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Abstract

We developed a highly efficient organic photovoltaic (OPV) cell with a poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-

b']dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)]:[6,6]-phenyl-C71-butyric acid

methyl ester active layer for harvesting lower-intensity indoor light energy to power various self-powered sensor systems that require

power in the microwatt range. In order to achieve higher power conversion efficiency (PCE), we first optimized the thickness of the

active layer of the OPV cell through optical simulations. Next, we fabricated an OPV cell with optimized active layer thickness. The

device exhibited a PCE of 12.23%, open circuit voltage of 0.66 V, short-circuit current density of 97.7 µA/cm2, and fill factor of 60.53%.

Furthermore, the device showed a maximum power density of 45 µW/cm2, which is suitable for powering a low-power (microwatt

range) sensor system.
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1. INTRODUCTION 

In the last five years, the demand for the Internet of Things

(IoT) network, which automates many aspects of our daily life,

has grown [2,3]. Billions of IoT devices are expected to be

installed in the future, and more than half of them will be

connected inside buildings. Among the various types of devices,

sensors are one of the main components of an IoT network [4,5].

Currently, normal batteries are generally used to power low-power

(microwatt range) sensors. However, these have significant

constraints owing to the small size and wireless nature of the

sensors [1,6]. Furthermore, the need to change batteries (owing to

their low lifetimes) at regular intervals is the main reason behind

the higher maintenance cost of such systems. Therefore,

harvesting ambient energy can be a reasonable solution for

overcoming the aforementioned issues with wireless sensor

networks [7,8]. At present, various ambient energy harvesting

technologies such as photovoltaics (PV), piezoelectrics, triboelectics,

thermoelectric generators, and RF harvesters are available [9,10].

Among these, PV energy harvesting is one of the most suitable

methods for powering wireless sensors owing to the ambient

availability and easy accessibility of artificial light indoors.

Various exploratory studies have found that, among the different

types of PV devices, an organic PV (OPV) device can be a very

good option for efficiently harvesting lower-intensity indoor light

energy owing to the good spectral matching between the

absorbance of the active layer of the OPV device and irradiance

spectra of light sources [11-13]. Furthermore, the ultrathin nature

of the OPV, along with its low weight, small size, and good

mechanical flexibility makes it more suitable for integrating with

miniature wireless sensors. So far, various approaches (such as the

development of new organic photovoltaic materials, device

structure engineering, and understanding of device physics) have

been adopted for developing highly efficient and stable indoor

OPV devices. However, further studies are required for their

commercialization in the near future [14-17]. However, it is

recognized that the optimization of the device architecture is

essential to achieve better performance (in terms of the power

conversion efficiency (PCE) and maximum power density

(MPD)) of a PV device [18]. Experimental procedures by

themselves are not sufficient for optimization, as they are time-

consuming and expensive. In this regard, an optical simulation
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study through the use of optical modeling techniques can be a

very useful and energy-saving approach. However, very few

studies have focused on the development of a highly efficient

indoor OPV through the combination of simulation and

experimental studies.

Therefore, we developed a highly efficient indoor OPV by

optimizing its active layer thickness with the aid of optical

simulations. We first established the relationship between the

photogenerated current in a device and its active layer thickness

using Lumerical, finite-difference time-domain (FDTD) solution

software. Next, we fabricated an indoor OPV consisting of an

active layer of poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-

yl)benzo[1,2-b;4,5-b']dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-

fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] (PTB7-

Th):[6,6]-phenyl-C71-butyric acid methyl ester (PC70BM) with an

optimal thickness. The device exhibited a very high PCE

(12.23%) and MPD (44 µW/cm2) under the illumination of a 1000

lx LED lamp (we used an LED lamp as the light source because

it is one of the most commonly used light sources at present). The

results suggested that the device has high potential as a powering

aid of self-powered sensor systems.

2. EXPERIMENTAL SETUP

2.1 Simulation Procedure

We used Lumerical, FDTD solution software, for performing 2-

dimensional optical simulations of the PV device with the PTB7-

Th):PC70BM active layer (Figure 1a). To define the optical

properties of the different layers of the PV cell, we incorporated

wavelength-dependent refractive indices and extinction

coefficients (collected from previous reports) of different layers

[18,19]. Next, the device structure was meshed at an optimum

mesh density to minimize its effect on the simulation results. 

Through optical simulations, the distribution of the electric field

(photogenerated) owing to the absorption of photons within the

photoactive layer was estimated. It was further used to calculate

the ideal photogenerated short-circuit current density (Jsc,ideal) of

the indoor OPV with the assumption of 100% internal quantum

efficiency (IQE) [18]. Furthermore, we assumed that light

travelled through the indoor OPV device at 90o to its surface

(periodic boundaries along the x-axis were imposed). Finally, a

continuous-wave normalized source was used to obtain the

impulse response of the system. During the simulation (1000 lx

LED light), the impulse response was multiplied with the

respective source spectrum to obtain a user-defined power

spectrum.

2.2 Device Fabrication

To fabricate the indoor OPV (Figure 1a), we first cleaned

indium tin oxide (ITO)-coated (thickness: 150 nm) glass

substrates (~10 Ω/sq) (All for LAB) using a detergent in a

sonication bath. Then, we rinsed the substrates with deionized

water, followed by acetone and isopropyl alcohol (Sigma-

Aldrich) to remove all the detergent. Next, we dried the

substrate by blowing nitrogen gas using a nitrogen gun.

