQ-2F:BTP-4F/MoO3/Ag is selected for this

work, which is reported to achieve up to 14.2% of PCE in the lit-

erature [25]. The structure of the active layer materials PTQ-2F

and BTP-4F is shown in Figure 1b. Apart from CF as an estab-

lished solvent for PTQ-2F:BTP-4F-based OSCs, CB, oXY, and

TMB are selected due to their high boiling points (132°C, 143°C,

and 168°C, respectively), achieving good solubility for both PTQ-

2F and BTP-4F at 80°C, 100°C, and 110°C, respectively (Figure 1a).

This is especially relevant for the BTP-4F SMA, which, based on

the Hansen solubility parameters (Table S3), has the relative

energy difference (RED) at room temperature increased from

0.50 in CF to 0.86, 0.55, and 0.80 in CB, oXY, and TMB,

(a)
(c)

(b)

FIGURE 1 | (a) Schematic depiction of the hot spin-coating process. (b) Structural formula of the used materials PTQ-2F and BTP-4F. (c) J–V curves

of champion devices of PTQ-2F:BTP-4F OSCs prepared from different solvents under an AM 1.5G, 100 mW cm−2 illumination.

2 of 8 Solar RRL, 2026

 2
3

6
7

1
9

8
x

, 2
0

2
6

, 5
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

0
0

2
/so

lr.2
0

2
5

0
0

8
1

9
, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [2

4
/0

7
/2

0
2

6
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n

 W
iley

 O
n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o

n
s L

icen
se



respectively, negatively impacting solubility severely, a trend per-

sisting for similar “Y-series” SMAs [26]. However, the PTQ-2F

donor solubility shows little to no adverse influence from these

solvents, with the RED calculated at 0.78, 0.63, 0.64, and 0.79 for

CF, CB, oXY, and TMB, respectively. The preheated solvents also

facilitated good drying kinetics during spin-coating, resulting in a

smooth, homogenous active layer. THF, despite being a popular

green solvent for OSC fabrication, cannot be used in this study

due to its low boiling point (65°C) and thus lacks the capability

of being heated to obtain sufficient solubility of BTP-4F.

The device performance parameters are summarized in Table 1,

with CF-processed devices showing the highest PCE values,

followed by CB, oXY, and TMB. To investigate the structural

properties of the BHJ and their evolution under operational con-

ditions, both ex situ and operando GISAXS measurements are

performed on the PTQ-2F:BTP-4F solar cell films, with the ex situ

measurements performed on BHJs on pure Si substrates without

additional functional layers to establish baseline insights into the

initial morphology of the active layer, uncompromised by inter-

ferences from additional layers. The analysis of the scattering

patterns is carried out based on horizontal line cuts of the 2D

GISAXS data (Figure S2b) taken at the critical angle of the used

polymer PTQ-2F, which was measured on a reference pure film

of PTQ-2F to be 0.11° at the used X-ray energy of 11.83 keV,

thereby maximizing the scattering contribution of PTQ-2F

(Figure S2c). BHJs fabricated from the benzene-based solvents

CB, oXY, and TMB have a significant overlap in the size distribu-

tions of the domain radii R1 and R2, creating a relatively wide

range of medium-sized domains strongly contributing to the over-

all morphology, whereas a distinguished small-scale domain in the

1–10 nm range can only be determined within CF-processed BHJs.

With the relatively large exciton diffusion lengths in PTQ-2F:BTP-

4F BHJs, which—depending on device architecture and process-

ing conditions, have been reported to reach 14.8–19 nm and 53.1–

330 nm, respectively—these shifts in morphology have little to no

impact on the JSC (Figure 1c), as the majority of domains are well

within the size limits to allow for good exciton dissociation and

charge carrier extraction [27–30]. Rather, a major impacting factor

on the PCE of the OSCs produced can be traced to the VOC

(Table 1), which is lowered by the altered optoelectronic properties

of the BHJs, previously suggested to be a consequence of a higher

share of J-type aggregates in the BTP-4F intermolecular structure

within active layers produced from CB, oXY, or TMB, while also

visible in the corresponding BHJ UV–vis spectra (Figure S3)

[10, 17, 31–37]. Due to the limited solubility of the active layer

materials in the latter solvents at room temperature, the influence

of the solvent temperature on the intermolecular orientation of

BTP-4F cannot be isolated and thus not be ruled out.

