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ABSTRACT

Implantable biomedical electronics, such as pacemakers, drug pumps, cochlear implants, cardioverter-defibrillators, and neurological stimu-
lators, help humans to overcome various diseases. Currently, the power supply for these devices relies on small-size batteries, and replace-
ment of the battery is required after running for a period of time. Recharging the battery could be a way to prolong the replacement cycle.
Organic photovoltaics (OPVs) are a class of emerging photovoltaics, which are now becoming more practical with recently developed device
and material engineering. The absorption of OPVs using a non-fullerene acceptor (NFA) could be extended to the near-infrared (NIR) region
to cover the transmission window of human skin between 650 and 1000 nm. Motivated by this, we conducted a study of NFA-based OPV's
under light irradiation of wavelengths of 650-1000 nm for implants. The devices using donor (PTB7-Th) and NFA (IEICO-4F) as the active
material have strong absorption in the NIR region and obtained a promising power conversion efficiency (PCE) of 14.3% under the implant
light illumination, compared to 8.11% when using a benchmark fullerene derivative-based acceptor (PC,;BM). Importantly, the PCE and
power density of the NFA-based OPVs are significantly higher than the previously reported fullerene-based OPVs devices. This study shows
that NFA-based OPV's have high potential for future applications in powering implants, e.g., through charging batteries.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0144861

some of the incident light, which can restrict the penetration depth of
visible light down to less than 2 mm. However, the attenuation of the

Biomedical electronic implants are devices placed inside the
body. Common applications include delivering medication, support-

ing organs and tissues, monitoring body functions, and diagnosing dis-
eases. The power requirement of implant devices can be very low, such
as 10-30 uW for a pacemaker, 10-100 yW for a cardiac defibrillator,
and 200 uW for artificial urinary sphincters.' * Implant technologies
with targeted medical device applications have remarkable ability to
make human life better in the near future. However, the power source
requirement for operating implantable devices can be a major chal-
lenge. Various power sources have been suggested, such as piezoelec-
tric generators, radio frequency harvesters, biofuel cells, thermal
electric generators, and batteries.”” Nevertheless, the use of batteries is
dominant. However, the replacement of batteries requires a surgical
procedure, which is a costly and risky (e.g., infections and bleeding)
practice. Moreover, implant devices with high power consumption
require regular charging of the battery.’

Photovoltaic (PV) technology can be an effective method to
charge the batteries inside the human body. Human tissues absorb

tissue is lower for certain wavelength ranges. For example, light can
penetrate up to 4 mm and 1 cm with wavelengths near 700-1000 and
1000-1400 nm, respectively.”” The extended penetration depth of
near-infrared (NIR) light can be used to operate PV cells implanted
under the skin. Song et al” investigated arrays of double junction
(GaInP/GaAs) microcells as a candidate for implant photovoltaic
(IPV) devices, testing them under human hand dorsum skin (thick-
ness ~ 0.68 mm) isolated from a cadaver. The PCE of the IPV device
measured under 1 sun air mass (AM) 1.5G was 21.5%, and it
decreased to 4.3% after covering with skin under similar irradiation.
The main parameter, which was impacted due to the reduction in the
incident light intensity, was the short circuit current density (Js),
which decreased from 5.63 to 1.17 mA/cm? Open circuit voltage (Vo)
and fill factor (FF) values changed from 4.6 to 4.5V and 0.83 to 0.84,
respectively. In another study, Song et al.” used two live hairless mice
for in vivo study and used double-junction GaInP/GaAs flexible solar
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cell arrays as an IPV device. The IPV was inserted in the back side of
both mice having skin thicknesses of 675 and 539 um, respectively. The
IPV was measured under 1 sun AM 1.5G. The power conversion effi-
ciency (PCE) decreased from 21.7% (without skin) to 10% (under the
skin), and J,. was the main reduced parameter. A silicon solar module
is also investigated under the pig skin flags as an IPV.'" It delivered an
output power of 4941 yW/cm?* under real sun light. Traditional inor-
ganic PV devices use rigid PV materials, and the fabrication processes
are costly (much more costly when trying to make it flexible) and may
not be biocompatible.''"'* Dye-sensitized solar cells (DSSCs) have also
been studied for biomedical devices and can produce an output power
density of 138.75 uW/cm?® (underneath 1mm thick chicken skin)
under 980 nm laser illumination.'*'”

