
RETRACTED
Citation: Benesperi, I.S.

RETRACTED: Cathode Interlayer

Engineering for Efficient Organic

Solar Cells under Solar Illumination

and Light-Emitting Diode Lamp.

Coatings 2022, 12, 816. https://

doi.org/10.3390/coatings12060816

Academic Editor: Alexander

G. Ulyashin

Received: 21 May 2022

Accepted: 8 June 2022

Published: 10 June 2022

Retracted: 16 February 2023

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

coatings

Article

RETRACTED: Cathode Interlayer Engineering for Efficient
Organic Solar Cells under Solar Illumination and
Light-Emitting Diode Lamp
Iacopo Sîm Benesperi

Department of Chemistry, University of Surrey, Guildford GU2 7XH, UK; iacopo.benesperi28@gmail.com

Abstract: Organic solar cells (OSCs) have become a potential energy source for indoor light harvesting
in recent years as they have witnessed a record power conversion efficiency (PCE) of over 30% under
indoor lights. Among various strategies, interlayer engineering is one of the important factors
in improving the performance of OSCs. Here, we reported an efficient OSC based on PM6:Y6
photoactive layer showing an excellent PCE of ~22% and ~14% under light-emitting diode (LED,
1000-lx) and 1-sun (AM1.5 G) conditions, respectively. The performance of OSCs was optimized
by systematically investigating the optical, electrochemical, and morphological characteristics of
three different cathode interlayers (CILs) named as: PEIE, ZnO, and ZnO/PEIE (bilayer). The high
transmittance (~90%), suitable work function (~4.1 eV), and improved surface morphology (RMS:
2.61 nm) of the bilayer CIL contributes in improving the performance of OSCs. In addition, the
suppressed charge recombination and improved charge carrier transport are attributed to high shunt
resistance and appropriate energy levels alignment between photoactive layer and bilayer CIL. The
findings in the study might provide guidelines for designing novel interlayers in the development of
efficient OSCs for different illumination conditions.

Keywords: organic solar cells; photovoltaics; cathode interlayer; light-emitting diode lamp; power
conversion efficiency

1. Introduction

During the past decade, solution-processed organic solar cells (OSCs) have attracted
immense attention for use in a promising renewable energy harvester due to numerous
benefits such as cost-effectiveness, high stability, low weight, improved transparency, and
scalable processing methods [1–8]. Besides, bandgap tuneability, high absorption coeffi-
cients, and availability of organic semiconductor materials in range of colors matches well
with the spectral response of indoor light sources (light-emitting diode (LED), fluorescent
(FL) lamps, etc.) that have a narrow emission spectrum spanning visible wavelengths
(300–700 nm) and low intensity illumination (<1 mW/cm2) [9–12]. Therefore, remarkable
power conversion efficiency of over 31% has been achieved under indoor light condi-
tions [13]. The high efficiencies of OSC are advantageous for powering small electronic
devices that have been emerging in recent time [14–19].

The indoor light sources have different light intensities and spectrums than outdoor
1-sun illumination conditions as shown in Figure 1. Therefore, they require alternating
strategies for performance improvement of OSCs. Strategies based on design of novel
materials, interface, and electrode engineering and theoretical studies of OSC devices have
been utilized [20–25]. In 2015, Mori et al. developed highly efficient OSCs with a reported
power conversion efficiency of about 21% under LED lamp [26]. In 2020, Saeed et al.
developed flexible OSCs based on P3HT:ICBA photoactive layer and achieved a PCE of
over 10% under LED lamp [27]. They analyzed the influence of series and shunt resistance
on the performance of OSCs. Similarly, CuI-doped P3HT:PCBM-based OSC have been
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developed with a PCE of ~5% under white LED lamp [28]. The improved performance was
attributed to the better hole selecting behavior and decreased charge carrier recombination.

Figure 1. The spectral irradiance of the outdoor (1-sun) and indoor (LED 3000 K) light sources.

