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Abstract: Organic solar cells (OSCs) have become a potential erry  urce fo' u.doorlight = arvesting
.y (PCE) of ¢ rer 30% under

indoor lights. Among various strategies, interlayer ¢ .gineering is ¢.

in recent years as they have witnessed a record power conv' _ ion eft.
of the ir _portant factors
scted an efficien. 3¢ pased on PM6:Y6
photoactive layer showing an excellent PCE of = 22% an. 4% under ligh -emitting diode (LED,
1000-1x) and 1-sun (AM1.5 G) conditions, res ‘ect.vely. The
by systematically investigating the optir .1, elec.rochemical, ar. aerphological characteristics of
three different cathode interlayers (CIV 5) named as: PEIE, ZnO, ar 1« ZnO/PEIE (bilayer). The high
transmittance (~90%), suitable work' inction (~4.1 eV), and improved surface morphology (RMS:
2.61 nm) of the bilayer CIL contribt
suppressed charge recombination and

in improving the performance of OSCs. Here, w .

“formance of OSCs was optimized

s in improving the performance of OSCs. In addition, the

sroved charge ¢ _rier transport are attributed to high shunt
resistance and appropriate energy levels ~ment}+  ween photoactive layer and bilayer CIL. The
findings in the study mig ~wvide guidelines 1u: designing novel interlayers in the development of

efficient OSCs for differer. illui.. "~n conditions.

Keywords: organic solar cei 5+ photovoltiics; cathode interlayer; light-emitting diode lamp; power

conversic .cun.  Cy
1. Introduc  n
During ti. >4t decade, solution-processed organic solar cells (OSCs) have attracted

'mense attent on for use in a promising renewable energy harvester due to numerous
be  fits such as cost-effectiveness, high stability, low weight, improved transparency, and
scala > processing methods [1-8]. Besides, bandgap tuneability, high absorption coeffi-
cients, nd 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/ cm?) [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, Cul-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.

— AM 1.5G

LED 3000K

Solar Lamp lrradiance

400 500 600 700 80¢
Wavelength (nm?

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

Under low-intensity light ¢ aditions, interlayer engineering is one of the crucial
factors for developing high-perfc mance OSCs. Ur ike outdoor illumination where the
series resistance plays a critical rol. " is necessary’ .o develop interlayers with high shunt
resistance whereas th~ impact of ser. " ° e become negligible under indoor light
conditions [29,30]. M . -r suitable work function alignment of interlayer with the
photoactive layer is inc 'spens.. ~ “ar achieving high-efficiency of OSCs. The low work
function of electron-coll <tin<, electrc ¢ facilitates in reducing the charge recombination,
thus leadir~ *o enhancea * erformaiice of OSCs. Previously ZnO, TiO,, SnO;, and PEIE
interlav_rs ha  been usec in OSCs [31-35]. However, until now, the role of interlayers
in ep” ancing t. 2 performar = of OSCs under indoor light conditions has not been fully
urider od ar *+here is pleiity of room available for further improvement.

In v stuay, we - ceessfully developed high-performance OSCs based on a blend
of Poly[[4,6  [5-(2-ethylhexyl)-4-fluoro-2-thienyl]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl]-
2,5-thiophenec. %, /-bis(2-ethylhexyl)-4,8-dioxo-4H,8H-benzo[1,2-c:4,5 c’]dithiophene-1,3-