Recently, organic photovoltaics (OPVs) delivered PCE up to 20%
and have emerged as a potential PV technology for various applica-
tions, including building-integrated PVs, indoor, aerospace, and agri-
voltaics.'“ ' In addition, due to their biocompatibility and very high
flexibility, OPVs have also been suggested to power biomedical
implants.”” ** Furthermore, the bandgap of organic semiconductors
can be easily tuned to optimize light absorption at the NIR region, an
operational window for IPV devices."”>”® OPVs have also been
suggested for bioelectronic devices. Hsiao et al”’ studied the
[f-carotene/PTCDI-C8 and P3HT: PCBM OPVs under illumination of
the NIR region for bioelectronic interface devices. Wu et al.” studied a
P3HT: PCBM OPV as an electrical source for biological nanodevices.
When illuminated at 980 nm (16 mW), it delivered a power output of
17.5 tW/cm? with a PCE of 0.0124%.

OPVs refer to PV devices that use carbon-based semiconductors
as light-absorbing materials.”””" In OPVs, a few years ago, fullerene
derivative molecules were used almost ubiquitously as electron accept-
ors. However, due to their inherent limitations, such as weak light
absorption, morphological instability, limited adjustability of energy
gap, and poor solubility, they have been replaced with polymers and
small molecule-based acceptors, which are known as non-fullerene
acceptors (NFAs).”' ** The high bandgap tunability, improved solubil-
ity, and better morphology with electron donors have made NFA
promising for OPVs. The potential of enhanced absorption in the NIR
region using NFA materials”* could make NFA more suitable for
potential implant applications than fullerene derivatives, which has
shown very low PCE at NIR. This motivates us to investigate the OPV
device based on PTB7-Th IEICO-4F system and compared it with the
PTB7-Th: PC;BM system-based device under light illumination
(650-1000 nm) for implants for the first time. This work demonstrates
the high performance of NFA-based OPVs (compared with fullerene
derivative acceptors-based OPVs) for potential implant applications.
Our finding is expected to spark further research interest in deeper
investigation on the potential of NFA-based OPVs to power implant,
e.g., through recharging batteries.

The PTB7-Th and IEICO-4F materials were purchased from 1-
material, Canada. PC;;BM was purchased from Lumtec, Taiwan.
Molybdenum trioxide (MoOs) and silver (Ag) were purchased from
STREM Chemicals and Kurt J. Lesker, respectively. The chloroben-
zene, 1,8-diiodooctane (DIO), and 1-chloronaphthalene (CN) solvents
were procured from Sigma-Aldrich. All materials were used without
purification. Indium tin oxide (ITO) coated glass substrates were pur-
chased from Lumtec, Taiwan. Inverted OPV device structures [ITO/
zinc oxide (ZnO)/active layer/MoOs/Ag, Fig. S1(a)] were fabricated

scitation.org/journal/apl

for both PTB7-Th: PC;;BM and PTB7-Th: IEICO-4F systems. The
energy levels of each material are also shown in Fig. S1(b). For the fab-
rication process, ITO substrates were cleaned by first sonicated in a
soap solution, before rinsed in de-ionized water, then sonicated in ace-
tone, and finally sonicated in isopropanol. The ITO substrates were
then plasma cleaned for 2.30 min. The 35nm thick ZnO layer was
formed by spin coating the zinc acetate dehydrate precursor at
4000 rpm for 40's and then annealed at 150 °C for 10 min. The active
layers were prepared using the donor: an acceptor ratio of 1: 1.5 for
both PTB7-Th: PC;,BM and PTB7-Th: IEICO-4F, dissolved in chlo-
robenzene with a concentration of 25 mg/ml in both cases. 3% DIO
and 4% CN were used as additives with PTB7-Th: PC,;BM and
PTB7-Th: IEICO-4F systems, respectively. 10nm MoO; and subse-
quently 100 nm Ag were coated on the active layers using a thermal
evaporator operated under a 4 x 10 ® mbar vacuum. The device pixel
areas were 0.15 cm”. The devices were then encapsulated inside a glo-
vebox (filled with dry nitrogen) using glass slides and epoxy.

