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Exploring the High-Temperature Window of Operation for
Organic Photovoltaics: A Combined Experimental and

Simulations Study

Asfaw Negash,* Jeroen Hustings, Allyson Robert, Zewdneh Genene, Desalegn Yilma,
Dieter Schreurs, Michiel Mathijs, Jori Liesenborgs, Frank Van Reeth, Koen Vandewal,
Wendimagen Mammo, Shimelis Admassie, Wouter Maes, and Jean V. Manca*

The global climate change negatively affects the photovoltaic performance of
traditional solar cell technologies. This article investigates the potential of
organic photovoltaics (OPV) for high-temperature environments, ranging
from urban hot summers (30—40 °C) and desert regions (65 °C) up to (aero)
space conditions (130 °C), the thermal window in which OPV can operate.
The approach is based on a combination of experiments and simulations up
to 180 °C, moving significantly beyond the conventional temperature ranges
reported in the literature. New 2H-benzo[d][1,2,3]triazole-5,6-dicarboxylic
imide-based copolymers with decomposition onset temperatures above

340 °C are used for this study, in combination with non-fullerene acceptors.
Contrary to their inorganic counterparts, OPV devices show a positive
temperature coefficient up to ~90 °C. At temperatures of 150 °C, they are still
operational, retaining their room temperature efficiency. Complementary
simulations are performed using an in-house developed software package
that numerically solves the drift-diffusion equations to understand the general
trends in the obtained current-voltage characteristics and the materials’
intrinsic behavior as a function of temperature. The presented methodology of
combined high-temperature experiments and simulations can be further
applied to investigate the thermal window of operation for other OPV material
systems, opening novel high-temperature application routes.

1. Introduction

Commercial solar cells are commonly used
to power electrical appliances at mild
temperatures.l'! In warm climates, where
the sunlight is more intense, their per-
formance decreases. Many regions in the
world experience temperatures that can eas-
ily surpass 30 °C during local summer. Di-
rect illumination onto the solar panels will
increase the temperature even further. For
example, organic photovoltaics (OPV) mod-
ules have been tested in Rwanda, where
ambient temperatures range between 22
and 32 °C, displaying a large discrep-
ancy between ambient and device temper-
ature, as the back of the OPV module it-
self could heat up to 70 °C during the
hottest part of the day.?] Environments with
extremely high temperatures range from
deserts (=65 °C) to photovoltaic concentra-
tor applications (~80 °C).[2-3]

For (aero) space applications, the Euro-
pean Space Agency (ESA) considers the
temperature range from —175 to +130 °C.[*]
Low orbital space flights are known to
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Figure 1. a) Chemical structures of polymers P1-P3. b) TGA plots for polymers P1-P3 (determined at a heating rate of 20 K min~" under N, atmosphere).

cycle between temperatures going from —100 °C in the Earth’s
shadow to +100 °C when directly exposed to sunlight.’] An
indication of the beneficial deployment of OPV technology in
aerospace conditions is given by Kaltenbrunner et al.l®! show-
casing that organic-based technologies have a power-to-mass
ratio (>30 W g') which is orders of magnitude higher com-
pared to inorganic alternatives. This could be a crucial factor in
aerospace applications, where costs are mainly driven by weight.
Earlier, we reported on in-flight tests performed during the strato-
spheric mission OSCAR in the framework of the ESA program
BEXUS, which demonstrated for the first time organic-based so-
lar cell operation in extraterrestrial conditions.”] From this mis-
sion, it was clear that temperature has a crucial impact on pho-
tovoltaic performance. Further study of the temperature depen-
dence of the intrinsic photovoltaic properties is, however, still
needed. Evidently, space exhibits other extremes than a broad
range of operating temperatures. Significant UV-radiation is
present that might cause the decomposition of organics. This
phenomenon is one of the leading causes of long-term degra-
dation of OPV materials.®] Other research demonstrated UV-
induced deterioration of charge-transport layers and changes in
micromorphology in the photoactive layer (PAL) of organic solar
cells, both fullerene-based (PBTZT-stat-BDTT-8:PCBM)P®! and
non-fullerene- based (PBDB-T-2CLIT-4F, and PM6:PY- OD:PY-
OBO).["% These effects can generally be mediated by applying
UV-resistant layers, thereby substantially extending the device’s
lifetime.['"]

Additional information in the literature on the deployment and
behavior of OPV technology in extreme environments or condi-
tions is scarce. However, insights into the in situ temperature
dependence of the operational behavior under less severe con-
ditions have been reported.['?] The open-circuit voltage (V) is
temperature-dependent and decreases with increasing tempera-
ture. This trend is a consequence of the energy spread for charge
carriers according to the Fermi-Dirac distribution and has been
reported in the literature over a broad thermal window, encom-
passing values from 80 to 300 K.[¥] In this temperature range,
the short-circuit current density (J5¢) is known to exhibit a pos-
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itive thermal coefficient, correlated to improved hopping of the
free charge carriers when heating the device. Literature reports
mention this trend for OPV devices based on pioneering model
systems such as MDMO-PPV:PC,, BM,['¥l P3BHT:PCy, BM,[!5) and
PCPDTBT:PC,;BM.[1 These reports, however, are limited in
scope as these observations are made within small temperature
ranges between 25 and 80 °C. Lastly, the fill factor (FF) is known
to slightly increase with temperature. Dyakonov et al.'*! ex-
plained this phenomenon by an increased mobility that benefits
the free charge carrier path length prior to recombination.

