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Conjugated polymers are a family of materials that are widely used as Hole Transport Layers (HTL) in
perovskite solar cells (PSCs). Specifically, PEDOT:PSS is a widely used conjugated polymer in inverted
PSCs that suffers from poor stability. Here, the lifetime of inverted PSCs is extended by employing for
the first time the hydrophobic conjugated polymer PIDTTDQ. The performance of the optimized
PIDTTDQ device reaches a maximum PCE of 14.70%, compared to the reference device with
PEDOT:PSS at 12.16%. The enhanced PCE is due to the improved HTL/Perovskite interface, confirmed by
Transient measurements. Finally, the ISOS D1 and L2 protocols revealed an enhanced moisture, light and
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1. Introduction

Perovskite solar cells (PSCs) are one of the top-performing
photovoltaic devices, with a Power Conversion Efficiency (PCE)
that has evolved from 3.9% in 2009 to a certified 25.2%
recently,”* which has been achieved on multiple occasions
by employing a mesoscopic or a planar normal (n-i-p) device
architecture.” In recent times, the efficiency gap between the
normal and inverted PSCs has been slowly closing, where PCEs
for inverted devices are exceeding 22%.°° The merits of the
inverted (p-i-n) PSCs compared to the normal structure, are
easy low-temperature fabrication™ that is preferable for fabri-
cating large-area modules and flexible photovoltaics,™* negligi-
ble hysteresis,"* and their applications in tandem devices."?
Among the many device parameters,> PCE improvement largely
relies on the optimization of the hole transport layer (HTL)-
perovskite interface. This is achieved through energy level
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alignment and efficient charge extraction and transport,'*
where a preferable band alignment is associated with higher
open-circuit voltage.> Moreover, the perovskite film growth
and crystallinity largely depend on the bottom layers.'® The
most common HTLs in Inverted PSCs include poly(3,4-ethylene-
dioxythiophene) polystyrene sulfonate (PEDOT:PSS), poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), nickel oxide (NiOx)
and copper-based inorganic materials.'”” PEDOT:PSS is a widely
used HTL in inverted devices,” because it possesses numerous
benefits such as low-cost production, mechanical flexibility for
large substrates, and transparency.'® Nevertheless, PEDOT-based
devices suffer from open-circuit voltages (Voc) < 1V due to the low
work function (WF) and energy level mismatch.' In addition, the
insulating PSS™ ionomer stands as a limiting factor for film
conductivity,”® while its acidic and hygroscopic nature induces
rapid attenuation in device stability.>' Despite its wide use, pristine
PEDOT:PSS is not a very efficient HTL, therefore various methods
are being applied to enhance its effectiveness, such as the incor-
poration of inorganic salts,”>** pH modification,> and solvent
treatment,”® that lead to remarkable efficiency enhancements.
On the other hand, inverted devices with PTAA as HTL are
obtaining efficiencies of more than 20%, which is comparable
to normal devices with 2,2',7,7'-Tetrakis [N,N-di(4-methoxy-
phenyl)amino]-9,9"-spirobifluorene (Spiro-OMeTAD) as HTL.>
The major drawback of using PTAA is the high cost and inade-
quacy for use in large-area devices. Recently, Al-Ashouri et al.
have introduced two novel, low-cost, self-assembled monolayers
as hole selective contacts to achieve high PCEs with the ability to
be used in large-area devices and replace PTAA.>® Many efforts
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are focused on the synthesis of novel materials to replace
PEDOT:PSS. For instance, Liu et al. synthesized two conjugated
polyelectrolytes that enhanced the PCE up to 17.71%, compared
to PEDOT:PSS-based devices.>® Improving the lifetime of PSCs is
a major step in establishing their commercial use. The highest
reported lifetime of a PSC is one year,*® while silicon modules
have a 25 year warranty.*"*” To surpass the international stan-
dards for device stability,®® all the parameters affecting the PSC
lifetime such as moisture, oxygen, heat, light exposure, and
intrinsic instability must be tackled.>* The chemical interaction
between the hole selective contact and the perovskite film has a
direct impact on the stability of p-i-n devices.*”