2.2 | Operando Study

To understand the kinetic evolution of the BHJ morphology under

operational conditions, operando GISAXS measurements are

performed under continuous AM1.5G illumination (Figure S4).

The OSCs are not encapsulated to observe an accelerated

device degradation traceable during the typical available beam-

times of synchrotron radiation facilities. To prevent chemical

degradation from atmospheric moisture and oxygen, this mea-

surement is conducted with the OSC placed inside a vacuum

chamber, with the incoming and scattered X-rays passing

through a thin polyimide window on either side, and the illumi-

nation performed through a quartz-glass window from below

[38, 39]. GISAXS probing is performed with the active layer

locally exposed and thus not covered by the electron blocking

layer (EBL) or electrode material, thereby minimizing interfer-

ences from these layers (Figure 2a). This also inhibits the use

of encapsulation materials, which would be used in realistic

applications to counteract additional degradation from ambient

environments, though could cause additional degradation path-

ways on its own. A homogenous illumination of the probed area

requires the omission of a masking sheet, typically needed for

a precise determination of the illuminated area. J–V scans are

conducted at regular 2 min intervals over 60 min. In comparison,

0.2 s GISAXS measurements are performed at initial 1 min inter-

vals and later 10 min intervals without the area probed by the

X-ray beam overlapping in between measurements, thus prevent-

ing radiation damage introduced by an overdose of X-ray illumi-

nation. Performance degradation kinetics show a stark contrast

between OSCs from halogenated solvents compared to those

from nonhalogenated solvents (Figure 3b), where the CF and

CB films have a gradual decay in PCE over 1 h, whereas oXY

and TMB show a strong burn-in effect with a rapid decrease

in PCE within the first 10 min of illumination, subsequently sta-

bilizing after ca. 30 min of illumination. In all four systems, this

performance degradation is mostly driven by a reduction in JSC,

especially for OSCs from TMB, where both FF and VOC remain

virtually unchanged. The high stability in FF, especially in TMB-

processed BHJs, indicates that neither the formation of trap-

mediated recombination centers nor photochemical degradation,

including from potential residual solvents, significantly contrib-

utes to device degradation, as these effects have been reported to

coincide with a significant decrease in FF [40–44]. In OSCs from

halogenated solvents, we can additionally observe an initial

increase in VOC, which slowly decays over time, whereas it

remains permanently raised in OSCs from oXY, though being

counteracted by an equal decrease in FF. However, oXY-

processed OSCs present a superior PCE retention, dropping by

only (30± 2)% within 1 h, whereas all other systems already lose

between 50% and 60% PCE in the same timeframe.

Equivalently to the analysis performed with ex situ GISAXS

measurements, the morphology is modeled with a set of three

cylindrical form factors on the horizontal line cuts of the 2D

GISAXS data in the Yoneda region of the PTQ-2F polymer

(Figure 2b). For the operating time t= 0, prior to illumination,

this results in a domain size distribution in good agreement with

TABLE 1 | Device performance of solar cells produced from various

solvents at 100 mW cm−2 of illumination with an AM1.5G spectrum.

Average values with standard deviations are calculated from the 10

devices with the highest PCE, with the PCE of the champion device

given in parentheses. All devices are tested with an illuminated area of

at least 7.9 mm2 defined by a metallic masking sheet.

Solvent VOC, V JSC, mA FF, % PCE, %

CF 0.86 ± 0.01 21.0 ± 1.5 65 ± 5 11.7 ± 0.3 (12.2)

CB 0.78 ± 0.02 22.0 ± 1.4 58 ± 2 9.9 ± 0.6 (10.5)

oXY 0.78 ± 0.02 21.1 ± 2.0 55 ± 3 9.1 ± 0.6 (10.0)

TMB 0.78 ± 0.05 18.1 ± 0.6 63 ± 2 8.9 ± 0.9 (9.9)
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the results obtained from the ex situ GISAXS analysis for all four