Temperature thus has a negative influence on the V- and a
positive effect on the Ji- and FF, resulting in a maximum in-
trinsic performance temperature for each material combination.
To the best of our knowledge, the previous high-temperature
record for OPV was reported by Dunggu Lee et al. in 2020['7] for
P3HT:PCy, BM solar cells with metal oxide hole extraction layers
investigated up to 147 °C. In this paper, we move beyond this
record temperature and the conventional temperature ranges re-
ported in the literature, by performing both in situ measure-
ments and simulations of photovoltaic parameters as a function
of temperature for OPV devices up to 180 °C to further explore
the temperature frontiers and obtain more insights on the ther-
mal window of operation for organic solar cells.

2. Results and Discussion

In this study, we use new 2H- benzo[d][1,2,3]triazole-5,6-
dicarboxylic imide-based donor polymers, motivated by their ele-
vated decomposition onset temperatures. Wei et al.'®! found that
the position of heteroatoms and side chains can affect the pho-
tovoltaic properties of the polymers. However, the thermal win-
dow of operation of the OPVs has not yet been examined system-
atically in combination with the fullerene (PC,;BM) or (mostly)
non-fullerene (ITIC) acceptors. Thus, these three new polymers
are designed to study their impact on both the photovoltaic prop-
erties and explore the thermal window of operation for OPV de-
vices.

© 2023 Wiley-VCH GmbH
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Table 1. Molar masses, optical, electrochemical, and thermal properties of polymers P1-P3.

Polymer M, [kDa] 2] Amax [NM] Eg"P‘ [eV] elg'Lem™) HOMO [eV] LUMO [eV] T4 [°C
Solution Film

P1 57.0 39 550 608 1.83 65.3 —5.64 -3.37 458

P2 11.9 3.0 553 588 1.83 56.4 —-5.60 -3.38 460

P3 14.9 5.2 615 635 1.79 62.9 —5.42 -3.36 359

In the following paragraphs, the polymer synthesis and char-
acterization are provided, followed by their room temperature
and temperature-dependent photovoltaic characteristics. To un-
derstand the general trends in the J-V characteristics and the ma-
terials’ intrinsic behavior as a function of temperature, comple-
mentary simulations are performed using an in-house developed
software package that numerically solves the drift-diffusion equa-
tions. The outcome of the combined experimental/simulations
study on the temperature dependence of OPV performance is fi-
nally compared with other photovoltaic technologies.

2.1. Polymer Synthesis and Characterization

The chemical structures of the polymers used are shown in
Figure 1a. The polymers were synthesized from the acceptor
monomer  4,8-bis(5-bromothiophen-2-yl)—2-(2-ethylhexyl)—6-
octyl-[1,2,3]triazolo[4,5-flisoindole-5,7(2H,6 H)-dione and
benzo[1,2-b:4,5-b"]dithiophene (BDT, P1 and P2)- and benzo[1,2-
b:4,5-b"|difuran (BDF, P3)-based donor monomers by using
the Stille polymerization reaction (see Supporting Information
for details). The three polymers P1, P2, and P3 are found to be
soluble in chloroform, chlorobenzene, and o-dichlorobenzene.
The molecular weights were determined by gel permeation
chromatography (GPC) relative to polystyrene standards
in 1,2,4-trichlorobenzene at a temperature of 135 °C (see
Figure S2, Supporting Information, for chromatograms). The
results are summarized in Table 1. The thermal properties of
the polymers were evaluated by thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC). All polymers
exhibited good thermal stability, with decomposition onset
temperatures (T;) above 340 °C (Figure 1b and Table 1). Further

analysis by DSC did not show any discernible transitions (i.e.,
no clear glass transition or melting behavior) between —90 and
+320 °C, the upper limit of thermal stability. The observed
thermal stability over a broad temperature range motivated us to
use these materials in our pursuit of exploring the temperature
window of operation for OPV.

The normalized UV-vis absorption spectra of P1-P3 in dilute
chloroform solutions and as thin films are shown in Figure 2 and
the corresponding optical parameters are summarized in Table 1.
All copolymers showed similar absorption spectra in the wave-
length region of 300-700 nm, with absorption maxima in chlo-
roform solution at 550, 553, and 615 nm for P1, P2, and P3, re-
spectively, all slightly red-shifted in film. The similar absorption
of P1 and P2 in solutions may be due to having similar aggre-
gation in solution. The red-shift (by 9 nm) of P1 in the film pre-
sumably indicates increased conjugation length due to the high
molecular weight of P1 as compared to P2 with low molecular
weight. The red shift of P1 in the film may be also due to the
strong aggregation (highly ordered and densely packed state) of
the P1 than P2.["1 For P3, a red shift is observed compared to
P1 and P2 due to the presence of the slightly stronger electron-
donating character of the BDF chromophore.[?’] The optical gaps
(E;°?") for P1, P2, and P3, calculated from the absorption onsets of
the thin film spectra, are 1.83, 1.83, and 1.79 eV, respectively. The
molar absorption coefficients of P1, P2, and P3 were determined
to be 73.5, 56.4, and 62.9 g™' L cm™!, respectively. Importantly,
the pristine polymers have complementary absorption with the
acceptors ITIC and PC,,BM (Figure 2b).