The photovoltaic characteristics were measured by the LED-
based 1 Sun AM1.5 G solar simulator. A Keithley 2400 source meter
was used. The 1 sun AM 1.5G irradiation was calibrated by using stan-
dard silicon solar cells. Two approaches were involved for measuring
the devices for an implant. First, short-pass (1000 nm) and long-pass
(650nm) optical filters were used to obtain illumination at the
650-1000 nm wavelength region. The corresponding measurements
were denoted as F650-1000 nm. In the second approach, the emission
spectrum of a solar simulator was tuned to the 669-944 nm region
(Fig. S2), a close proximity to the 650-1000 nm region. A Thorlabs
power meter (Model PM100D) was used to measure the incident light
intensity for the selected wavelength regions. Light intensity values of
40.8 and 35.7 mW/cm® were estimated for the F650-1000, and
669-944 nm wavelength regions, respectively. Two types of PCE were
calculated: one used the light intensity of 1 sun AM 1.5G as the input
light intensity [denoted as PCE (A)] while the other one used the light
intensity at the ~650-1000 nm region as the input value [denoted as
PCE (B)]. The PCE (B) is a more useful metric to evaluate potential
implant applications. The external quantum efficiency (EQE) was
measured using a QE X10 system (PV measurement).

Figure 1(a) illustrates the concept of OPV devices underneath
human skin to power implant devices. The actual location of the OPV
will depend on the specific implant applications. Figure 1(b) shows
the normalized ultraviolet-visible (UV-Vis) absorption spectra of
the PTB7-Th film, the IEICO-4F film, and the PC,;BM solution.
Importantly, it shows that while PC;;BM has very small portion of
absorbance in the 650-1000 nm region, IEICO-4F NFA has dominant
absorbance in this region (which could be more promising for potential
implant applications). Indeed, this is the reason that we selected IEICO-
4F to fabricate the OPV devices for the following study. Figure 1(c)
shows the chemical structures of PTB7-Th, IEICO-4F, and PC,;BM.

The OPV device was first measured under 1 sun AM 1.5G illumi-
nation. The current density-voltage (J-V) graph and photovoltaic
parameters are shown in Fig. 2 and Table I, respectively. The PTB7-
Th: PC,;BM device has the V.. J,, FF, and PCE (A) of 0.80V,
16.21 mA/cm?, 0.66, and 8.54%, respectively. The PTB7-Th: IEICO-4F
devices has the V., Ji FF, and PCE (A) of 0.70 V, 21.91 mA/cm?,
0.60, and 9.35%, respectively. Figures 2(a) and 2(b) also show the J-V
characteristics under F650-1000 nm and 669-945 nm illumination of
the PTB7-Th: PC;,BM and PTB7-Th: IEICO-4F devices, respectively.
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FIG. 1. (a) Concept of OPV implantation under human skin. (b) Normalized UV-Vis absorption spectra of PC74BM (solution), PTB7-Th and IEICO-4F pristine fims (the
650-1000 nm wavelength region has marked in yellow color). (c) Chemical structures of PTB7-Th, IEICO-4F, and PC74BM molecules.
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FIG. 2. J-V characteristics of the (a)
PTB7-Th: PC71BM device and (b) PTB7-
Th: IEICO-4F device under (1 sun)
AM1.5G, F650-1000 nm, and 669-945nm
illuminations.

TABLE I. Summary of performance of PTB7-Th: PC74BM and PTB7-Th: I[EICO-4F devices measured under 1 sun AM1.5G, F650-1000 nm, and 669-944 nm illumination.

Power density

Device Illumination Voe (V) Jse (MA/cm?) FF PCE (A) % PCE (B) % (uW/cm?)
PTB7-Th: PC,;BM AM15G 0.80 16.21 0.66 8.54 —
F650-1000 nm 0.77 6.19 0.69 3.31 8.11 3310
669-944 nm 0.76 4.58 0.69 242 6.77
PTB7-Th: IEICO-4F AM15G 0.70 2191 0.60 9.35 —
F650-1000 nm 0.68 13.11 0.65 5.84 14.30 5840
669-944 nm 0.68 10.38 0.66 4.68 13.10

