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ABSTRACT

Solar energy is potentially the largest source of renewable energy for providing electrical power for human society. However, signifi-
cant advances are required to make photovoltaic technologies have a low-carbon footprint in manufacture, be environmentally friendly
at the end of their lives through recyclability, and be biodegradable. Here we report dissolvable organic photovoltaic devices based on
poly(2-hydroxyethyl methacrylate), which show equal power conversion efficiency to their glass substrate-based counterparts. We use a novel
method of including smectic liquid crystal (7-dioctyl[1]benzothieno([3,2- b][1]benzothiophene, C8-BTBT) as a crystal phase regulator in the
heterojunction donor:acceptor polymer system to maintain the disposable organic solar cell efficiency without pre- or post-thermal annealing.
The results show strong promise not only for more sustainable solar-cell fabrication but also as disposable and biocompatible solar cells for

self-powered (energy harvesting) wearable and biomedical devices.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0197820

I. INTRODUCTION

Modern electronic systems are widely used in wireless sens-
ing and intelligent monitoring with integrated communications in
applications such as personal healthcare, environmental manage-
ment, security provision, traffic control, and a host of others. The
ability to harvest and store energy in these systems can allow them to
have a longer and more robust operational lifetime." Solar energy is
the most abundant, sustainable, and cleanest available energy source,
but challenges remain when it comes to converting it to electrical
power through photovoltaics (PVs) related to the limits of efficiency
and cost of materials and energy required for cell manufacture. In
addition, recyclability and biocompatibility/degradability are also
aspects of PV cells that are currently of concern. During the past
two decades, organic solar cells (OSCs) have emerged as promising

third-generation photovoltaic devices due to their low cost of man-
ufacture associated with solution processing at low temperatures. (A
table of symbols is provided in Table S1.) Power conversion efficien-
cies (PCEs) at AM1.5 solar illumination have improved over time,
currently reaching 19.03%.> The indoor cell record efficiency has
reached 36%.” While their suitability for bulk terrestrial power gen-
eration is still limited due to their limited lifetime under atmospheric
conditions, they are a favored option for applications in which
energy generation from light in indoor environments is needed."

In terms of the biocompatibility and recyclability of PV cells,
research is in the initial stages. For conventional silicon-based
cells/panels, aluminum, glass, and silicon can be recycled through
thermal and chemical methods,” while valuable metal elements such
as silver, copper, and tin can, in principle, be extracted and reused
by chemical precipitation, chemical coagulation, electrochemical
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separation, and biosorption.” ® In OSCs, polyethylene terephtha-
late (PET) and polyethylene naphthalate (PEN) are two polymers
widely used as lightweight and flexible substrates in flexible electron-
ics.” However, from a life-cycle perspective, these petroleum-based
substrates are less attractive than other inexpensive, environmental-
friendly, and recyclable substrate materials such as cellulose and
paper.”'" But celluloses have low solubility, while the surface
roughness of papers limits their suitability for thin film OSCs.!” As
alternatives, polymers such as poly(vinyl alcohol) (PVA), poly(lactic
acid) (PLA), poly(ethylene glycol) (PEG), and polydimethylsilox-
ane (PDMS) have been introduced as substrates for organic and
thin film electronics, but their biodegradability and biocompatibility
are still under optimization.'”'* Recently, hydrogels have attracted
considerable attention as another candidate for flexible electron-
ics, which have the advantages of unique softness, outstanding
flexibility, and exceptional biocompatibility. For instance, poly(2-
hydroxyethyl methacrylate) (PHEMA)-based hydrogels have been
widely used in controlled drug release systems, contact lenses, and
soft robotics.'”'® However, to the best of our knowledge, PHEMA
hydrogel has not been used as a substrate material in OSCs as
yet. Furthermore, the application of PHEMA may enable OSCs to
be more environmental-friendly in terms of sustainable end-of-life
management.