The sulfonic acid groups in PEDOT:PSS corrode the ITO
electrode, which has detrimental consequences on the device
stability,>®?” while the hydrophilic nature of PEDOT:PSS can
cause humidity accumulation in the perovskite film, resulting
in rapid device degradation. Ma et al have incorporated
hydrophobic Nafion into PEDOT:PSS, leading to improved
film conductivity, Voc, and stability.*® Singh Mann et al. also
enhanced the PCE to 16% and stability of p-i-n devices by spin
coating a Sulfonic acid-functionalized Graphene Oxide (SrGO)
buffer layer between PEDOT:PSS and the perovskite film.*® In this
study, we present a novel, hydrophobic, and low temperature-
solution processable D-A conjugated polymer consisting of an
indacenodithiophene derivative as the electron-donating unit and
a thiadiazolequinoxaline derivative as the electron-withdrawing
unit (PIDTTDQ), which was employed in inverted device archi-
tecture, replacing PEDOT:PSS as the HTL. We demonstrate that
PIDTTDQ, when spin-coated on ITO substrates, provides a uni-
form, transparent film, and shows hydrophobic behavior. The
reference device with PEDOT:PSS as the HTL showed a champion
PCE of 12.16% with an 11.82% on average, while the fabricated
devices using PIDTTDQ reached a champion PCE of 14.70% with
an average of 13.07%, for an optimized thickness that is obtained
from a 0.05 mg ml " solution. We also show an improved HTL/
perovskite interface, which is evident from the improved Voc of
up to 110 mV and the increased carrier lifetime and charge
extraction. Finally, the device moisture, thermal and light stability
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was enhanced, as it was confirmed by the implementation of the
ISOS D1 and L2 protocols.