Under low-intensity light conditions, interlayer engineering is one of the crucial
factors for developing high-performance OSCs. Unlike outdoor illumination where the
series resistance plays a critical role, it is necessary to develop interlayers with high shunt
resistance whereas the impact of series resistance become negligible under indoor light
conditions [29,30]. Moreover, suitable work function alignment of interlayer with the
photoactive layer is indispensable for achieving high-efficiency of OSCs. The low work
function of electron-collecting electrode facilitates in reducing the charge recombination,
thus leading to enhanced performance of OSCs. Previously ZnO, TiO2, SnO2, and PEIE
interlayers have been used in OSCs [31–35]. However, until now, the role of interlayers
in enhancing the performance of OSCs under indoor light conditions has not been fully
understood and there is plenty of room available for further improvement.

In this study, we successfully developed high-performance OSCs based on a blend
of Poly[[4,8-bis[5-(2-ethylhexyl)-4-fluoro-2-thienyl]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl]-
2,5-thiophenediyl[5,7-bis(2-ethylhexyl)-4,8-dioxo-4H,8H-benzo[1,2-c:4,5 c’]dithiophene-1,3-
diyl]-2,5-thiophenediyl]) (PM6) and (2,2′-((2Z,2′Z)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-
12,13-dihydro-[1,2,5]thiadiazolo[3,4-e]thieno[2”,3”:4′,5′] thieno [2′,3′:4,5]pyrrolo[3,2-g]thieno
thieno[3,2-b]indole-2,10-diyl)bis(methanylylidene)) bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-
indene-2,1-diylidene))dimalononitrile) (Y6) photoactive layer and investigated the perfor-
mance evolution with three different types of cathode interlayers (CILs) (PEIE, ZnO, and
PEIE/ZnO). ZnO and PEIE proved as excellent cathode interlayers due to high electron
mobility, low toxicity, appropriate work function, and excellent transparency. We studied
the optical, electrochemical, and morphological properties of CILs. Lastly, the OSCs with
these types of CILs were fabricated in inverted geometry and achieved PCEs of around
15% and 18% under 1-sun and LED lamp illumination, respectively.

2. Materials and Methods
2.1. Materials

Zinc acetate dihydrate (Zn(CH3COO)2.2H2O, 99%), 2-methoxyethanol (CH3OCH2CH2OH,
99.8%), ethanolamine (NH2CH2CH2OH, 99.5%), ethanol (C2H5OH, 99.8%), chloroform (CHCl3,
99.6%), PEIE, and molybdenum(VI) oxide (MoO3, 99.4%) were obtained from Sigma Aldrich, St.
Louis, MO, USA. The donor PM6 and acceptor Y6 were purchased from Solarmer Material Inc.,
Beijing, China.
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2.2. Device Fabrication

The pre-patterned ITO-coated glass (Sheet resistance: 12 Ω/sq. and transmittance:
95%) was washed inside an ultrasonic bath using deionized water (DI), acetone, and
isopropyl alcohol (IPA) sequentially for 30 min each and then dried for 12 h in an oven.
Prior to use, the substrates were UV-Ozone treated for 20 min to improve their work
function. The ZnO solution was prepared by mixing 1.1 g of zinc acetate dihydrate and
0.30 g of ethanolamine with 10 mL of 2-methoxyethanol and then vigorously stirred
overnight. PEIE was dissolved in 2-methoxyethanol to obtain a concentration of 0.3% and
stirred overnight. The photoactive layer solution (1:1.2) was prepared as per a previous
report [36]. CILs layers were deposited with a variable spin speed to achieve a thickness
of 90–100 nm. Thermal annealing conditions for PEIE and ZnO were 120 ◦C for 10 min,
and 180 ◦C for 30 min, respectively. The photoactive layer was deposited under nitrogen
environment with a spin speed of 3000 rpm for 30 s followed by thermal annealing of 90 ◦C
for 10 min. Finally, MoOx (10 nm) as anode interlayer and Ag (100 nm) as top electrode
were subsequentially deposited using a thermal evaporator at a high vacuum pressure of
8.4 × 10−7 Pa.