Since the mid-1990s, many operating principles of OSCs
have been elucidated from studying what is now the classic,
poly-(3-hexylthiophene):[6,6]-Phenyl-Cg; -butyric acid methyl ester
(P3HT:PCBM) distributed heterojunction system. Adding a com-
plementary additive to construct a ternary solar cell is an approach
to improving the performance of classical OSCs. Polymers and
oligomers have been used as additives and, more recently, lig-
uid crystal (LC) molecules in 0SCs."”"® We introduce here
a smectic LC 2,7-Dioctyl[1]benzothieno[3,2-b][1]benzothiophene
(C8-BTBT) into the P3HT:PCBM system to realize ternary OSCs.
The LC enables the optimization of polymer crystallization at room-
temperature (RT), which enables PHEMA hydrogel-based OSC
devices to be fabricated under low-temperature conditions. Para-
meters of the fabricated OSCs with different weight fractions of C8-
BTBT loadings are presented. Spectroscopic and crystallographic
analysis of active layer films reveals the interplay between polymer
ordering, crystallinity, morphology, and device performance. Repro-
ducible surface morphology is also obtained by adjusting different
photopolymerization times. The solubility and disposability of OSCs
on hydrogels are evaluated using different polar and non-polar sol-
vents. The results confirm that PHEMA-based OSCs can be easily
recycled using a commonly used solvent.

Il. MATERIALS AND METHODS
A. Materials

The poly(2-hydroxyethyl methacrylate) (PHEMA) hydrogel
was synthesized using 2-hydroxyethyl methacrylate (HEMA, Sigma-
Aldrich, 97%) as a monomer and ethylene glycol dimethacrylate
(EGDMA, Sigma-Aldrich, 98%) as a crosslinking agent. The pho-
toinitiator diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO,
Sigma-Aldrich, 97%) served as an initiator for polymerization.
The Al 4083 poly(3,4-ethylenedioxythiophene):polystyrene sul-
fonate (PEDOT:PSS) solution from Ossila Ltd. P3HT was purchased

pubs.aip.org/aip/apm

from Rieke Metals (LLC, 4002-E Mw 50 000-70 000 and regioreg-
ularity > 90%) and PCBM was from Ossila Ltd. (purity > 99%).
C8-BTBT was purchased from Sigma-Aldrich (purity > 99%).

Several groups of polar and non-polar solvents were used
to determine the solubility of PHEMA and the disposability
of PHEMA-based OSCs. Solvents are hexane (Sigma-Aldrich,
purity > 95%), tetrahydrofuran (THF, Sigma-Aldrich, purity
> 99%), toluene (Sigma-Aldrich, purity > 99.5%), acetone
(Sigma-Aldrich, purity > 95%), 2-propanol (Sigma-Aldrich, purity
>99.5%), dichloromethane (Sigma-Aldrich, purity > 99.8%), chloro-
form (Sigma-Aldrich, purity > 99.5%), formamide (Sigma-Aldrich,
purity > 99.5%), dimethylformamide (DMF, Sigma-Aldrich, purity
> 99.8%), N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich, purity
> 99.5%) and dimethyl sulfoxide (DMSO, Sigma-Aldrich, purity
> 99.7%). The solubility of PHEMA thin films was first explored
using these solvents, and then PHEMA-base OSCs were dissolved
in those solvents that can dissolve PHEMA thin films.

B. Sample preparation
1. Synthesis of hydrogel substrates

For the synthesis of PHEMA hydrogels, 6 yl EGDMA and 13
mg TPO were dissolved in 6 ml HEMA to obtain a 10 ml precur-
sor solution, followed by adding 4 ml deionized water and carefully
degassing the yield solution with nitrogen for 1 h. After degassing,
the precursor solution was injected into a 2-in. Petri dish, which
was followed by ultraviolet (UV) photopolymerization in a UVP
crosslinker (Analytik Jena). Apart from exploiting a glass Petri dish
for PHEMA photopolymerization, the solution was also injected
into the mold consisting of two glass plates, wherein the monomer
solution was UV photopolymerized at a different time using the
same UVP crosslinker. Note that these two approaches can result
in different photopolymerization results for PHEMA, especially dif-
ferences in thin film morphology. We will compare and discuss
differences in detail in Sec. III A. Finally, the prepared PHEMA
hydrogel was immersed in distilled water (DI water) for 24 h,
resulting in a fully swollen state for the next step of deposition.

2. Deposition of indium tin oxide (ITO)

ITO as a hole transport layer was deposited on prepared
PHEMA substrates through a mask in a radio frequency (RF) sput-
tering system. In the ITO sputtering process, RF power and Argon
(Ar) flow were adjusted to 75 W and 30 sccm without using a heater
under the substrate, with deposition pressure in the chamber set
at around 7.7 x 107° Torr for a roughing pump and then down to
4 x 1078 Torr during deposition.