2. Results and discussion
2.1 Characterization of PIDTTDQ

The chemical structure of the as synthesized PIDTTDQ Con-
jugated polymer is presented in Fig. 1a. Fig. S1 (ESIT) displays
the "H NMR spectrum of PIDTTDQ. More details about the
synthetic procedures of PIDTTDQ can be found in the ESLf
In inverted PSCs, light enters the device from the HTL side,
therefore, ideally, the HTL should not absorb light to reduce
optical losses in the complete device. The Transmittance
spectra of PIDTTDQ and PEDOT:PSS films on Glass/ITO were
recorded for a thickness of x~50nm. The results from the
Transmittance spectra (Fig. S2, ESIt) show that PIDTTDQ is
more transparent compared to PEDOT:PSS. The absorbance
spectrum (Fig. 1b) of PIDTTDQ revealed two peaks in the visible
and the IR range. The bandgap of PIDTTQ was estimated by
using the Tauc plot method. The obtained bandgap was 1.2 eV.
The Work Function (WF) and HOMO level of PIDTTDQ was
then obtained by performing Kelvin Probe Force Microscopy
(KPFM) and Ambient Photoemission spectroscopy (APS) mea-
surements. We measured the work function of PIDTTDQ in
neat films with a thickness of ~50nm. Fig. 2a shows the
measured WF as a function of time. The obtained WF was
3.16 £ 0.01 eV. This value remains stable over time with small
fluctuations, showing the uniformity of PIDTTDQ thin films.
We then estimated the valence band maximum (HOMO) using
APS with a UV light source. Fig. 2b shows the Cube root
photoemission as a function of energy. The HOMO level was
estimated by extrapolating a straight line to the photoemission
threshold. The obtained HOMO was —4.8 eV. Then, the LUMO
value was extracted by combining the Uv-Vis and APS measure-
ments. The calculated LUMO was —3.6 eV. The energy levels of
PIDTTDQ are summarized in Table S1 (ESIt). The surface
morphology of the HTL film is another crucial parameter to
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(a) Chemical structure of the PIDTTDQ conjugated polymer (b) absorption spectrum of PIDTTDQ solution with obtained bandgap.
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obtain efficient PSCs.***! The film morphology of the PIDTTDQ
and PEDOT:PSS films on ITO was studied through Atomic
Force Microscopy (AFM) imaging. The obtained film topogra-
phy for a 5 x 5 um image size is presented in Fig. S3a (ESIt) for
PIDTTDQ and in Fig. S3b (ESIf) for PEDOT:PSS, where no
major differences were observed between the topography of
the two films. The Root Mean Square (RMS) roughness for
PIDTTDQ and PEDOT:PSS was 2.3 and 1.6 nm respectively,
showing a smooth morphology for both layers. The film mor-
phology of the perovskite film was also studied, with PEDOT:
PSS and PIDTTDQ as bottom layers, with the film topography
presented in Fig. S3c and d (ESIT) respectively for a 5 x 5 um
image size. The RMS roughness for PIDTTDQ and PEDOT:PSS
deposited on top of the perovskite layer was 14.1 and 16.2 nm,
respectively. This indicates that the interface between the
perovskite film and the HTL is smoother for PIDTTDQ than
PEDOT:PSS, with a possible reduction in the number of inter-
facial defects. The wetting properties of both HTLs were then
examined through water contact angle measurements on Glass/
ITO, where the contact angle for PEDOT:PSS was 26.2°, while
the corresponding value for PIDTTDQ was 96.0° as seen in
Fig. S4(a) and (b) (ESIT). This illustrates that PIDTTDQ is more
hydrophobic, and therefore can be more water-resistant than
PEDOT:PSS, preventing humidity penetration and promoting
better crystal growth of the perovskite film. The growth of
the perovskite layer on hydrophobic films is usually associated
with larger grains, due to the suppression of the nucleation
process.*”> The hydrophobic nature of PIDTTDQ raises the
concern of whether it is wetting to DMF and thus the perovskite
layer. To answer this question, we performed contact angle
measurements using DMF. The corresponding contact angles
for PEDOT:PSS and PIDTTDQ were 12.4° and 20.4°, respectively,
as shown from Fig. S4(c) and (d) (ESIf). From these data, we can
deduce that PIDTTDQ is wetting to DMF, thus the perovskite
film can be deposited on top of it. The results given above
demonstrate the potential of PIDTTDQ to further extend the
lifetime of PSC devices. A higher hole mobility of an HTL can
lead to improved hole transport and collection.** The hole

314 | Energy Adv, 2022, 1, 312-320

View Article Online

Paper

—_—
(=2
-

3.0x10° T T T T T T T

2,5x10° -

2,0x10° -

1,5x10°

1,0x10°

Cube Root Photoemission (AU)

5.0x10°

00 T T
4,0 42 44

Energy (eV)

(a) PIDTTDQ work function measurement as a function of time (b) PIDTTDQ HOMO estimation using UV photoemission spectroscopy.

mobility of both PEDOT:PSS and PIDTTDQ films was calculated
by fabricating hole-only devices structured as ITO/PIDTTDQ/Au
and ITO/PEDOT:PSS/Au respectively, and by fitting the Mott-
Gurney law in Fig. S5 (ESIt) as:
2
J= 2808;4% (1)

where J is the dark current density, V is the applied voltage,
€0 =8.85 x 10~ F cm™ " is the vacuum permittivity, ¢ ~ 3 is the
permittivity for an organic material, u is the charge mobility and
L ~ 50nm is the film thickness. The calculated hole mobilities
for PIDTTDQ and PEDOT:PSS were 2.35 x 10 * and 2.56 x
10~*em® v 's™', indicating a similar transporting ability for the
two HTLs.