Subsequently, we spin-coated a hole transport layer (HTL) of

poly(3,4-ethylenedioxythiophene):polystyrene sulfonate

(PEDOT:PSS; Heraeus Epurio) (40 nm) onto the ITO layer at

3000 rpm for 60 s, and dried it through thermal annealing at

120 oC for 30 min on a hotplate in ambient air. We then transferred

the HTL-coated substrate into a glove box and spin-coated a

filtered solution (0.2 μm PTFE filter) of the active materials

(PTB7-Th:PC70BM (1-Material) (1:1.5)) in chlorobenzene

(Sigma-Aldrich) onto it at 800 rpm for 30 s, and dried it by

annealing at 150
o
C for 10 min in the glove box. The thickness of

Fig. 1. (a) Schematic and (b) energy band diagram of the indoor

OPV device.
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the active layer was fixed at ~100 nm (optimized through optical

simulations). Next, we formed an ultrathin layer of lithium

fluoride (LiF; thickness of ~0.5 nm) onto the active layer using a

thermal evaporation technique at a pressure of <6 μPa and

deposition rate of <0.1–0.2 nm/s. Finally, we deposited a ~100 nm

thick cathode layer onto the LiF layer through the vacuum thermal

deposition of Al at a pressure of <6 μPa and a deposition rate of

<0.1–0.2 nm/s. The thermal evaporation was performed using a

vacuum thermal evaporation system (Daedong High Tech

Corporation). The active area of the device is 0.02 cm2.

3. RESULTS AND DISCUSSION

In this work, we considered PTB7-Th:PC70BM as the

photoactive material of our indoor OPV device because it has

good spectral matching with the irradiance spectra of the LED

lamp [11,20]. Furthermore, the energy band alignment (Figure 1b)

of the different layers of the OPV is optimal for developing a

well-behaved OPV device for indoor application. Figure 1b shows

that the highest occupied molecular orbital (HOMO) level of

PTB7-Th is very close to the HOMO level of the PEDOT:PSS

HTL. This is favorable for transporting holes towards the anode.

Furthermore, the mismatch between the lowest unoccupied

molecular orbital (LUMO) levels of the PTB7-Th and

PEDOT:PSS layers blocks the movement of electrons towards the

anode. However, a high optical band gap of PTB7-Th is favorable

for developing an indoor OPV. Before fabricating the OPV device,

we simulated the device performance through optical modeling for

optimizing the thickness of its active layer. Figure 2 presents the

variation in the simulated photogenerated Jsc,ideal of the OPV device

with the thickness of the active layer under the illumination of

1000 lx LED light. Here, it can be noted that the simulated Jsc,ideal

of the indoor OPV cell significantly depends on the thickness of

the active layer; first, it gradually increases with increasing

thickness of the active layer and then reaches a maximum value at

100 nm thickness, and subsequently decreases with a further

increase in the active layer thickness up to a certain limit, and then

increases again (i.e., it shows an oscillating nature) [21]. 

Thicker active layers can absorb more photons than thinner

ones, which is why the photogenerated Jsc,ideal of the device

increased with the increase in the active layer thickness in the

initial stage.

The oscillating nature of the Jsc,ideal with the active layer

thickness may be attributed to the interference of the incident light

and reflected light (from the back electrode) in the active layer of

the device. For further investigation, we considered 100 nm as the

optimized thickness of the indoor OPV because it corresponds to

the first peak position of the active layer thickness-dependent

Jsc,ideal. For a device with a thicker active layer, although the

photogenerated Jsc,ideal would be very high, the actual short-circuit

current density and thus the PCE value would be lower owing to

the lower IQE value [18]. Next, we tested six OPVs fabricated

with an active layer of optimized thickness (100 nm) under the

illumination of a 1000 lx LED lamp (the LED light simulator was

purchased from McScience, Republic of Korea). We recorded the

voltage (V)-dependent current density (J) (measured using 2401,

Keithley Instruments) of the device operated under the

illumination of the LED lamp (Figure 3). The LED lamp used was

a white linear COB LED from McScience. Various device

Fig. 2. Variation in the simulated Jsc,ideal with the active layer thick-

ness for an indoor OPV device (operated under the illu-

mination of 1000 lx LED light). 

Fig. 3. Variation in the current density (J) with the voltage (V) for an

indoor OPV operating under the illumination of 1000 lx LED.
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performance parameters (average and maximum values) extracted

from the J–V characteristics curve (under illuminating condition)

are summarized in Table 1, which shows that the OPV with a 100

nm thick active layer exhibits a maximum JSC of 97.30 µA/cm2,

PCE of 12.23%, and MPD of 44 µW/cm2 under the illumination

of the 1000 lx LED lamp. The sufficiently high PCE and MPD

values indicate that the device can be a good candidate as a

powering aid for a low-power (µW range) sensor system.

Furthermore from the standard deviated error values (Table 1) of

different device performance parameters it can be observed that

the variation is below 10%. This result implies that the

physicochemical properties of different constituent materials of

the device are uniformly distributed. 

4. CONCLUSIONS

In this study, we fabricated a highly efficient indoor OPV with

an ultrathin PTB7-Th:[PC70BM] active layer through the

combination of optical simulation and experimental studies. The

optical simulations suggested that the OPV can harvest the

maximum amount of photon energy at 100 nm thickness of the

active layer. In view of this result, we fabricated an OPV device

with an active layer thickness of 100 nm. The device exhibited a

maximum PCE of 12.23%, along with a short-circuit current

density of 97.7 µA/cm2
 and open circuit voltage of 0.66 V. It also

exhibited an MPD of 44 µW/cm
2
, which is suitable for powering

a low-power (µW range) sensor system.
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