3. Fabrication of organic solar cells

The PEDOT:PSS solution was filtered prior to use through a
0.45 pm hydrophilic polyvinylidene fluoride (PVDF) filter. The pre-
cleaned substrates were processed by ozone plasma for 5 min to
remove all organic residues and increase surface hydrophilicity. Fol-
lowing that, the filtered PEDOT:PSS solution was extracted via a
syringe to cover the entire substrate and spun at 3500 rpm for 40 s
to produce a hole-only transfer layer of ~40 nm thickness. After
spin-coating was finished, substrates were heated on the hotplate at
140 °C for 10 min to form better morphological thin films.
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Prior to deposition of the active layer, 15 mg of P3HT as donor
material and 12 mg of PCBM as acceptor material were dissolved
in chlorobenzene to prepare a polymer solution and stirred on a
hotpot for 24 h at 50°C in the glovebox to get better polymer
dispersion. C8-BTBT was dissolved in chlorobenzene and added
to P3HT:PCBM solutions with 5 wt. % of C8-BTBT loading. After
proper stirring, mixed polymer solutions were spin-coated on top of
the PEDOT:PSS layer at 1000 rpm for 45 s to obtain a thickness of
120 nm, and then samples were placed in the glovebox without ther-
mal annealing. Finally, cathode electrodes were formed onto active
layers by evaporating ~100 nm thickness of aluminum (Al) in the
thermal evaporator, in which substrates were placed in the chamber
with a deposition mask covering the desired thin film active region,
and air pressure in the chamber was kept at 2 x 107° Torr.

C. Thin-film characterization and device
characterization

1. PEHMA morphology characterization

The surface morphology of PHEMA thin films was investi-
gated using scanning electron microscopy (SEM, FEI Magellan 400).
Before SEM measurement, samples were sputtered with ~10 nm
thickness of gold to increase surface conductivity. The 2D surface
morphology of crosslinked PHEMA was investigated by the VEECO
WYKO NT9100 Optical Profilometer, shown in Fig. S2.

2. ITO thin-film characterization

The sputtering period is set to be 600 s to achieve ~100 nm
thickness of ITO, and the thickness of ITO was measured via a
Bruker Dektak XT stylus profilometer to confirm ITO deposition
results. In addition, a resistance of 45 Q sqf1 was obtained on coated-
ITO via a four-probe measurement. Though this value is 4-5 times
higher than commercial ITO-pattern substrates, it is still within an
acceptable range for a bio-compatible organic solar cell.

3. Device characterization

The electrical behavior of organic solar cells (OSCs) was mea-
sured under both dark and simulated illumination conditions. A
solar simulator was used to simulate the AM 1.5G spectrum, with
light intensity accurately measured at 100 W cm ™ by a solar meter
and calibrated using a RERA SOLUTIONS silicon reference cell
(RQS4695) before each measurement. Both AM 1.5G J-V curves and
dark J-V curves were recorded using a Keithley 4200-SCS semicon-
ductor characterization system. From these statistics, short-circuit
current (i), open-circuit voltage (V,.), fill factor (FF), and power
conversion efficiency (PCE) can be calculated, respectively. All J-V
measurements were performed in an ambient atmosphere at room
temperature.

lll. RESULTS AND DISCUSSION
A. Optimisation of PHEMA hydrogel substrates

The schematic representation of the PHEMA hydrogel fab-
rication process using UV illumination is illustrated in Fig. 1(a).
The process can be controlled by varying UV light intensity, expo-
sure time, concentrations of photoinitiators, and monomers (the
photopolymerization procedure of PHEMA is given in Fig. S1). A
glass mold was employed to confine the injected PHEMA solution

pubs.aip.org/aip/apm

inside a flat glass mold in two dimensions (z-axis direction and x/y
direction). A smooth PHEMA surface is obtained as the hydrogel
is compressed by a rigid flat glass, limiting surface wrinkling dur-
ing photopolymerization. Figures 1(b) and 1(c) present images of
crosslinked PHEMA thin film before and after peeling off from the
glass mold. From both photos, very good transparency of crosslinked
PHEMA thin films can be observed. The thickness of the glass mold
controls the thickness of the PHEMA thin film, which is 1.1 mm in
our case.