2.3 Device performance

To further investigate the perovskite growth and device perfor-
mance with the PIDTTDQ HTL, we fabricated p-i-n devices
with the structure ITO/PIDTTDQ/Perovskite/PCs,BM/BCP/Ag,
as shown in Fig. S6a (ESIt). The device energy level diagram
is shown in Fig. S6b (ESIt). The perovskite was based on the
4-cation composition Rby 04C80.05(FAg.55MA.15)0.01Pb(Lo.85BT0.15)3
(referred to as RbCsFAMA), where the addition of RbI and
Csl provides high efficiencies, better stability, and improved
reproducibility.**** The thickness of the PIDTTDQ layer was
optimized by testing various concentrations, namely 0.01, 0.05,
0.1, and 0.2 mg ml~*, and comparing the device performance.
PIDTTDQ films exhibited a hydrophobic behavior when deposit-
ing the perovskite film on top of them. Intermediate concen-
tration values were also investigated, however the obtained PCE
values were inferior compared to the four concentration values
mentioned previously. Since the Perovskite film growth on hydro-
phobic surfaces is a key issue and a significant consideration
for large-area devices,”> we tried treating the PEDOT:PSS and
PIDTTDQ films with DMF, before the perovskite deposition, but
the treatment did not improve the perovskite film quality. The
obtained photovoltaic parameters of the best device from each
PIDTTDQ concentration with average values can be seen in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) J-V Curves of champion devices for PIDTTDQ and reference

reference devices.

Table S2 (ESIf). For concentrations of 0.01, 0.05, 0.1 and
0.2 mg ml™', the best devices showed a PCE of 13.77%,
14.70%, 13.97%, and 12.60% respectively. A statistical compar-
ison between each concentration is provided in Fig. S7 (ESIf),
with box plots for each photovoltaic parameter. Based on the
above, we concluded that a PIDTTDQ solution concentration of
0.05mg ml " yields the highest PCE and is the optimum
concentration among all tested. We will refer to the devices
with this optimized thickness for the rest of the study as
PIDTTDQ. The performance of the PIDTTDQ HTL was then
compared with the PEDOT:PSS reference device. Fig. 3a shows
the J-V characteristic curves for both champion devices
obtained with the two HTLs.

According to Table 1, the champion reference device showed
a PCE of 12.16%, a Voc of 0.95V, a FF of 75.32%, and a Jsc of
16.08 mA cm™ 2, compared to the PIDTTDQ champion device that
has a PCE of 14.70%, Voc of 1.06V, FF of 77.51% and a Jgc of
16.97 mA cm 2. PIDTTDQ exhibited a Voc increase of 110 mV.
This increase might arise from the improved HTL/Perovskite
interface and the reduced non-radiative interfacial recom-
bination. Afterwards, we investigated the reproducibility of the
devices. The results are presented as box plots with all the
photovoltaic parameters for the 20 fabricated devices with
PEDOT:PSS and PIDTTDQ in Fig. 3b. All obtained photovoltaic
parameters for each of the 20 reference and PIDTTDQ devices are
shown in Tables S3 and S4 (ESIT) respectively. Based on Table 1,
the reference devices had on average a PCE of 11.82%, a Voc of
0.93V, a FF of 76.56%, and a Jsc of 15.82 mA cm 2, while
PIDTTDQ devices showed on average PCE of 13.07%, a Voc of

Table1l Photovoltaic Parameters of 20 fabricated devices for each case. Th
champion devices
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1.04V, a FF of 74.96% and a Jsc of 15.88 mA cm ™2 This data
confirms the improved performance of PIDTTDQ with a 1.25%
increase in PCE on average and a 110 mV increase in Voc. The
improvement in device efficiency is also illustrated in the
PCE histogram in Fig. 4a. To verify the current density obtained
from the solar simulator, we then performed External Quantum
Efficiency (EQE) measurements for both the PIDTTDQ and
PEDOT: PSS devices, the results of which are presented in Fig. 4b.
The integrated current density values for PIDTTDQ and PEDOT:PSS
were 16.34 and 15.93 mA cm™ 2 respectively, which were virtually in
agreement with the calculated Jsc from the solar simulator. On
average, the J,. is almost identical for both devices. The average FF
was 1.6% less for PIDTTDQ compared to PEDOT:PSS. The reason
behind this difference lies at the conductivity of PIDTTDQ. We
performed conductivity measurements on 50nm thick films of
PIDTTDQ and PEDOT: PSS, on a diode configuration of ITO/HTL/
Au. The results are presented in Fig. S8 (ESIt). The calculated con-
ductivity of PIDTDDQ and PEDOT: PSS is 2.88 and 3.11 mS cm™/,
respectively. Table S5 (ESIt) displays the series resistance values for
20 fabricated devices using PIDTTDQ and PEDOT: PSS. The average
series resistance was 5.81 for PIDTTDQ and 5.28 for PEDOT:PSS.
The low conductivity and higher series resistance of PIDTTDQ
compared to PEDOT: PSS is the main cause for the reduced FF that
PIDTTDQ devices exhibited. The lower hole mobility of PIDTTDQ
compared to PEDOT:PSS can also harm the FF.*®