Cyclic voltammetry (CV) experiments were carried out to de-
termine the HOMO and LUMO energy levels of P1-P3 (Figure 3;
Figure S3, Supporting Information). The oxidation onsets of P1,
P2, and P3 were determined to be 0.66, 0.62, and 0.44 V, and
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Figure 2. a) UV-vis absorption spectra for P1-P3 in chloroform. b) UV-vis absorption spectra for thin films of the pristine polymers P1-P3, PC;;BM,

and ITIC.
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Figure 3. Energy levels for polymers P1—P3 and acceptor materials PC;;BM and ITIC, both for conventional and inverted devices.

the HOMO energy levels were calculated to be —5.64, —5.60,
and —5.42 eV, respectively (Table 1). On the other hand, the
reduction onsets were —1.61, —1.60, and —1.62 V and the cor-
responding LUMO energy levels were calculated to be —3.37,
—3.38, and —3.36 eV, respectively (Table 1). The BDT-based poly-
mers P1 and P2 have relatively deeper HOMO energy levels than
P3 due to the stronger electron-donating property of the BDF
moiety.l?!] This is expected to result in a higher V. in solar cell
devices fabricated from P1 and P2 as compared to P3.

2.2. Room Temperature OPV Analysis

To evaluate the photovoltaic performances of the given polymers,
both conventional (glass/ITO/PEDOT:PSS/polymer:ITIC/Ca/Al)

Table 2. Photovoltaic parameters for the optimized P1—P3:ITIC solar cells.

and inverted devices (glass/ITO/ZnO/polymer:ITIC/Mo,0,/Ag)
were fabricated. Optimizations of the P1-P3:ITIC weight ratios
(Table S1, Supporting Information), film thicknesses, and sol-
vent additives (Table S2, Supporting Information) were carried
out. The optimized P1-P3:ITIC weight ratio was 1:1 for all the
copolymers and the best results were achieved using chloroben-
zene as a processing solvent and 0.2% of 1,8-diiodooctane (DIO)
as a processing additive (see Table 2; Figure S4, Supporting In-
formation). The as-cast P1:ITIC-based conventional solar cell de-
vices afforded a power conversion efficiency (PCE) of 7.7%. The
combined effect of the addition of 0.2% DIO and thermal anneal-
ing at 120 °C for 10 min resulted in an improved PCE of 8.3%
with a (lower) Vo 0of 0.84 V, an (improved) Jsc of 15.3 mA cm™2,
and an (improved) FF of 0.64 (Table 2; Figure S4, Supporting
Information). On the other hand, the as-cast inverted solar cell

Polymer:ITIC Additive Thickness [nm] Ve V] Jse [MAcm™2] Jee cal? FF PCEP (average)? [%]
[mA cm™?

PLITIC* - 1M5+3 0.86 14.59 13.99 0.611 7.67 (7.50 + 0.12)
0.2% DIO 13 +2 0.86 15.15 14.27 0.600 7.82 (7.75 £ 0.11)
0.2% DIO/TA* 1M3+2 0.84 15.28 14.71 0.642 8.28 (8.16 + 0.10)
P1:PC,,BM* - 108 + 2 0.90 11.76 11.18 0.608 6.44 (6.16 + 0.21)
3%CN 106 + 2 0.88 12.63 12.10 0.686 7.62 (7.47 +0.12)
PLITICH* - 110 + 3 0.84 15.12 14.08 0.59 7.51 (7.47 £0.12
0.2% DIO 108 + 4 0.86 15.41 14.58 0.617 8.17 (8.11 £ 0.13)
0.2% DIO/TA* 108 + 4 0.84 15.80 14.97 0.630 8.36 (8.26 + 0.14)
P2:ITIC* - 1M4+3 0.86 13.12 12.70 0.449 5.27 (5.12 +£0.13)
0.2% DIO 115 +3 0.86 13.84 12.89 0.521 6.13 (6.00 + 0.14)
0.2% DIO/TA* 1M2+2 0.86 13.48 13.10 0.551 6.39 (6.23 + 0.15)
P2:ITIC** - 120 + 3 0.84 13.31 13.01 0.480 5.37 (5.29 + 0.09)
0.2% DIO 118 +2 0.84 13.38 13.20 0.500 5.63 (5.52 +0.12)
0.2% DIO/TA* 116 +2 0.86 13.21 13.23 0.544 6.21 (6.15 + 0.08)
P3:ITIC* - 1M2+2 0.80 14.01 13.30 0.571 6.70 (6.62 + 0.11)
0.2% DIO 109 + 3 0.80 13.90 13.55 0.631 7.02 (6.87 + 0.09)
0.2% DIO/TA* 109 + 3 0.78 13.57 13.51 0.624 6.60 (6.54 + 0.12)
P3:ITICH* - 1M5+2 0.80 14.08 13.59 0.613 6.90 (6.84 + 0.13)
0.2% DIO 1M3+3 0.82 13.88 13.77 0.667 7.59 (7.45 + 0.12)
0.2% DIO/TA* 13 +2 0.82 13.37 13.40 0.649 7.11 (7.08 + 0.09)

* TA: thermal annealing at 120 °C for 10 min; a)jsc calculated from the integrated EQE spectra. *Conventional device. **Inverted device; ®) Maximum pcE; 9 Average and
standard deviations were calculated from more than 10 devices. DIO: 1,8-diiodooctane, CN: 1-chloronaphthalene.