In addition, it can be seen from Fig. 1(d) that PHEMA thin film
exhibits >85% transmittance in the visible spectrum. With ~100 nm
ITO coated on the PHEMA thin film, the substrate offers compa-
rable transmittance to the commercial ITO-coated glass substrate
(with marginally higher transmission in the 400-600 nm range).
Therefore, differences in light absorption will have negligible influ-
ence on the photovoltaic performance when comparing soft ITO-
coated PHEMA thin films with rigid commercial ITO-coated glass
substrates. The flexibility of PHEMA thin films is shown in video
S1, where PHEMA thin film is installed and bent on our designed
bending machine.

The surface morphology of mold-fabricated PHEMA thin films
was examined by SEM at two different magnifications and analyzed
using image processing software, as shown in Fig. 2.

As shown in Fig. 2, it is seen that surface wrinkling occurs inde-
pendently of the crosslinking time employed. But a significant dif-
ference can be observed in terms of wrinkling width. In addition to
wrinkle structure, the distribution of wrinkle width over the surface
also differs significantly. In the case of 10-min crosslinked PHEMA,
the wrinkle width is larger than for the other three cases, with the
normal distribution of width exhibiting a mean and standard devia-
tion of 2.24 + 0.82 um. When photopolymerization and crosslinking
durations are extended to 20 and 30 min, surface wrinkles become
flatter, leading to average wrinkle widths of 1.41 + 0.45 um and
0.99 + 0.23 pm, respectively. Interestingly, the PHEMA sample pro-
cessed for 40 min exhibits a larger wrinkle width than the 30-min
samples, with an average of 1.12 + 0.41 pm. It has been reported
previously that fast contraction may constrain wrinkle length into a
mixture of different populations instead of one single wrinkle, and
that a short molecular weight crosslinking agent leads to the genera-
tion of a dense network with poor swelling capability.”” As shown
in Fig. S2, when 100 nm of ITO is sputtered onto PHEMA films
crosslinked with different durations of 10, 20 and 30 min, surface
roughness variations with root mean square roughness (Rq) decreas-
ing from 9.82 to 2.85 and 1.62 nm, respectively, are observed. But
the Rq value increases to 4.43 for the 40-min crosslinked PHEMA
film. The swelling capability of PHEMA thin films is dependent
on UV photopolymerization duration, and consequently, a 30-
min treatment results in thin films with a narrow and minimally
distributed wrinkle width. This, in turn, is beneficial for smooth ITO
layer deposition and subsequent device performance.”””’

B. Organic solar cells improved by smectic liquid
crystal incorporation

Since the glass transition temperature of PHEMA is reported
to be 113°C,”> a moderate-to-low-temperature fabrication pro-
cess is required for thin film electronic/optoelectronic devices that
have PHEMA as a substrate. Moreover, thermal annealing has
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FIG. 1. (a) Schematic of the PHEMA film fabrication process. (b) Image of PHMA thin film photopolymerized a inside glass mold (highlighted by a red dashed line). (c) Photo
of PHEMA thin film peeled off from the mold. (d) Transmittance spectra of ITO-coated PHEMA thin film and the commercial ITO-coated glass substrate. (Insert the photo of

the ITO-coated PHEMA substrate.)

been commonly applied to improve organic solar cell performance
through improved polymer crystallinity and phase separation.”””*
To overcome the limitations of annealing temperature for OSCs
on PHEMA, we introduce a small liquid-crystal molecule C8-
BTBT, into the P3HT:PCBM system to improve anisotropic organic
crystallization without thermal annealing.

The C8-BTBT molecule consists of two thiophene rings and
adjacent benzene rings connected with alkyl side chains, which
enable its liquid crystal behavior as the rigid part (thiophene rings)
favors both orientational and positional order while the rest of
the molecule is flexible.”” Differential scanning calorimetry (DSC)
thermogram for C8-BTBT identified a sharp endothermic peak asso-
ciated with the transformation from solid-state to liquid crystalline
(Cr) at 109.98°C and to a smectic A (SmA) phase at 125.62°C,
close to other reported values.”*”” [as shown in Fig. 3(a)] The

liquid crystallinity nature of the C8-BTBT molecule can be further
verified by polarized optical microscopy (POM), as shown in Fig.
S3. POM images of P3HT:PCBM:C8-BTBT thin films are shown in
Fig. §4.