studied solvents (Figure 2c). We also observe clear alterations of

the BHJ morphology over time, whereby the overall kinetics in the

change of polymer domain sizes mirror those of the degradation

of the respective OSC performance. Thus, BHJs from nonhaloge-

nated solvents undergo rapid morphological changes within the

first 10 min of illumination and practically fully stabilize within

30 min, whereas the use of halogenated solvents results in a more

gradual change in the morphology (Figure 3a). In CF-processed

OSCs, this causes R1 to grow from 3.8 − 0.7+ 1.1 to 7.5 − 1.7+

2.0 nm, with the growth of R2 from 17.4± 1.8 to 20± 2 nm and R3

from 44± 4 to 50± 4 nm being much more insignificant. In

CB-processed OSCs, outgoing from already initially enlarged domain

sizes, we can observe a growth in R1 from 17.1± 1.8 to 17.9±

1.8 nm, in R2 from 37± 5 to 43± 2 nm, and in R3 from 93± 12

to 96± 15 nm. With OSCs from oXY, we can observe an increase

in R1 from 13.0± 1.2 to 16.1± 2.6 nm and in R2 from 24.5± 1.7 to

31± 3 nm, though a contrasting decrease in R3 from 74± 8 to

62± 6 nm. Similarly, in TMB-processed OSCs, the growth of R1

from 14.0± 1.7 nm to 16± 2 nm and of R2 from 22± 2 to

28± 3 nm is accompanied by the shrinkage of R3 from 55± 4

to 44± 4 nm.

This growing behavior of BHJ polymer domains was also reported

by Wienhold et al. for printed OSCs with NFAs [38], reflecting the

coalescing of smaller polymer domains. However, the change in Ri

of the different domains alone cannot fully describe the vastly dif-

ferent behavior in performance degradation. For this, the number

density N of the individual domain sizes must also be further elu-

cidated. We can find from the normalized count of different scat-

tering domains deduced from the Gaussian distribution of radii

that, beyond the growth of the individual domain radii, the relative

count of the larger domains, R2 and R3, increases as well, to the

detriment of R1. This behavior becomes increasingly relevant, as

it enhances the overall growth in domain sizes in the range of sev-

eral 10 nm, where successful charge carrier extraction becomes

increasingly limited by exciton diffusion length, decreasing JSC
in the process [45, 46]. However, this process has been typically

attributed to a shift in R2, as it is most commonly in the order

of magnitude of the diffusion length [38, 39, 45, 47]. We observe,

especially in the case of TMB-processed OSCs, the contribution of

R3 becoming increasingly prominent in number and size after the

initial burn-in process. This is even more apparent when looking

at the actual volume V ∝ NR2 of the respective cylindrical

domains (Figure 2c), which is a relevant measure for indicating

the amount of material present within a certain domain size

regime. Since the charge carrier diffusion length in OSCs is very

limited, a large volumetric share in domains larger than the typical

diffusion length causes a decrease in the interface-to-volume ratio

and thus a strong decline in JSC [48]. The morphological degrada-

tion behavior of TMB-processed OSCs starkly contrasts that of

oXY-processed OSCs, despite their extremely closely matching

morphology in their initial state. The merging of small-scale

domains, attributed to an increased mobility of the donor and

acceptor materials, into larger domains centered around 50–60 nm,

strongly depletes the amount of donor material within the

limits of the exciton diffusion length of PTQ-2F, matching the

observed sharp decrease in JSC. This collapsing behavior cannot

be observed in the morphology of the other OSC systems.

Regardless of the superficially similar degradation kinetics in oXY-

processed OSCs (Figure 3a), the majority of domains remain in a

more favorable, smaller size range. Here, the aggregation of

domains R1 and R2 toward larger radii does not lead to a complete

collapse, as in the case of TMB, but instead quickly stabilizes, with-

out R3 becoming profusely dominant, leading to the comparatively

high stability of JSC previously observed. In both systems using

nonhalogenated solvents, the decrease of the mean value in R3

can be the result of this merging of smaller domains, leading to

the respective domain size population being skewed toward

smaller radii. Such behavior was previously also attributed to
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FIGURE 2 | (a) Horizontal line cuts through the Yoneda-region at qz =

0.437 nm−1 from operando GISAXS measurements performed on PTQ-2F:

BTP-4F OSCs prepared from different solvents, including fits. The resolu-

tion limit defined by the beamwidth is highlighted in gray. (b) Domain size

distribution obtained from operando GISAXS fits. (c) Volume-weighted

domain size distribution obtained from operando GISAXS fits.
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the evaporation of residual solvent [39, 47, 49]. However, in this

case, the strong similarities of the thermophysical properties of

both nonhalogenated solvents (Table S1) are insufficient to explain

this difference, as both temperature and vacuum quality during

deposition of OSC layers subsequent to the BHJ formation are well

in excess of those encountered during operando measurements.