2.3. Device Performance Characterization

The current density voltage (J-V) curves of all OSC devices were examined by Keithley
2400 m (Keithley Instruments, Cleveland, OH, USA) under nitrogen environment. For
1-sun, the JSC was measured under AM1.5 G (100 mW/cm2) using a Newport (North
Kingstown, RI, USA) solar simulator. For indoor measurements, J-V curves were examined
using a 1000 lux 3000 K LED (0.21 mW/cm2) at room temperature under dark. IPCE
measurement was conducted with Enlitech QE-S EQE (Kaohsiung City, Taiwan) system.
The EQE system was equipped with standard silicon diode. The WF values of CILs were
measured by Kelvin Probe (ORIEL, Bullville, NY, USA). The transmittance spectra of CIL
films were obtained by UV-visible spectroscopy (V-770, Jasco Inc., Easton, MD, USA).
The film morphology of CIL films was measured by AFM instruments (Innova, BRUKER,
Billerica, MA, USA).

3. Results and Discussion

The OSC devices with the inverted structure of ITO/CILs/PM6:Y6/MoOx/Ag are
shown in Figure 2A. The chemical structure of photoactive layer material and energy band
diagram of the OSC device are depicted in Figure 2B,C [33,37]. The inverted structure was
employed to improve the stability of the devices.

The transmittance spectra of CILs of PEIE, ZnO, and ZnO/PEIE were measured by
UV-vis spectroscopy and are shown in Figure 3. All the CILs showed an excellent averaged
transmittance of over 90% in the visible region that suits well with the emission of LED
lamp. The CIL_PEIE showed slightly high transmittance in the visible region while a
decline of 5%–10% in the transmittance of CIL_ZnO and CIL_Bilayer between 400 to
550 nm was observed. It was anticipated that this slight reduction in the spectra will not
have a significant effect on the photovoltaic performance of OSCs.

The morphological evolution in the surface of CILs on glass/ITO substrates was
examined by AFM and shown in Figure 4. The root-mean-square (RMS) values of the
ITO, CIL_PEIE, CIL_ZnO, and CIL_Bilayer were found to be 1.54 nm, 3.23 nm, 2.84 nm,
and 2.61 nm, respectively. The RMS values of the CIL_PEIE and CIL_ZnO were slightly
higher than that of the CIL_Bilayer with a smoother surface. This is because the uniform
and smooth surfaces of CILs facilitate in improving the performance of OSCs due to
low structural defects and enhanced charge collection efficiency [38]. Therefore, high
performance for the CIL_Bilayer employed OSCs was expected.
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Figure 2. (A) The architecture of inverted OSC. (B) The chemical structures of photoactive layer
materials (PM6 and Y6). (C) The energy level diagram of OSC.

Figure 3. Transmittance spectra of various CILs investigated in this work.
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Figure 4. RMS roughness values of (A) ITO, (B) CIL-PEIE, (C) CIL_ZnO, and (D) CIL_Bilayer. (AFM
Scan rate: 5 µm).

After validating the thin film properties of CILs, the photovoltaic performance of
OSCs was examined under 1-sun illumination. The current-density voltage (J-V) curves
of OSCs with various CILs was shown in Figure 5A. The measured J-V values can be
determined [39,40] using Equation (1).

J =
[

Jo

{
exp

(
q(V− JRS)

nKT

)
− 1

}
+

(
V− JRS

RSH

)]
(1)

where J0 denotes the saturation reverse current density, n is the ideality factor, V is the
output voltage, T is the temperature, q is the elementary charge, and RS and RSH are the
series and shunt resistances, respectively.