The application of C8-BTBT smectic liquid crystal in the
P3HT:PCBM heterojunction system was investigated through fab-
ricating OSCs with different C8-BTBT loadings. The configu-
ration of the fabricated OSCs, with the chemical structures of
P3HT and C8-BTBT, is shown in Fig. 3(b). Furthermore, the
evolution of Ji, Vo, FF, PCE, R;, and Ry, is provided in
Figs. 3(c)-3(e), respectively, as a function of C8-BTBT load-
ing. The Ji, FF, and PCE of standard cells improve from
1.82 mA cm™2, 0.32%, and 0.38% without thermal annealing to
2.40 mA cm™?, 0.36%, and 0.56% with 5 wt.% C8-BTBT loaded,
respectively.
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FIG. 2. SEM images of PHEMA thin films photopolymerized at different times under a UV crosslinker using glass molds. (a) and (e) 10-min photopolymerization. (b) and
(f) 20-min photopolymerization. (c) and (g) 30-min photopolymerization. (d) and (h) 40-min photopolymerization. The scale bar in (a)-(d) is 50 um and (e)-(h) 5 pm. (h)

Histograms of wrinkle width for each case.

An increasing trend for J, FF, and PCE (AML.5) is seen

The improvement of device performance with the incorpo-

with more C8-BTBT loading ratios. In addition, the best values are ration of C8-BTBT may be ascribed to the self-assembled lig-
achieved when it reaches 5 wt. % loading of C8-BTBT, while large uid crystalline molecules inducing greater polymer crystallinity

decreases occur for 10 wt. % C8-BTBT loading.

and a better interpenetrating network. The normalized UV-vis
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percentage difference. (c) Jsc and V. (d) FF and PCE. (e) Rs and Ryp,.

absorption spectra of P3HT:PCBM with loading of C8-BTBT liquid
crystal molecules are given in Fig. S5. From a P3HT-based per-
spective, the measured absorption spectra consist of two parts: a
low-energy region that features the vibronic structure of aggregates
in P3HT and a high-energy region that is attributed to unaggre-
gated P3HT chains.”® From the PCBM-based perspective, the peak
centered at around 335 nm is a typical absorption of PCBM, and
its position will shift slightly if the dimensions of PCBM domains
vary.”” The spectroscopic shifts can be observed when certain weight
fractions of C8-BTBT liquid crystal molecules are incorporated into
P3HT:PCBM to form P3HT:PCBM:C8-BTBT ternary blends, indi-
cating stronger m-n* interaction and closer m-m stacking in the
P3HT:PCBM blends. This in turn facilitates better charge carrier
mobility.’%““%l According to Spano’s model, the ratio of Ag_¢ and Ap_;
absorbance peaks is correlated with the free exciton bandwidth of
aggregates W, and the energy of the main intramolecular vibration
E, coupling to the electronic transition is given by the expression:

A= ﬁz:‘: ~ (%)2.27‘” Using the A¢-o and Ao-1 peak val-
ues from Fig. S5 and assuming the C=C symmetric vinyl stretch at
0.18 eV dominates during coupling to the electronic transition,”"
then using E, = 0.18 eV, exciton bandwidth W can be obtained.
When interchain order is assumed to be identical and W is asso-
ciated with polymer conjugation length and intrachain order in
the blended thin film, an increase in polymer conjugation length
and order will result in a decrease in W.** Put differently, varia-
tion in W is an indication of conjugation level and ordering inside
blended solid-state polymer films. Calculated W values are shown in

Fig. 4(a), where a clear drop in W value can be witnessed compared
to the pristine PAHT:PCBM sample when the C8-BTBT ratio grad-
ually rises, which is in line with the evolution of J,.. Consequently,
the spectroscopic behavior in P3HT:PCBM:C8-BTBT thin films is
in agreement with device electrical characteristics, with the W value
indicating the correlation of C8-BTBT loading and ordering of the
polymer.