Appl. Phys. Lett. 122, 143906 (2023); doi: 10.1063/5.0144861
© Author(s) 2023

122, 143906-3


https://scitation.org/journal/apl

Applied Physics Letters ARTICLE

scitation.org/journal/apl

FIG. 3. (a) Normalized PCE (B) of PTB7-
Th: PC7BM and PTB7-Th: IEICO-4F
devices measured under F650-1000 nm
and 669-944nm incident spectrum,
respectively. Data are normalized to their
1 PCE values under 1 sun AM 1.5G illumi-
nation (without optical filters). (b)
] Normalized PCE of PTB7-Th: PC;:BM
and PTB7-Th: IEICO-4F devices mea-
sured under F650-1000nm as a function
of the light intensity. Data are normalized
to the PCE at the highest intensity value.
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The EQE spectra of the PTB7-Th: PC;;BM and PTB7-Th: IEICO-4F
devices matches well with the (normalized) absorption spectra of their
corresponding films (Fig. S3), which correlates well with the strong
absorption of NIR photons by IEICO-4F. The calculated values of the
current density (Jgqr) from EQE were also well matched with J, mea-
sured from the J-V curves (Table S1). Under the F650-1000 nm illu-
mination, the maximum PCE (A) values of the PTB7-Th: PC,;BM
and PTB7-Th: IEICO-4F devices were 3.31% and 5.84%, respectively.
Similarly, under the 669-944 nm region, these devices delivered PCE
(A) of 2.42% and 4.65%, respectively. The J;. was the main parameter
that contributed to deliver the higher performance of PTB7-Th:
IEICO-4F devices compared to PTB7-Th: PC;;BM under the implant
illumination region, as IEICO-4F covered the absorption up to NIR
wavelengths. It becomes even clearer when PCE(B) was used. For
PTB7-Th: IEICO-4F, the PCE (B) was 14.30%, and 13.10% under the
F650-1000 nm and 669-944 nm spectrum, respectively. While for
PTB7-Th: PC,,BM devices, the PCE (B) was 8.11%, and 6.77% under
F650-1000nm and 669-945nm spectrum, respectively. The PCE
(B) of the devices calculated under F650-1000nm (14.30%) and
669-945nm (13.10%) spectrum region were higher for the PTB7-Th:
IEICO-4F device than its 1 sun AM1.5 G performance [9.35% (with-
out optical filters)]. On the contrary, for the PTB7-Th: PC,;BM device,
the PCE (B) was low (8.11% and 6.77%) compared to the 1 sun
AM1.5G performance (8.54%). The PTB7-Th: IEICO-4F device deliv-
ered significantly higher PCE (B) than the PTB7-Th: PC;;BM device
for potential implant application. The normalized PCE (normalized to
their PCE at 1 sun AM1.5G) of PC,;;BM-based and IEICO-4F-based
devices under F650-1000 nm and 669-944 nm spectrum is shown in

Light Intensity (mW/cm?)

Fig. 3(a). A detailed summary of device performance is shown in
Table I.

The light intensity dependent photovoltaic performance was also
performed by using neutral density filters. This study aims to compare
the OPV devices performance by reducing the incident light intensity at
the F650-1000 nm wavelength region to mimics light absorption losses
by human skin. Considering that the actual absorption losses could be
more complicated, we studied the performance of the OPV devices
under a wide range of light intensities relevant to the light absorption
loss after passing through skins. There was slightly more reduction in
V. of the PC,;BM-based device than that of the IEICO-4F-based device
with decreasing light intensity [Fig. S4(a)], though the difference is more
obvious at lower light intensity. Furthermore, there was an increase in
the FF [Fig. S4(b)] of the IEICO-4F-based device down to 5 mW/cm?
light intensity, while the FF of the PC,;BM-based device is similar down
to 5 mW/cm® light intensity. Interestingly, the overall PCE of the
IEICO-4F-based device was improved slightly down to 5 mW/cm? light
intensity under F650-1000 nm illumination [Fig. 3(b)]. On the other
hand, the PCE of the PC;;BM -based device decrease with lower light
intensity, particularly below 5 mW/cm? light intensity. The power out-
put generated by IEICO-4F-based OPV is 5840 W/cm® (without the
ND filters) under the F650-1000 illumination. Table II summarizes the
OPYV performances of our devices compared with those reported in the
literature for potential implant applications. It shows that our devices
have orders of magnitude better PCE and output power density. After
considering ~80% performance losses underneath human skin,” the
OPV could generate enough power (175.2 uW with 0.15cm* device
area) to charge batteries to power implant devices."*

TABLE II. Summary of performance of the OPV devices in this study and those OPV devices reported for potential implant applications.