Adv. Funct. Mater. 2023, 2308666

2308666 (4 of 11)

© 2023 Wiley-VCH GmbH

95UB017 SUOLUIOD 9A1IR1D) 3[cedldde 8Ly Aq peusenob a.1e sajole YO 9sh Jo SajnJ 10} ARiq1T 8UlUO AB|IM U (SUORIPUOD-pUE-SWLBI LD A3 1M Aleq 1 jBulUo//Sdiy) SUORIPUOD pue sWs 1 84} 89S *[£202/TT/90] U0 Akeiqiauliuo Ao|im ‘ABojouyoe | JO AisAIUN SBWRYD AQ 999805202 WHPe/Z00T OT/I0P/LI0Y"A8 | IM Ale.d1|Bul|uo//Sciy Woly papeojumoq ‘0 ‘8Z0£9TIT



ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

www.afm-journal.de

12 18
(a)
104 —=— PLITIC 154
8- P2:ITIC
—A— P3:ITIC
0.8 12 4
r:lA == P1:ITIC
& 06 E —8— P2:ITIC
I < —A— P3:ITIC
° E
> ;=
1*]
0.4 - 6
0.2 34
0.0 — T T T T T 0= T T T T T
30 60 90 120 150 180 30 60 90 o 120 150 180
Temperature (°C) Temperature (°C)
0.90 10
(c)
s —8— PLITIC @
T —8—P2ITIC 84 —8— PLITIC
—— P3:ITIC & —&— P2:ITIC
0.60 - s —A— P3:ITIC
=64
& g
0.45 4
44
0.30 1
0.15 4 21
0.00 T T T T T T 0 T T T T T T
30 60 920 120 150 180 30 60 20 120 150 180
Temperature (°C) Temperature (°C)

Figure 4. Variations of the photovoltaic output parameters with temperature for P1-P3:ITIC-based conventional solar cell devices: a) V¢, b) Jsc, ¢) FF,

and d) PCE.

devices afforded a PCE of 7.5%. Upon addition of 0.2% DIO and
thermal annealing at 120 °C for 10 min, the PCE improved to
8.4% with an enhanced Jq of 15.8 mA cm~2 and a FF to 0.63
(Table 2; Figure S5, Supporting Information). The P2:ITIC-based
conventional devices achieved a best PCE of 6.4% with a V. of
0.86 V, a Js- of 13.5 mA cm2, and a FF of 0.55. The PCE of
the as-cast P3:ITIC-based conventional device was 6.7%. When
adding 0.2% DIO, the PCE was improved to 7.0%. The com-
bined effect of 0.2% DIO and thermal annealing at 120 °C for
10 min resulted in a drop in the PCE to 6.6% (Table 2; Figure
S5¢, Supporting Information). The performance of the inverted
solar cell devices based on the P3:ITIC blend showed a similar
trend. Thus, the PCE of the as-cast device was 6.9% and upon
the addition of 0.2% DIO, the PCE improved to 7.6%. However,
adding 0.2% DIO and thermal annealing at 120 °C led to a de-
crease in the PCE to 7.1%. Compared with the PC,;BM-based
conventional devices, the P1:ITIC-based devices exhibited better
PCEs, mainly due to the complementary absorption of P1 and
ITIC (see Figure 2b). The external quantum efficiency (EQE) was
determined for the best conventional and inverted solar cell de-
vices to evaluate the spectral responses and the accuracies of the
photocurrents extracted from the solar cells. The maximum EQE
values were ~64-72% (Figure S4, Supporting Information). The
current densities calculated by integrating the EQE spectra with
the AM 1.5 G solar spectrum agree with the corresponding [
values determined from the -V curves with a mismatch of less
than 7% (Table 2).

In order to investigate the film morphologies of the photoac-
tive layers, AFM measurements were carried out for the best-
performing solar cell devices prepared without and with the com-
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bined effect of a processing additive (0.2% DIO) and thermal an-
nealing (Figure S6, Supporting Information). Furthermore, pho-
toluminescence (PL) quenching experiments were carried out to
investigate the exciton dissociation and charge transfer behavior
of the P1-P3:ITIC blends. The results indicate that effective elec-
tron transfer occurred from the donor copolymers to the ITIC ac-
ceptor, for the excitons generated in the donor phase (Figure S7,
Supporting Information). The hole (u,) and electron (p,) mobili-
ties of the OPV devices were investigated using the space charge
limited current (SCLC) method. Higher charge carrier mobility
and well-balanced p, /p, values were in line with the ., FF, and
photovoltaic performance (see Table 2; Table S3 and Figure S8,
Supporting Information).

2.3. Temperature-Dependent OPV Analysis

To investigate the effect of temperature on the photovoltaic
properties of the P1-P3:ITIC solar cells, experiments were per-
formed on devices with conventional architecture fabricated us-
ing chlorobenzene as a processing solvent with 0.2% DIO. Ther-
mal annealing was performed at 120 °C for 10 min, since these
devices in general yielded the highest room temperature photo-
voltaic output.