The OSCs with CIL_PEIE exhibited a maximum PCE value of 12.1%, open-circuit
voltage (VOC) of 801 mV, short-circuit current density (JSC) of 22.5 mA/cm2, and fill factor
(FF) of 66.8%. Similarly, the OSCs with CIL ZnO exhibited a PCE of 12.9% with a VOC of
807 mV, JSC of 23.6 mA/cm2, and FF of 68.6. While, the improvement in the performance
of OSC with CIL Bilayer was observed with a VOC of 820 mV, a JSC of 24.5 mA/cm2, and
FF of 69.0%, leading to the excellent PCE of 13.9%. The WF trend could be attributed to
differences between the mechanism of WF reduction for PEIE surface modification, ZnO,
and bilayer CILs. PEIE surface modification is known to induce a dipole moment on the
conductor surface, leading to a vacuum-level downshift and resultantly WF reduction,
while ZnO CIL leads to a semiconducting low-WF layer on top of the conductor surface.
Further, the improved performance of the OSCs with CIL_Bilayer can be attributed to the
enhanced oxygen desorption effect of ZnO when combined with the aminoacidic modified
polymer PEIE [41]. The doping of PEIE with the ZnO improved the charge selectivity that
led to enhancing the performance of OSCs. Further, the IPCE measurement was carried
out to examine the discrepancies in the measured JSC values (Figure 5B). The OSC devices
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with CIL_Bilayer showed a relatively high IPCE value of around 70% between 550 and
650 nm wavelength regions. While, the low IPCE value of CIL_PEIE was consistent with
that of the measured JSC. There was no significant difference observed before 450 nm and
after 700 nm. The integrated JSC values were found to be in agreement with the measured
JSC values. The summary of photovoltaic parameters (averaged over 10 OSC devices) was
given in Table 1.

Figure 5. (A) The J-V curves and (B) IPCE spectra of OSCs with various CILs under 1-sun illumina-
tion condition.

Table 1. Summary of electrical parameters of OSCs under 1-sun conditions. Values are averaged over
10 devices. The values in brackets are amongst the highest.

CILs VOC
(mV)

JSC
(mA/cm2)

FF
(%)

PCE
(%)

CIL_PEIE (801)
798 ± 4

(22.5)
21.5 ± 0.5

(66.8)
66.1 ± 1.0

(12.1)
11.6 ± 0.2

CIL_ZnO (807)
805 ± 1

(23.6)
22.7 ± 0.5

(68.6)
68.1 ± 0.4

(12.9)
12.8 ± 0.1

CIL_Bilayer (820)
817 ± 2

(24.5)
23.8 ± 0.3

(69.0)
68.9 ± 0.3

(13.9)
13.7 ± 0.1

As mentioned earlier, indoor lamps have totally different intensities and spectrum
conditions when compared with the 1-sun conditions. Therefore, the evolution in the
performance of OSCs under LED lamp was also systematically investigated. The J-V curves
under 1000-lx LED 3000 K lamp was shown in Figure 6. The photovoltaic performance of
the OSCs with CIL_Bilayer was recorded the highest with the maximum PCE value of 22.1%,
a VOC of 623 mV, a JSC of 108.9 µA/cm2, and FF of 71.6%. On the other hand, the OSCs
with CIL_PEIE and CIL_ZnO exhibited maximum PCE values of 18.5% and 19.9%, with
corresponding VOC of 605 and 615 mV, JSC of 100.4 and 102.9 µA/cm2, and FF of 67.5% and
69.2%, respectively. There was a significant improvement in the JSC value of CIL_Bilayer
OSC observed that can be attributed to the improved absorption of photoactive layer.
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Figure 6. The J-V curves of OSC devices under 1000-lx LED 3000 K illumination.

In addition, the indoor performance of OSCs was further explained in the context
of equivalent circuit model [42]. From that, VOC depends on the light intensity logarith-
mically whereas the JSC has a linear relation with the light intensity. Typically, the series
resistance (RS) has a strong impact (inverse relation) on the FF of OSCs under 1-sun illu-
mination. However, under indoor conditions, this trend becomes reversed. Under LED
lamps, instead of high RS, it is important to obtain high shunt resistance (Rsh) that is
associated with the leakage (dark) current. The high value of Rsh contributes in enhanc-
ing the FF of OSCs. As mentioned by previous reports, a minimum of 85 kΩ/cm2 or
large values of Rsh and 50 Ω/cm2 or smaller values of RS are beneficial to obtain high
performance under indoor lights. In our case, the Rsh and RS values were calculated from
the slopes of J-V characteristics curves. The extremely large Rsh values of the OSC de-
vices (CIL_Bilayer > CIL_ZnO > CIL_PEIE) were found suitable to operate under indoor
illumination conditions, consistent with the previous reports [43–45]. The summary of
photovoltaic parameters along with resistance values is given in Table 2.