To further understand the morphology and crystallinity of
active layers and confirm the effect of C8-BTBT on the ordering
and crystallinity of P3HT, XRD measurements of PHT:PCBM thin
films with and without C8-BTBT were performed. The XRD spec-
tra are presented in Fig. 4(b) and Fig. S6. There are two peaks at
5.35° and 10.8°, which are assigned to the (100) and (200) diffrac-
tions of P3HT crystallites.” For pristine PSHT:PCBM samples, the
position of the diffraction peaks is fixed at the same angles inde-
pendent of annealing temperature variation, while intensity at (100)
increases with higher temperature. In contrast, the (100) peak in
P3HT:PCBM:3 wt. % C8-BTBT and P3HT:PCBM:5 wt. % C8-BTBT
samples shifts to a larger angle of 5.46°, indicating closer intra-
planar spacing of P3HT when LC is incorporated.”® In addition,
the highest intensity at (100) occurs for the P3BHT:PCBM: 5 wt. %
C8-BTBT thin film. This can be associated with the highest crys-
tallinity and is supported by spectroscopic and device performance
data. With the incorporation of C8-BTBT molecules, two additional
diffraction peaks are observed at 20 values of 6.28° and 9.11°, which
are attributed to the (002) and (003) planes of C8-BTBT crystals,
respectively.”’
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In the ternary blend with the highest weight fraction of C8-
BTBT, P3HT:PCBM:10 wt. % C8-BTBT, the (100) and (200) diffrac-
tion peaks of P3HT are diminished, but the two C8-BTBT diffractive
peaks show a noticeable intensity. This indicates that the crys-
tallinity of P3HT is suppressed by C8-BTBT having a larger frac-
tion of molecules. The decreased photovoltaic performance for
P3HT:PCBM:10 wt. % C8-BTBT-based OSCs is, therefore, to be
expected.

AFM was also used to investigate the effect of C8-BTBT
on the morphology of P3HT:PCBM thin films, thereby linking
morphology changes with performance in P3HT:PCBM:C8-BTBT
ternary OSCs. With the incorporation of C8-BTBT LC molecules,

ternary thin films appear to have a smoother surface, as shown
in Figs. S7(a)-S7(d), corresponding to 3 wt. % C8-BTBT loading,
and Figs. S7(d)-S7(f), corresponding to 5 wt.% C8-BTBT load-
ing. An increase in C8-BTBT concentration to 10 wt. % leads to
greater roughness of the ternary thin films [Figs. S7(g)-S7(i)]. The
terrace-like structures that are clearly observed could be an indi-
cation of surface phase segregation of C8-BTBT molecules.”” It has
been reported that the crystallization of P3HT chains occurs before
the diffusion of PCBM to nucleation sites, where PCBM agglom-
erations develop.” Notably, ternary thin films with 3 and 5 wt. %
C8-BTBT incorporation tend to exhibit smaller rms values of sur-
face roughness, which indicates that loading of C8-BTBT molecules
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facilitates crystallization of P3HT but simultaneously prevents part
of the PCBM from moving to the surface. Nevertheless, when the
loading ratio increases to 10 wt. %, abundant C8-BTBT molecules
themselves start to aggregate at the surface and subsequently become
barriers and traps that negatively influence the interface and conse-
quently device performance. Energy diagrams of P3HT:PCBM:CB-
BTBT-based solar cells are depicted in Fig. 4(c). Energy level data
are from previous reports.”” *' Accordingly, it is possible to surmise
that when the C8-BTBT loading ratio is in the range 3-5 wt. %, only a
thin layer of C8-BTBT is soft-coated between P3HT:PCBM, and this
thin layer will not prohibit the hole transfer pathway from P3HT to
PEDOT:PSS and electron transfer from P3HT to PCBM. At higher
concentrations of C8-BTBT, a thicker layer that suppresses efficient
hole transfer inside the blend is present.

The beneficial effects of thermal treatment on P3HT:PCBM
solar cells have previously been reported and verified.” ** We inves-
tigated OSCs with three weight fractions of C8-BTBT with and
without pre-thermal annealing treatment (shown in Figs. S8 and
S9). The J in samples with 0, 3, and 5 wt. % C8-BTBT increases
considerably with successive temperature increments from room
temperature (RT) to 60 and 120 °C, while J values in cells with
10 wt. % C8-BTBT only exhibit a moderate rise. More specifically,
OSCs with 3 and 5 wt. % C8-BTBT reach the maximum J at 120 °C,
whereas the maximum J,. appears at 150 °C in both pristine and 10
wt. % C8-BTBT loading OSCs. This difference in Ji is presumed
to be associated with C8-BTBT thermodynamic behavior, as the
molecule stays in a liquid crystalline state at around 120 °C. On the
other hand, V., FF, and PCE do not increase monotonically with
annealing temperature.