Figure 4 shows the variations of the photovoltaic parameters
(Voc» Jsc» FE, and PCE) for P1:ITIC, P2:ITIC, and P3:ITIC-based
conventional solar cell devices during the first heating step from
room temperature to 180 °C. The generic trend observed for the
various parameters as a function of temperature is similar for
all investigated materials systems. With increasing temperature,

© 2023 Wiley-VCH GmbH
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Figure 5. Variations of the normalized photovoltaic parameters (relative to the room temperature values of the second heating step) for conventional
P1L:ITIC solar cell devices upon performing a heating (30-160 °C) — cooling (16030 °C) — re-heating (30-160 °C) cycle: a) V¢, b) Js¢, €) FF, and d) PCE.

Jsc» FF, and PCE showed a bell-like curve consisting of an ini-
tial increase, followed by a decrease, while the V. showed a
continuous decrease for all material combinations. The V. of
the P1-, P2-, and P3-based devices decreases continuously as a
function of increasing temperature from its initial value of 0.85,
0.84, and 0.79 V at 30 °C to 0.43, 0.38, and 0.36 V at 180 °C, re-
spectively. The ;- showed little variation in the given tempera-
ture range, with a slight linear increase from 30 to 150 °C, fol-
lowed by a decrease between 150 and 180 °C. Upon in situ ther-
mal heating of the P1:ITIC-based device, the FF improved from
0.59 at 30 °C to 0.65 at 80 °C and reduced to 0.29 at 180 °C.
In situ thermal heating of the P2:ITIC-based device resulted in
an improvement of the FF from 0.44 at room temperature to
0.53 at 90 °C, followed by a subsequent decrease. Likewise, the
P3:ITIC-based device showed an enhanced FF from 0.61 at 30 °C
to 0.66 at 90 °C and this dropped to 0.27 at 170 °C.

Furthermore, for the purpose of comparison, we also investi-
gated the temperature dependence of the P1:PC,, BM device pa-
rameters, which showed a similar trend to the P1:ITIC-based de-
vices during the short interval (45 min measurement time) of the
in situ heating experiment (Figure S9, Supporting Information).
The initially observed slight increase in Js- and the significant
improvement in FF for all devices during the first linear heating
step resulted in an initial increase of the PCE up to 80-90 °C.
However, at temperatures above 100 °C, PCEs decreased in all
cases because of the decline in V. and FF.[??] During the in situ
heating experiment up to 180 °C, both types of devices (i.e., non-
fullerene and fullerene) had stable active layer morphologies as
observed from atomic force microscopy (AFM) and transmission
electron microscopy (TEM) images (Figures S10 and S11, Sup-
porting Information).
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In order to investigate whether the observed behavior of the
photovoltaic parameters as a function of temperature is re-
versible, subsequent heating and cooling steps were performed.
For the sake of simplicity, in the following, we only focus on
P1:ITIC-based devices, since these show similar temperature-
induced behavior of the solar cell output parameters as the other
material systems, and furthermore, the P1:ITIC devices gave the
highest PCE.

The applied heating/cooling cycle consists of the following
steps: heating (30 to 160°C), cooling (160—30 °C), and re-heating
(30—160 °C). Here, a maximum temperature of 160 °C instead
of 180 °C is chosen, since demonstrated in Figures S10 and S11
(Supporting Information) prolonged heating at 180 °C can yield
thermally induced changes of the morphology. The evolution of
the normalized photovoltaic output characteristics (normalized
with the room temperature value at the start of the second heat-
ing step as a reference) for P1:ITIC during these subsequent ther-
mal steps is shown in Figure 5. From this figure, itis clear that the
characteristics observed during the first heating step differ from
the ones obtained for the first cooling and second heating, which
in general coincide, thus indicating a reversible behavior after the
first heating step. This also indicates that during the first heating
step, an initial irreversible effect takes place, of unknown nature.
This irreversible drop in performance might be attributed to top
electrode interface degradation.[?)] Due to the coinciding curves
of the photovoltaic parameters for the first cooling and second
reheating step, the temperature range from room temperature to
160 °C can be considered as a reversible temperature window of
operation for the P1:ITIC solar cells. To understand the observed
trends of the photovoltaic parameters as a function of tempera-
ture in this reversible temperature range, the experimental data
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Figure 6. Evolution of the J-V curves for PT:ITIC solar cell devices in rela-
tion to temperature, calculated using Simiconductor.

are compared with the trends obtained from drift-diffusion sim-
ulations as described below.