w1]-2,5-thioph/.nediyl]) (PM6) and (2,2'-((2Z,2'Z)~((12,13-bis(2-ethylhexyl)-3,9-diundecyl-
12, *dihydro-[1,2,5]thiadiazolo[34-e]thieno[2”,3":4,5'] thieno [2/,3":4,5]pyrrolo[3,2-g]thieno
thier. * 2Dlindole-2,10-diyl)bis(methanylylidene)) bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-
indene -,1-diylidene))dimalononitrile) (Y6) photoactive layer and investigated the perfor-
mance evolution with three different types of cathode interlayers (CILs) (PEIE, ZnO, and
PEIE/Zn0O). 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),.2H,0, 99%), 2-methoxyethanol (CH;OCH,CH,OH,
99.8%), ethanolamine (NH,CH,CH,0OH, 99.5%), ethanol (Co,H50H, 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 (/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 .uyu.  nd
0.30 g of ethanolamine with 10 mL of 2-methoxyethanol and then v'gorously st. d
overnight. PEIE was dissolved in 2-methoxyethanol to obtain a conce™ -tation of 0.3% a. '
stirred overnight. The photoactive layer solution (1:1.2) was preparec per a previot .
report [36]. CILs layers were deposited with a variable spin sp' -1 to ach. = a thickne s
of 90-100 nm. Thermal annealing conditions for PEIE and .nO were 120 © “or 10 in,
and 180 °C for 30 min, respectively. The photoactive laye® was depc rited unde ~ ".rogen
environment with a spin speed of 3000 rpm for 30 s follcwec.  »ther ial unnialing of 90 °C
for 10 min. Finally, MoOx (10 nm) as anode interla” c1 and A_ ~ 00 nm) as_ Jp electrode
were subsequentially deposited using a thermal < -aporator ata. h vaci-um pressure of
8.4 x 1077 Pa.

2.3. Device Performance Characterization

The current density voltage (J-V> curves of all OSC dev  =vere examined by Keithley
2400 m (Keithley Instruments, Clr veland, OH, USA) unds. nitrogen environment. For
1-sun, the Jsc was measured un: er AM1.5 G (100 mW/cm?) using a Newport (North
Kingstown, RI, USA) solar simula . For indoor mea: urements, J-V curves were examined
using a 1000 lux 3000 K LED (0.. mW/cm?) at - som temperature under dark. IPCE
measurement was conducted with . ““ech OF  EQE (Kaohsiung City, Taiwan) system.
The EQE system was = ‘»oed with stai.....u silicon diode. The WF values of CILs were
measured by Kelvin P1 \be (. .. Bullville, NY, USA). The transmittance spectra of CIL
films were obtained by UV-viLibic troscopy (V-770, Jasco Inc., Easton, MD, USA).
The film morphology of ¢ U rilms w7 s measured by AFM instruments (Innova, BRUKER,
Billerica ... 'SA).

3. B lts and Discussion

Th SC L "0 the inverted structure of ITO/CILs/PM6:Y6/MoOx/Ag are
shownini e 2A. The chemical structure of photoactive layer material and energy band
diagram of tt.  YSC-device are depicted in Figure 2B,C [33,37]. The inverted structure was

mployed to im .ove the stability of the devices.

The transinittance spectra of CILs of PEIE, ZnO, and ZnO/PEIE were measured by
UV- spectroscopy and are shown in Figure 3. All the CILs showed an excellent averaged
transn  .ance 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
250 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. (#* The architectt. _ of inverted OSC. (B) The chemical structures of photoactive layer
material” (PMo d Y6). (C) 1 e energy level diagram of OSC.
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Figure 3. Transmittance spectra of various CILs investigated in this work.
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Figure 4. RMS roughness v lues ¢ (A 8) CIL-PEIE, (C) CIL_ZnO, and (D) CIL_Bilayer. (AFM
Scan rate: 5 um).

Alcer vali ating the ti in film properties of CILs, the photovoltaic performance of
OS7  7as exar tined under -sun illumination. The current-density voltage (J-V) curves

£ OSC  vit! s was shown in Figure 5A. The measured J-V values can be
derermine "39,40] using Equation (1).
_ aV=IRs)) _ V—JRs

whe. "> 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 Rg and Rgy 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/ cm?, 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 /cm?2, and FF of 68.6. While, the improvement in the performance
of OSC with CIL Bilayer was observed with a Vpoc of 820 mV, a Jsc of 24.5 mA/ cm?, 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.
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Figure 5. (A) The J-V curves and (B)  CE spectra of OSCs vith various CILs under 1-sun illumina-
tion condition.