2.4 Optoelectronic characterization

To investigate the mechanism responsible for the Voc and the
PCE enhancement after introducing the PIDTTDQ HTL, we

e errors are calculated from device statistics. The brackets correspond to the

PCE % FF % Jsc (mA cm™?) Voc (V)
Reference 11.82 + 0.24 (12.16) 76.56 + 1.29 (75.32) 15.82 + 0.38 (16.08) 0.93 + 0.02 (0.95)
PIDTTDQ 13.07 + 0.68 (14.70) 74.96 + 1.83 (77.51) 15.88 + 0.85 (16.97)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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performed Transient Photovoltage (TPV) and Transient Photo-
current (TPC) measurements for various light intensities
(Fig. S9 and S10, ESIf). The objective of these measurements
was to interpret the device performance enhancement by study-
ing the charge recombination and extraction at the HTL/per-
ovskite interface. For TPV and TPC measurements, the devices
are held in an open-circuit and short-circuit by connecting
them with a 1MQ and a 50Q resistor, respectively. The TPV
measurements are performed under a small perturbation to
ensure a single exponential decay. The limitations in Voc arise
from non-radiative recombination losses at the interfaces.*”
Suppressing interface recombination can lead to Voc values
closer to the thermodynamic limit.*® The observed Voc < 1V
for the reference devices with PEDOT:PSS is due to the holes
being close at the PEDOT:PSS/perovskite interface and the
insufficient electron blocking. Surface Recombination effects
and leakage currents have both been observed in PSCs
using PEDOT:PSS as the HTL.” Fig. 5a shows the obtained
lifetime from the TPV as a function of bias. We observe that
as bias increases, the decay of carrier lifetime is rapid for
PEDOT:PSS compared to PIDTTDQ. We therefore conclude
that PIDTTDQ has slower recombination dynamics and pre-
vents interfacial recombination more effectively compared to
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PEDOT:PSS, confirming the formation of a better HTL/perovs-
kite interface.>® Fig. 5b shows the normalized TPV decays under
the same illumination for both devices. The calculated carrier
lifetime for PIDTTDQ and PEDOT:PSS by fitting a first-order
exponential decay was 1.78 ps and 0.8 ps respectively, corro-
borating the improved carrier lifetime for PIDTTDQ devices.
The extracted charge from the TPC measurements was plotted
as a function of current density, as seen in Fig. 5c. The
PIDTTDQ HTL improves the charge collection compared to
PEDOT:PSS. Combining the findings from both TPC and TPV
measurements, we can confidently report an improved carrier
lifetime and charge collection for the case of the PIDTTDQ HTL.

The charge transport and recombination were further studied
through steady-state photoluminescence (PL) measurements. The
PL spectra for the bare perovskite film and with perovskite on top
of the PIDTTDQ and PEDOT:PSS layers are shown in Fig. 6a.
All PL emission peaks appear at 770nm, as expected.”® The PL
peak is attributed to the radiative band-to-band recombination.
It is evident that the PL intensity is quenched when perovskite
films are deposited on top of the PEDOT:PSS and PIDTTDQ
layers, where the obtained quenching is due to the efficient
charge transfer at the HTL/Perovskite interface.”’>* We then
measured the dark j-V characteristics of hole-only devices for
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PIDTTDQ and PEDOT:PSS using the configuration HTL/Perovs-
kite/PTAA/Au to estimate the defect density of the perovskite layer.
The defect density for each case is calculated through the SCLC
technique (Fig. 6b). The J-V plot in Fig. 6b is separated into three
regions: In the first region the current increases linearly with
voltage (Linear region), in the second region the current increases
abruptly with a slope larger than 3, which is the trap filling region
(TFL) and in the third region the slope is equal to 2 (Child region).
The transition from the linear to the Trap Filling Region occurs at
a certain voltage, the trap filling voltage V. The defect density is
then calculated through the equation

2ee0 VTEL

Np el?