2.4. Drift-Diffusion Simulations

Complementary to the presented temperature-dependent OPV
characterization experiments, simulations are performed using
an in-house developed software package called Simiconductor
that numerically solves the drift-diffusion equations!?*] (see Sup-
porting Information and Experimental Section) to understand
the general trends in the obtained current-voltage characteristics
and the materials’ intrinsic behavior as a function of tempera-
ture. Simiconductor aims to simulate the general behavior of bulk
heterojunction (BHJ) OPV devices using the simplified MIM-
model,[?* which approaches a BH]J as a metal-insulator-metal in-
terface due to the similarity with the BH] OPV architecture of a
mixed donor-acceptor film sandwiched between two electrodes.
Simiconductor is able to simulate junctions in 1D and 2D and is
used here to conduct a 1D simulation for P1:ITIC devices in the
thermal window from +20 to 180 °C. For each temperature in-
terval of 10 °C, J-V curves were calculated from which the pho-
tovoltaic output parameters were extracted. Due to the simplicity
of the device model used in Simiconductor, we use it to only draw
qualitative conclusions, not quantitative ones, with an exception
for the V.. The photovoltaic performance parameters were nor-
malized at 30 °C to compare the results to experimental data. The
J-V curves obtained by Simiconductor are displayed in Figure 6.

The linear behavior of the V. is well understood from the
literature.[?’! Its value increases steadily at colder temperatures
and reaches a limit of 0.8 V, corresponding to the built-in volt-
age. The J displays an initial linear increase with rising tem-
perature before saturation sets in between 50 and 180 °C. This
increase is related to the temperature dependence of the charge-
carrier mobility. The opposite trend between V- and Jy. results
in a trade-off that translates to a global maximum for efficiency
at =70 °C.

Figure 7 shows the experimentally obtained J-V characteris-
tics for a P1:ITIC conventional device together with the results
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from Simiconductor. The experimental data comprise the second
heating cycle (30-160 °C), thereby reducing any annealing effects
that might otherwise occur during the first heating. The data was
once again normalized to 30 °C for quantitative analysis of the
Voc» Jsc» FF, and PCE. Although no exact match was obtained
between both datasets, the similarities in the thermal evolutions
are striking, given the simplicity of the model employed by Simi-
conductor. We obtain similar trends for the experimental and sim-
ulated values. Figure 7 additionally shows how the FF evolves as
a function of temperature. Although the experimental and simu-
lated values for the FF do not numerically correspond, of particu-
lar relevance here is that the global trend is similar, i.e., an initial
increase of the FF from room temperature up to %130 °C, fol-
lowed by a decrease with further increasing temperatures. Since
the FF is determined by the competition between the extraction
of free charges and recombination, the initial increase can be due
to the temperature-induced improved charge transport, while at
higher temperatures recombination becomes more dominant.[2!

In conclusion, the overall similar trends of the experimental
and simulated values suggest that drift-diffusion simulations are
a useful tool to better understand the generic trends of intricate
dynamics and the effect of temperature on the photovoltaic pa-
rameters of organic solar cells, and confirm their potential high-
temperature window of operation.

2.5. OPV versus Other Solar Cell Technologies

The combined experimental simulation results presented above
indicate that OPV is an interesting photovoltaic technology for
high-temperature environments. Contrary to inorganic counter-
parts and other emerging PV classes such as dye-sensitized cells
(DSSCs) and perovskite solar cells (PSC), the studied OPV de-
vices show a positive temperature coefficient up to ~90 °C. At
temperatures of 150 °C, they are still operational, retaining their
room temperature efficiency.

In the following, we aim to compare the temperature depen-
dence of the photovoltaic performance of P1:ITIC, and OPV de-
vices in general, to that of different PV technologies: on the one
hand, common inorganic PV technologies: monocrystalline Si,
polycrystalline Si, copper indium gallium selenide (CIGS), and
a heterostructure with intrinsic thin layer (HIT),[?’) and on the
other, emerging PV classes such as dye-sensitized cells (DSSCs)
and perovskite cells. The former types of devices are known to
exhibit a negative temperature coefficient for performance, as re-
ported by Paudyal et al.?’] for the temperature range from —10
to +70 °C and tabulated in Table 3. Negative temperature coeffi-
cients have also been reported for the mentioned emergent types
of devices (i.e., DSSCs and PSCs).I?8] Dong et al.[?*! have demon-
strated perovskite solar cells operating at 200 °C, based on in-
organic CsPbI,Br perovskite and carbon nanotubes as hole ex-
traction electrodes, and compared their high-temperature behav-
ior with other PV technologies. Raga et al. measured the power
conversion efficiency for N719 stained TiO, DSSCs at temper-
atures ranging from —7 to 70 °C. They note a maximum effi-
ciency ~#30—40 °C before a significant drop off. From their data, a
negative temperature coefficient of —0.29%/°C can be computed
for the highest reported temperature of 70 °C.[3% These negative
temperature coeflicients for the performance of the perovskite
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Figure 7. Evolution of the J-V characteristics for a P1:ITIC device in relation to temperature: simulated data plotted against experimentally obtained

data. The data are normalized at 30 °C for the second heating step.

solar cells and DSSCs reported by Dong et al. and Raga et al., are
tabulated in Table 3 alongside our P1:ITIC results and other PV
technologies from Paudyal et al.[?’]