Considering R, Ry,, and FF of pn-junction solar cells, it can,
therefore, be expressed as the following semiempirical equations:
FF = FFS(I - ””;7;07 % ), where FF is the fill factor of an ideal solar
cell and FF; characterizes the fill factor of solar cells that only con-
sider R, {FFO = (7”“‘7112(:1‘;0‘72) ), FF, = FFo(1 — R;) }.*° Therefore,
R becomes one of the limiting factors of FF in solar cells. The cor-
relation of Rs and Ry, and C8-BTBT weight percentage is given in
Fig. 3(e), exhibiting an overall decreasing trend across all samples,
which is in good accordance with the FF evolution. Not surpris-
ingly, 10 wt.% C8-BTBT cells display the highest R; among all
samples, and their value rises to as high as 238.5 Q cm® (average
value) at RT conditions without any thermal annealing process. As
shown in Fig. 3(e), the highest Ry, of 761.481 Q cm? (average value)
can be found inside 5 wt. % C8-BTBT devices processed at 120 °C,
which simultaneously achieves the highest FF of 0.55. Nevertheless,
there is no strong inverse correlation between Ry, and FF. In this
regard, it seems that FF is more sensitive to a change of R; rather
thar41 I§§h, which suggests FF ~ FFs for the relative values of Ry and
Ry, 6,47

C. Dissolvable photovoltaics enabled by C8-BTBT
and PHEMA hydrogel substrates

As shown in Fig. 5(a), PHEMA-based OSC with 5 wt. % C8-
BTBT loading performs with V. of 0.567 V, Ji of 1.50 mA cm”2,
FF of 35.51%, and PCE of 0.31% under AM 1.5 G illumination,
compared with 0.573 V, of 0.573 V, Ji of 1.17 mA cm~2, FF of

pubs.aip.org/aip/apm

25.83%, and PCE of 0.17% in a device with a pristine P3BHT:PCBM
active layer. It should be noted that, compared with conventional
P3HT:PCBM OSCs, our device exhibits less desirable performance.
This is attributed to two reasons: (i) the sputtered ITO on PHEMA
exhibits relatively higher resistance; (ii) our device is not pro-
cessed with any post-optimization process such as thermal anneal-
ing or solvent annealing. Consequently, a 28.2% increase in Ji is
achieved with 5 wt. % C8-BTBT loading in P3HT:PCBM, which
is in good agreement with our rigid devices. However, values of
FF and PCE are low, indicating high series resistance, which is
attributed to the absence of any annealing process and ITO sput-
tering (324.53 Q cm™? for a pristine P3HT:PCBM device and
228.93 Q cm™ for a 5 wt. % C8-BTBT loading device). Log-linear
light and dark J-V characteristics of pristine P3HT:PCBM and
P3HT:PCBM:5 wt. % C8-BTBT devices are shown in Figs. 5(b) and
5(c), respectively. In Fig. 5(d), a bent PHEMA-based OSC exhibits
the flexibility of the device.

The environmental-friendly disposability of used PV cells is
one of the major concerns for sustainable management of photo-
voltaics.”® In this regard, we first explore the solubility of PHEMA
thin film by testing several groups of commonly used solvents.
PHEMA is insoluble in hexane, partly soluble in toluene, and fully
dissolved in DMSO (Figs. S10 and S11). We also tried other com-
monly used solvents and divided these solvents into three classifica-
tions according to their solubility in PEHMA thin films. Therefore,
it is presumed that both dipole moment and solubility in water
influence PHEMA dissolution, since solvents with higher polarity
(around 4.0 D) and good water solubility tend to dissolve PHEMA
thin films more completely. Given that PHEMA is intrinsically
hydrophilic, good water solubility facilitates the formation of hydro-
gen bonding and, therefore, may help to dissolve PHEMA.* In
addition, according to the chemists’ adage, “like dissolves like,” high-
polarity solvents may readily dissolve polar solutes. Consequently,
the observed solvent-dependent solubility of PHEMA thin film can
be explained by a coordinating effect of both solvent polarity and
water solubility. Figure 5(e) displays time-lapse images that record
the solubility of a fabricated cell in DMSO. It can be noted that the
active layer, metal electrode, and ITO layer are easily separated from
the substrate within 5 min. (The tube was shaken by hand to acceler-
ate the disintegration process.) In addition, it takes around 5 days to
dissolve the entire PHEMA-based OSCs, with only a small amount
of PHEMA residue on the glass stand and solid waste left at the
bottom of the tube. Note that both P3HT and PCBM have high solu-
bility in halogenated aromatics and halogenated alkane solvents but
relatively poor solubility in alcohols and polar solvents.”’ Therefore,
P3HT and PCBM become sediment in the DMSO and can be filtered
out and collected. Compared to other methods such as burning,”’ >’
leaving a residue of ashes and haze, the ability to dissolve OSCs in
a solvent is more desirable as it results in a lower carbon footprint
based on life-cycle assessment (LCA) and techno-economic analy-
sis (TEA).”" Besides, the use of highly toxic aromatic solvents that
are hazardous for humans and the environment is avoided.”””” Con-
sidering its environmental friendliness, DMSO is proved to be an
ideal green solvent when its manufacturing cost is brought down
by future development.”* More details can be found in Fig. S12
and video S2, showing the real-time dissolution of PHEMA-based
OSCs.
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FIG. 5. (a) Liner-linear J-V characteristics of PHEMA-based OSCs with and without 5 wt. % C8-BTBT in the P3HT:PCBM active layer. (b) Log-linear light and dark J-V
characteristics of PHEMA-based OSCs with 5 wt. % C8-BTBT in the P3HT:PCBM active layer. (c) Log-linear light and dark J-V characteristics of PHEMA-based OSCs with
a pristine P3HT:PCBM active layer. (d) The flexibility of a PHEMA-based OSC. (e) Photographs showing the solubility of PHEMA-based OSCs using DMSO solvent. A glass