Table 2. Summary of electrical parameters of OSCs under 1000-lx LED 3000 K illumination. Values
are averaged over 20 devices. The values in brackets are amongst the highest.

CILs VOC
(mV)

JSC
(mA/cm2)

FF
(%)

PCE
(%)

RS
(Ωcm2)

Rsh
(kΩcm2)

CIL_PEIE (605)
603 ± 2

(100.4)
99.5 ± 1.3

(67.5)
66.9 ± 0.9

(18.5)
17.9 ± 0.3 5.6 120

CIL_ZnO (615)
611 ± 2

(103.3)
102.9 ± 0.9

(69.2)
68.7 ± 0.2

(19.9)
18.5 ± 0.2 4.3 132

CIL_Bilayer (623)
618 ± 3

(108.9)
108.1 ± 0.4

(71.6)
70.4 ± 0.4

(22.1)
21.5 ± 0.2 2.4 144

Furthermore, the charge carrier recombination within the OSCs was determined by
plotting the JSC and VOC as a function of light intensity (Figure 7). In Figure 7A, the JSC
was found to be linearly proportional to light intensity according to the (JSC α slope (s) of
light intensity) [46]. The value of s close to unity represents the minimum recombination.
The fitted sloped values of the CILs were 0.91, 0.93, and 0.94 for the CIL_PEIE, CIL_ZnO,
and CIL_Bilayer, respectively. The relatively high s value of the CIL_Bilayer suggests the
suppression of charge carrier recombination.
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Figure 7. (A) The JSC curves of OSC devices versus light intensity. (B) The VOC curves of OSC devices
versus light intensity.

Afterwards, VOC is also crucial for gaining deep understanding the recombination
kinetics. Figure 7B describes the logarithmic dependence of VOC over light intensity.
Mathematically, it can be expressed as,

VOC =
nkT

q
ln
{ Jph

J0

}
(2)

where n is the ideality factor, k is the Boltzmann constant, T is the temperature, Jph is
the photocurrent density under illumination, while J0 is the saturation current density
under dark. n is the important factor that influences the proportionality between VOC
and light intensity. The values of n can be extracted by fitting the slope of curves. The
extracted values of n for the CIL_PEIE, CIL_ZnO, and CIL_Bilayer were 1.42, 1.29, and 1.16,
respectively. The value of n close to unity represents ideal diode behavior with zero loss,
while that close to 2 describes the maximum charge recombination. From this analysis, it
was obvious that the OSCs with CIL_Bilayer exhibited the minimum recombination losses.

4. Conclusions

In conclusion, we examined the photovoltaic performance of OSCs based on various
CILs under outdoor and indoor lighting conditions. There was a clear difference in the
performance of OSC devices under both lighting conditions. The role of obtaining high
Rsh is crucial under indoor lights while RS influences the FF of the devices under 1-sun
illumination. The optimized OSCs based on Bilayer_CIL exhibited the highest performance
with the maximum PCE of 13.9% and 22.1% under AM1.5 G solar simulation and 1000-lx
LED 3000 K illumination, respectively. The improvement in the surface morphology,
transmittance, and external quantum efficiency resulted in the excellent performance of
OSCs. In addition, the excellent performance of Bilayer-CIL-based OSCs can be attributed
to the suitable work function and significant suppression in charge recombination. The
results in the study set a foundation for realizing different types of CILs for the development
of efficient OSC under outdoor and indoor light energy conditions.
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