Figure 8 shows the corresponding relative change in PCE as
a function of temperature compared to room temperature val-
ues for various PV technologies, illustrating the opposing effects
of the difference in temperature coefficients between OPV and
other PV technologies. While the various classes of solar cells
show a linear decrease in performance for increasing tempera-
ture, P1:ITIC displays a relative increase of up to 15% 100 °C.
After attaining a maximum plateau region ~100 °C, the PCE of
P1:ITIC decreases at higher temperatures. Since PCE is propor-

Table 3. Temperature coefficient for efficiency around standard test condi-
tions of 25 °C, given for different PV technologies.[27-28:30]

PV technology CT (PCE) [%/°C] Reported efficiency at 25 °C [%]

Mono c-Si -0.30 19

Poly ¢-Si —-0.34 16.6
CIGS —-0.26 12.6
HIT -0.22 19.4
PSC —-0.035 5.413
DSSC -0.29 4.95
P1ITIC* 0.49 3.94

PT1:ITIC*-Second heating OPV.
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tional to the productof [, Vi, and FF, the displayed bell-shaped
PCE graph of PL:ITIC in Figure 8 can be explained by the temper-
ature dependence of these photovoltaic parameters as shown in
Figure 7: the raising part of the PCE graph can be ascribed to the
dominating contribution of the increasing FF and Jy., while the

1.2 4
1.0 4
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O
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=
g
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069 —@-psc
=@—DSSC
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Figure 8. Temperature dependence PCE of PL:ITIC (relative to the room
temperature values of the second heating step) OPV compared to different
inorganic technologies, DSSCs, and perovskite solar cells (as extrapolated
from their temperature coefficients in Table 3).
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Figure 9. Representation of a BH) OPV device based on the MIM model. On each side of the device, there is a metal contact with specified work
functions. In between resides the photoactive layer with effective HOMO and LUMO levels.

decreasing part at higher temperatures is due to the dominating
contribution of the decreasing V.

For a proper comparison of the high-temperature performance
of the various photovoltaic technologies, however, the crucial
figure of merit is the absolute PCE at a given temperature. Al-
though in the context of high-temperature photovoltaics, P1:ITIC
has an interesting temperature coefficient compared to the other
tabulated PV technologies, its room temperature efficiency is sig-
nificantly lower (see Table 3). However, as the best research-cell
efficiency for OPV has currently reached 19.2%,13" there is plenty
of room for improvement, and future high-temperature studies
involving more performant OPV material systems are needed to
draw realistic conclusions on the competitive potential of OPV
for high-temperature applications.

3. Conclusions

In this work, we explored the high-temperature window of op-
eration for organic solar cells. In situ analysis of the tempera-
ture window of operation for OPV devices using a combined ex-
perimental and simulations study was performed over a sizeable
thermal window from 30 to 180 °C. 2H- Benzo[d][1,2,3]triazole-
5,6-dicarboxylic imide-based copolymers were used for this study
due to their good thermal stability and decomposition on-
set temperatures above 340 °C, in combination with both a
fullerene (PC; BM) and non-fullerene (ITIC) acceptors. The
studied devices showed a positive temperature coefficient up
to 90 °C and they were still operational in the investigated
high-temperature window of operation-beyond the previously re-
ported high-temperature OPV record of 147 °C, while retain-
ing their room temperature efficiency at 150 °C. Complemen-
tary simulations using the in-house developed software package
semiconductor-which numerically solves the drift-diffusion equa-
tions were introduced to interpret the obtained current-voltage
characteristics and the materials’ intrinsic behavior as a func-
tion of temperature. Although no exact numerical match was ob-
tained between the experimental and simulated datasets for the
Voc» Jse» FF, and PCE as a function of temperature, the over-
all general trends observed in experiments and simulations are
strikingly similar. The proposed drift-diffusion simulations are
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thus a useful tool to understand the generic trends of intricate
dynamics and the effect of temperature on the photovoltaic pa-
rameters of organic solar cells and confirm the potential high-
temperature window of operation for OPV.

A key observation is that the devices in this study display
a reverse effect of temperature on their performance com-
pared to other PV technology, by performing relatively bet-
ter at elevated temperatures, suggesting that OPV devices
might potentially have competitive benefits in hot environ-
ments. This behavior is observed in both experiments and sim-
ulations and is among others attributed to the intrinsic tem-
perature dependence of the charge-carrier mobility of organic
materials.

To further explore the high-temperature window of operation
for OPV and a more direct assessment of its competitive high-
temperature potential compared to other classes of photovoltaic
devices, it is recommended for follow-up investigations that the
proposed measurement/simulation methodology will be applied
to other, especially more performant, OPV material systems (e.g.,
PM6:BTP-eC9,1*2] and PM6:Y6[%%) together with complementary
long-term aging studies.

In the development toward high-temperature OPV, it has to be
emphasized that in the aimed temperature window of operation
no degradation sets in. The high-temperature limit of the temper-
ature window of operation will therefore be determined by mate-
rial properties such as glass transition and decomposition tem-
peratures, which can serve as a guideline for materials synthesis.
In relation to the latter, caution should be taken concerning the

Table 4. Intrinsic OPV parameters that are affected by temperature and
their corresponding expressions.