(2)

where g = 8.85 x 107" F em™' is the vacuum permittivity,
& = 46.9 is the perovskite permittivity, e is the elementary charge
and L &~ 450 nm is the thickness of the perovskite active layer.>>®
The calculated Vg, of PIDTTDQ and PEDOT:PSS is 0.70 V and
0.83 V, and the respective defect densities are 1.79 x 10'® em™®
and 2.12 x 10'® ecm 3. The higher defect density calculated for
PEDOT:PSS supplements the passivation effect of PIDTTDQ on
the perovskite film. In addition, the increased J, by almost

(a)
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Fig. 7
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3 orders of magnitude indicates increased leakage current and
recombination for the case of PEDOT:PSS devices.”®

2.5 Device stability

The device stability for both PIDTTDQ and PEDOT:PSS refer-
ence device was evaluated by performing the ISOS D1 and ISOS
L2 protocols. For the ISOS D1 test, unencapsulated devices were
stored in ambient air in the dark, with ambient humidity
ranging between 50-70%. The results are shown in Fig. 7a,
where the normalized PCE is plotted as a function of exposure
time. The degradation of PEDOT:PSS reference device is evi-
dent, as the device lasts for less than 400 h of exposure. The
rapid degradation is due to the hydrophilic nature of the
material. On the opposite, PIDTTDQ devices maintained more
than 75% of the initial PCE after almost 900 h. The improved
moisture stability can be attributed to the hydrophobic nature
of the material, which serves as a protection layer and slows
down the decomposition rate of the perovskite absorber.
To further investigate the device stability, the ISOS L2 protocol
was implemented. In this case, encapsulated devices are
stored inside an environmental chamber under continuous
1sun illumination at an elevated temperature of above 65 °C,

1,0
—o— PEDOT:PSS
) ——PIDTTDQ
0,8
m a
L 069
=
s
=
£ 04+
<
Z
0,24
0,0 -
% T L] T J T
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(a)Device stability evaluation using the ISOS D1 Protocol. (b) Device lifetime investigation using the ISOS L2 protocol.
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under humidity that does not exceed 15%. Then, the PCE is
monitored as a function of exposure time by using the chamber’s
solar simulator. The results are summarized in Fig. 7b. The
PIDTTDQ device entered a burn-in phase that lasted for about
10 h. Then, the device PCE dropped to the 20% of its initial value
after almost 80 h, which corresponds to the Tsg, lifetime.””
In contrast, the PEDOT:PSS device did not recover from the
burn-in phase and the device degraded completely after approxi-
mately 50 h. These data verify the improved thermal, light, and
moisture stability of the PIDTDDQ device. Solar cell stability is a
critical issue for the commercialization of PSCs.

3. Conclusions

In summary, we investigated the performance of the novel,
hydrophobic conjugated polymer PIDTTDQ as the hole trans-
port layer in inverted PSCs. After optimization, the optimal
thickness for PIDTTDQ was obtained at a concentration of
0.05 mg ml~* and the best device for PIDTTDQ yielded a PCE
of 14.70%, compared to the reference device with PEDOT:PSS
which exhibited an optimal PCE of 12.16%. The device charac-
terization revealed increased interfacial recombination for
PEDOT: PSS, in addition to the reduced number of defects of
the perovskite layer. The device stability was investigated using
ISOS protocols. The results demonstrated an improved moisture,
light and thermal stability for PIDTTDQ. This novel polymer has
the potential by further molecular engineering to extend its
application and promote its incorporation into large area devices.
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