Table 1. Summary of ele " ical parameters c. atder 1-sun conditions. Values are averaged over
10 devices. The values in wac ~re amongst the highest.
ocC Jsc FF PCE
ClLs G (mA/cm?) (%) (%)
. L) (22.5) (66.8) (12.1)
ff PEIE 798 = 4 215+ 0.5 66.1 + 1.0 11.6 0.2
. O (807 (23.6) (68.6) (12.9)
A SE1 27405 68.1 4 0.4 12.8 £ 0.1
. (820) (24.5) (69.0) (13.9)
CIL_Bila; 817 £2 23.8 +£0.3 68.9 £ 0.3 13.7 £ 0.1

As mentioned earlier, indoor lamps have totally different intensities and spectrum
con. ‘ons.when compared with the 1-sun conditions. Therefore, the evolution in the
perfor. .nce of OSCs under LED lamp was also systematically investigated. The J-V curves
undez 1000-1x 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%,
1 Voc of 623 mV, a Jsc of 108.9 uA/cm?, 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 pA /cm?, 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 devic s under 1000-1x LED 3000 '\ illumination.

In addition, the indoor perf mance of OSCs 7 as further explained in the context
of equivalent circuit model [42]. 1 = that, Voc ¢ pends on the light intensity logarith-
mically whereas the Jsc has a linear tion v the light intensity. Typically, the series
resistance (Rg) hasa s ~impact (inversc relation) on the FF of OSCs under 1-sun illu-
mination. However, w der .. = conditions, this trend becomes reversed. Under LED
lamps, instead of high g, it's in.,  ant to obtain high shunt resistance (Rq,) that is
associated with the leaka v« (dark) crrent. The high value of Ry, contributes in enhanc-
ing the 7. '« )SCs. As 1 entioned by previous reports, a minimum of 85 kQ)/cm? or
large < alues oi Ry, and 50 )/2m? or smaller values of Rg are beneficial to obtain high
per.c ance v wder indoor ) ghts. In our case, the Ry, and Rg values were calculated from
“eslop of, . _ristics curves. The extremely large Ry, values of the OSC de-
vices (CIL_ ‘ayer > CIL_ZnO > CIL_PEIE) were found suitable to operate under indoor
illumination . :di*ions, consistent with the previous reports [43-45]. The summary of

hotovoltaic pa. .meters along with resistance values is given in Table 2.

Tab.  Summary of electrical parameters of OSCs under 1000-Ix LED 3000 K illumination. Values
are ave. _ed over 20 devices. The values in brackets are amongst the highest.

ClLs Voc Jsc FF PCE Rg Rgn
(mV) (mA/cm?) (%) (%) (Qcm?) (kQcm?)
(605) (100.4) (67.5) (18.5)
CIL_PEIE 603 + 2 99.5+ 1.3 66.9 + 0.9 179 +£ 0.3 56 120
(615) (103.3) (69.2) (19.9)
CIL._ZnO 611 +2 1029 +£09 68.7+0.2 185+ 0.2 43 132
(623) (108.9) (71.6) (22.1)

CIL_Bilayer 24 144

618 £3 108.1+04 704+04 215+£02

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 « 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 lie'.  tensity. (B) The V. <1 ves of OSC devices
versus light intensity.

Afterwards, Voc is also crucial fr . goining deep w. ~rstanding the recombination
kinetics. Figure 7B describes the 'sgarithmic dependenc st Voc over light intensity.
Mathematically, it can be expresse . as,

nkT Jp
\C:h’l{*p} (2)

q /0
where n is the idealit = ~for, k is the vuizinann constant, T is the temperature, Jon is
the photocurrent dens. 'y w..  ‘llumination, while ] is the saturation current density

under dark. n is the imr »ortar'c tac hat influences the proportionality between Voc
and light intensity. The ' a'.es of n..an be extracted by fitting the slope of curves. The
extracted ... ofnforth CIL_PEIE, CIL_ZnO, and CIL_Bilayer were 1.42, 1.29, and 1.16,
resper tvely. T. 2 value of 1. -lese to unity represents ideal diode behavior with zero loss,
wbi. hatclos. to 2 describ: s the maximum charge recombination. From this analysis, it
“asoby S ~_ with CIL_Bilayer exhibited the minimum recombination losses.

4. Conclusic

In conclust .1, we examined the photovoltaic performance of OSCs based on various
C s under ourdoor and indoor lighting conditions. There was a clear difference in the
per.  mance of OSC devices under both lighting conditions. The role of obtaining high
Rgh is© acial under indoor lights while Rg 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 1000-1x
_ED 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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