Temperature-dependent variable Expression

Diffusion coefficient D(T) = pkT/q

Charge-carrier mobility(3®] u(T) = p eEAlkT

Effective density of states of Ny (T) = T2
conduction/valence band!®’]

Charge-carrier number density(3’] ni(T) = #Nve’(HOMO’LUMoV”

© 2023 Wiley-VCH GmbH

95UB017 SUOLUIOD 9A1IR1D) 3[cedldde 8Ly Aq peusenob a.1e sajole YO 9sh Jo SajnJ 10} ARiq1T 8UlUO AB|IM U (SUORIPUOD-pUE-SWLBI LD A3 1M Aleq 1 jBulUo//Sdiy) SUORIPUOD pue sWs 1 84} 89S *[£202/TT/90] U0 Akeiqiauliuo Ao|im ‘ABojouyoe | JO AisAIUN SBWRYD AQ 999805202 WHPe/Z00T OT/I0P/LI0Y"A8 | IM Ale.d1|Bul|uo//Sciy Woly papeojumoq ‘0 ‘8Z0£9TIT



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

long-term stability of the device’s performance and morphology
at elevated temperatures, a subject requiring dedicated in-depth
research. Although the proposed methodology is valuable as a
rapid initial screening to explore the thermal window of opera-
tion of OPYV, it is however not sufficient for predicting quantita-
tively lifetimes at elevated temperatures. Information in the liter-
ature on the deployment and long-term behavior of OPV technol-
ogy in extreme environments or conditions is scarce. Most of the
thermal studies reported using ISOS test Protocols.** These lat-
ter are established, consensus test protocols for life test models to
predict the long-term reliability and lifetime of organic solar cells
in typical operation conditions on Earth. The highest test tem-
perature in the current ISOS test protocols therefore amounts to
85 °C. Toward a quantitative prediction of the long-term opera-
tion of OPV at more extreme high temperatures (e.g., aerospace
applications), novel, appropriate ISOS-like test protocols need to
be developed, beyond the current highest ISOS test temperature
of 85 °C.

The presented insights and methodology of high-temperature
experiments/simulations related to the high-temperature win-
dow of operation of OPV in combination with performant
and thermally robust OPV materials can open novel high-
temperature application routes on Earth and in space.

4. Experimental Section

Temperature-Dependent  Current-Voltage ~ Measurements:  An  in-
house hybrid heating/measurement setup was developed, allowing
in situ current—voltage (I-V) measurements under illumination on a
2.5 x 2.5 cm? substrate while heated. This setup allowed for measure-
ments in the temperature range between 30 and 200 °C (Figure S1,
Supporting Information). The temperature was manually controlled with
temperature intervals of 10 °C, with a short initial time period for the
device to stabilize at the specified temperature.

Drift-Diffusion Simulations: The in-house developed software simicon-
ductor aimed to simulate the general behavior of bulk heterojunction (BH))
OPV devices using the simplified MIM model, which approached a BH) as
a metal-insulator-metal interface. This approach limited the ability to sim-
ulate in detail the photovoltaic output characteristics of specific devices,
but still represented a good picture of the generic occurring mechanisms.
A visual representation of this approach is given in Figure 9, where the
intrinsic layer represented the PAL with a valence band equal to the high-
est occupied molecular orbital (HOMO) energy level of the donor ma-
terial and a conduction band equal to the lowest unoccupied molecular
orbital (LUMO) energy level of the acceptor material. This layer was sand-
wiched between two metallic contacts. The difference in work functions
between the top and bottom contact was representative of a built-in volt-
age Vj,;. An excitation in the middle layer corresponded to a successfully
charge-separated exciton in the PAL of the OPV device. The mechanism
of drift-diffusion subsequently described the transport of the free charge
carriers to the corresponding contacts. A further description of the MIM
model and the drift-diffusion equations were given in a recent review pa-
per on the modeling of organic solar cells by Li et al.l?] Simiconductor
was able to simulate junctions in 1D and 2D, but this work was restricted
to 1D simulations. The software was developed by Jori Liesenborgs and
is available for download at research at https://research.edm.uhasselt.
be/simiconductor/web/pn.hl.[33] Further information on Simiconductor is
available at this link and in Supporting Information. The temperature-
dependent parameters are summarized in Table 4.

These parameters were temperature-dependent directly and the expres-
sions had been taken from the literature, with k the Boltzmann constant
and E, the hopping activation energy. The charge-carrier number density
was only used in the calculation of the recombination parameter, which
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Table 5. Material properties and their assigned values for a P1:ITIC-based
organic solar cell as requested by Simiconductor.

Parameter Value
PAL thickness [m] 1.15x 1077
Recombination parameter 0.01
Cathode work function [eV] 4.2
Anode work function [eV] 5
Molar absorption coefficient [g~! Lem™'] 65.3
Generation rate [m™3 s7] 1.00 x 10-2°
Effective density of states (DoS) at T,* [m~3] 5.00 x 10%
DoS width [eV] 0.09
Hole mobility at T, [m? V=1 57" 6.79 x 1078
Electron mobility at T, [m? V=1 s7'] 3.04 x 1078
Relative permittivity 4.5

*T,: room temperature.

in the sets of simulations also depends on temperature, due to it being
a function of the charge-carrier mobility and the charge-carrier number
density. The recombination parameter in the table below (Table 5) used
the bimolecular recombination model, whose expression contained the
Langevin prefactor.3]

The simulations were based on the material properties of the P1:ITIC
BH) system described in Tables S1-S3 (Supporting Information). The pa-
rameters requested by Simiconductor are summarized in Table 5. Many of
these values were obtained from experimental data, taken either from this
work or previous work.[38] Other values had to be estimated. The genera-
tion rate was derived from the experimentally measured molar extinction
coefficient.

Supporting Information

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