Though the presence of residual solvent immediately after drying

of the active layer cannot be entirely ruled out, any potential

impact on the BHJ morphology due to outgassing or material dif-

fusion under thermal load would occur well in advance of OSC

operation and thus not be observable here. In both CF- and

CB-processed OSCs, the relative distribution of domain radii

remains mostly unchanged, despite their obvious, albeit low, over-

all growth. Thus, we can suppose that the domain size growth is

driven by the phase separation of the intermixed polymer-acceptor

phase present in the BHJ, adding comparatively equally to the

increase in Ri over all domain sizes [45, 50–53]. Since the BHJmor-

phology is initially far from a thermodynamic equilibrium state,

the domain coarsening through external stresses is highly depen-

dent on the morphological starting conditions. Minute differences

in the geometry or aspect ratio of the intermixed phases have been

previously suggested to strongly influence the coarsening behavior

of the BHJ film [11]. The lack of domains decreasing in size is

typical for a nonmixable donor–acceptor blend.

3 | Conclusion

In summary, we show the feasibility of processing PTQ-2F:BTP-4F

OSCs from nonhalogenated solvents hitherto considered incompat-

ible with this donor:acceptor system through a hot-solvent process

with only a minor reduction in the initial PCE. Ex situ morpholog-

ical studies performed through GISAXS reveal strong similarities

among the domain size distributions of the BHJs processed from

benzene-based solvents, setting them apart from typically utilized

CF. We also observe a noticeably lowered VOC within OSCs from

these solvents, caused by themorphological impact on the optoelec-

tronic properties of the active layer materials. Furthermore,

the PCE stability of such produced OSCs is heavily influenced

by the solvent used. Halogenated solvents result in gradual degra-

dation kinetics, whereas nonhalogenated solvents facilitate a

prominent initial burn-in process with subsequent stabilization

of the PCE. As a result, oXY-processed OSCs have an improved

overall stability over all other tested solvents. Through operando

GISAXS, we connect these significant differences in the device deg-

radation kinetics to a respective different behavior in the time evo-

lution of domain sizes within the BHJs. We find a superior stability

of oXY-based OSCs to result from the limited coalescing of small

radii domains, retaining a more small-grained morphology. Our

study highlights the importance of the BHJ morphology for devel-

oping efficient and stable OSCs and how it is shaped by the choice

of processing solvent, even in their absence within the finished,

dried BHJ under operation. Our results suggest that oXY is a par-

ticularly promising nonhalogenated solvent for fabricating OSCs

with enhanced stability, potentially paving the way for more sus-

tainable photovoltaic technologies.
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Supporting Information

Additional supporting information can be found online in the Supporting

Information section. Additional references are cited in the Supporting

Information [54–72]. Supporting Fig. S1: Operando solar cell measure-

ment setup as installed at PETRA III P03 beamline (DESY) with impor-

tant components highlighted. Supporting Fig. S2: a) Ex situ 2D GISAXS

data of PTQ-2F:BTP-4F BHJs prepared from different solvents on Si sub-

strates, with the location of the horizontal line cut highlighted as a dashed

line. b) Horizontal line cuts through the Yoneda-region at qz = 0.437 nm-1

from GISAXSmeasurements of PTQ-2F:BTP-4F BHJs on Si including fits.

The gray area indicates the resolution limit. c) Off-center vertical line cut

of PTQ-2F thin films with the Yoneda-Peak highlighted. The gray area

indicates a detector gap. d) Domain size distribution obtained from

GISAXS fits of PTQ-2F:BTP-4F BHJs on Si. e) Volume-weighted domain

size distribution obtained from these GISAXS fits. Supporting Fig. S3:

UV-Vis absorption spectra of PTQ-2F:BTP-4F BHJ films on glass sub-

strates. The blue shift of the peak position of 0-0 transition in BTP-4F

with films produced from CF solution is highlighted separately.

Supporting Fig. S4: Schematic depiction of operando GISAXS setup.

The OSC is illuminated from the bottom while the GISAXS measurement

probes an area uncovered by the blocking layer in between the electrodes.

Supporting Fig. S5: Time evolution as a waterfall graph of volume-

weighted domain size distribution obtained from operando GISAXS on

OSCs processed from a) CF, b) CB, c) oXY, and d) TMB. Supporting

Table S1: Thermophysical properties of solvents used. Supporting

Table S2: PTQ-2F domain sizes from ex situ GISAXS analysis.

Supporting Table S3: Hansen solubility parameters of materials used

under ambient conditions.
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