slide is used for supporting the as-prepared OSCs.

IV. CONCLUSIONS

In summary, the fabrication of PHEMA hydrogel thin films by
injection of precursor solution into a glass mold is optimized by
adjusting the photopolymerization duration under UV light. The
relationship betweenthe wrinkle widths of the film surface and UV

exposure time is also explored. The PHMA hydrogel thin films are
then used as dissolvable substrates on which organic solar cells are
formed.

A smectic LC C8-BTBT has been incorporated into a
P3HT:PCBM organic solar cell system to enhance the ordering of
the P3HT polymer crystallization induced by thermal annealing. The
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performance of the unannealed OSCs with C8-BTBT incorporation
shows a clear improvement. The enhancement of device perfor-
mance is confirmed to be due to the LC incorporation that promotes
the crystallinity of P3HT chains. The surface morphology is also
improved with C8-BTBT incorporation up to 5 wt. %. Compared
with pristine P3BHT:PCBM OSCs, those including C8-BTBT also
exhibit distinctive optimal thermal annealing behaviors. Assessment
of the photovoltaic characteristics of the fabricated OSCs reveals the
evolution of various cell parameters with annealing temperature in
ternary OSCs with C8-BTBT. Based on these findings, we propose
that using smectic LC in ternary OSC systems provides a promising
method for improving device performance.

An investigation of PHEMA film dissolvability reveals that it
is linked to solvent polarity and water solubility. It is shown that
PHEMA-based OSCs can be effectively disposed of by dissolving
the substrate in different types of polar solvents. Using DMSO,
the entire cell substrate (the bulk of a thin film solar cell) can be
dissolved within 5 days. This is a promising way to achieve more
bio-compatible and potentially bio-gradable OSCs.

SUPPLEMENTARY MATERIAL

Supplementary material encompass Table S1, presenting the
abbreviation symbols referenced in the main text, along with Figs. S1
through S12. Figure S1 details the photopolymerization procedure of
PHEMA, while Figs. S2 and S3 offer 2D images of surface morphol-
ogy and POM images of C8-BTBT molecules and P3HT:PCBM.:C8-
BTBT thin films at gradient heating temperature, respectively. Addi-
tionally, Fig. S4 provides further POM images. Figures S5 and S6
depict UV-vis absorption spectra and X-ray diffraction patterns,
while Fig. S7 showcases AFM phase images of P3HT:PCBM:C8-
BTBT thin films under various C8-BTBT loading concentrations
and thermal annealing temperatures. Moreover, Figs. S8 and S9
present J-V characteristics and dark semi-logarithmic plotted J-V
characteristics, respectively, for PBHT:PCBM:C8-BTBT with and
without pre-thermal annealing treatment. Finally, Fig. S10 illustrates
the chemical structures of solvents used in the study, and Figs. S11
and S12 exhibit PHEMA dissolution results and photographs of
disposable PHEMA-based OSCs using DMSO solvent.
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