Tllumination Tllumination Ve Jsc PCE Output power

Wavelength(s) power Active layer (V) (mA/cm?) FF (%) density ( UW/cm?) Ref.

NIR light LED 210 mW P3HT: PCBM 0.49 0.7 0.38 — 1303.4 27

(peak at 780 nm) B-carotene/PTCDI-C8  0.11 54 x10°*  0.18 — 0.1

980 nm laser 16.9 mW P3HT: PCBM 0.43 0.058 0.70 0.0124 17.5 28

650-1000 nm 6.09 mW PTB7-Th: PC,;BM 0.77 6.19 0.69 8.11 3310 This work
PTB7-Th: IEICO-4F 0.68 13.11 0.65 14.33 5840
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Finally, the J-V characteristics under different light intensities
were studied in more detail to gain some insight into the charge recom-
bination in the OPV devices under AM 1.5G and F650-1000 nm inci-
dent light. It is suggested that J. o< Pflfght, where Jg., Piigns> and o are the
short circuit current density, incident light intensity, and charge recom-
bination parameter, respectively.”” A less than unity value of o indicates
bimolecular charge recombination, which can limit performance of the
OPV device.”® As shown in Fig. 4(a), the o values calculated for PTB7-
Th: IEICO-4F and PTB7-Th: PC;;BM under the AML.5 G spectrum
are 0.975 and 0.981, respectively. The o values under F650-1000 nm
illumination are similar to that under AM1.5G illumination with values
of 0.985 and 0.989 for PTB7-Th: IEICO-4F and PTB7-Th: PC,;BM
devices, respectively [Fig. 4(b)]. In addition, the plot of V. Vs Pygy
could provide information about trap-assisted recombination.” The
data are fitted by following the formula V. oc nkT/q In Py, where n,
k, T, and q represent the ideality factor, Boltzmann’s constant, absolute
temperature, and elementary charge, respectively.”” As shown in Fig.
4(c), slopes of 1.33kT/q and 1.10kT/q under AM 1.5G are calculated
for PTB7-Th: PC;;BM and PTB7-Th: IEICO-4F devices, respectively.
The slopes under F650-1000 nm incident light are also similar to
that under AM1.5G illumination with the calculated values of
1.36kT/q and 1.12kT/q for PTB7-Th: PC,,BM and PTB7-Th:
IEICO-4F devices, respectively [Fig. 4(d)]. Therefore, there is no
considerable change in the V,. and J light dependence between
the NIR and AM1.5G (full light spectrum illumination), which
implies that there is no adverse effect on the charge recombination
under NIR illumination.

In conclusion, we compared the performance of a non-
fullerene acceptor-based OPV device (PTB7-Th: IEICO-4F) to
a fullerene derivative acceptor-based OPV device (PTB7-Th:

1 10
Light Intensity (mW/cm?)

PC;;BM) under 650-1000 nm light illumination as well as under
a wide range of light intensity (to mimic the implant light envi-
ronment). Two methods were used to mimic the light spectrum
passing through skin. The first method was by using optical fil-
ters, and the second method was by tuning the spectrum of an
LED solar simulator. Under 1 sun AMI1.5G, the PTB7-Th:
PC,;BM and PTB7-Th: IEICO-4F OPV devices delivered the
PCE of 8.54% and 9.35%, respectively. Interestingly, the PCE of
the PTB7-Th: PC,BM and PTB7-Th: IEICO-4F devices under
the F650-1000 nm spectrum region were 8.11% and 14.30%,
respectively. The high absorption of the IEICO-4F acceptor in
the NIR region is the main factor that improves the PCE com-
pared to the PC;;BM-based device. Importantly, the PCE and
power density of the PTB7-Th: IEICO-4F devices are significantly
better than previously reported (fullerene derivative-based) OPV
devices. As the bandgap of NFA can be tuned easily to absorb at
the NIR region, they are an attractive choice for IPV devices.
This work demonstrates the prospect of OPVs, especially NFA-
based devices, for potential implant applications. However, more
research is required in the future for substrate selection, as a flex-
ible substrate could be more practical. Furthermore, research on
material biocompatibility, stability, in vitro testing under skins,
and, ultimately, in vivo testing of the devices with the implanted
electronic devices is needed.

See the supplementary material for the device structure, LED
lights spectrum, supporting EQE, and absorption data.
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