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Enhanced Efficiency Parameters of Solution-Processable
Small-Molecule Solar Cells Depending on ITO Sheet

Resistance

Dong Hwan Wang, Aung Ko Ko Kyaw, Vinay Gupta, Guillermo C. Bazan,

and Alan J. Heeger*

Bulk-heterojunction (BH]) solar cells based on phase-separated
blends of organic materials of donor and acceptor (fullerene
derivative) have been in continuous development over the past
two decades.!'¥ Recently, solution-processable small molecule-
based BH] solar cells exhibiting comparable power conversion
efficiency of near 8% to the polymers with high potential under
simple and optimized processing conditions.*'*l The small-
molecule domnors have attractive features, including relatively
simple synthesis and purification steps, mono-dispersity, and
improved batch-to-batch reproducibility.'*]

Indium tin oxide (ITO) substrates have been widely used for
BH]J solar cells because of their high transparency and excellent
conductivity. There are several promising transparent conducting
oxides (TCOs) that may replace ITO, having potentially better
properties for use as anode materials and in order to imple-
ment flexibility for the next generation of opto-electronic devices.
Organic films are being developed using carbon nanotubes
(CNT)!">¢l and graphene,!'’%) which have the combined advan-
tages of high transparency in the infrared and high conductivity.
Also, the solution-processable poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS) is used as the anode mate-
rial, deposited via spin-casting several times, to increase the
conductivity.**22 However, the losses in BH] solar cells with
organic anode materials yield lower power conversion efficien-
cies (PCE) than devices with ITO because of the high sheet
resistance of the substrate (causing reduced Jsc and reduced fill
factor (FF)). Therefore, selection of the best ITO substrate is one
of the important factors to get high performance solar cells.

Here, we have fabricated efficient solution-process-
able small-molecule solar cells with PCE of 8.24% from
a  7,7-(4,4-bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b’|dithiophene-
2,6-diyl)bis(6-fluoro-4-(5"-hexyl-[2,2"-bithiophen]-5-yl)benzo|c]
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[1,2,5]thiadiazole) (p-DTS(FBTThy),): [6,6]-phenyl Cjy-butyric
acid methyl ester (PCy;BM) BH] with enhanced Jsc and FF
using a low sheet resistance of ITO (5 Q/?) substrate. The
increased Jscand FF originate from the reduced series resist-
ance (R,).

The device architecture and the molecular structures of
p-DTS(FBTTh,), and the acceptor of PC;;BM are shown in
Figure 1. The devices are fabricated on glass/ITO (100450 nm)
with subsequent deposition of PEDOT:PSS (ca. 30 nm), BH]J
{ca. 100 nm), and Ca (20 nm) capped with Al (80 nm). The
ITO substrates were selected with three different sheet resist-
ances, 5, 20, and 40 /[ to characterize the effect of the ITO
sheet resistance (and transparency) on Js¢, FF, and PCE. The
thickness of ITO is directly related to the the sheet resistance.
Therefore, the 5, 20, and 40 Q/[J sheet resitances were con-
firmed by measurement of the ITO thickness using a surface
profiler, giving values of 450, 150, and 100 nm, respectively.
Figure 1b shows the energy level diagrams of all the deposited
layers. The highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energy levels of
p-DTS(FBTTh,), are —5.12 and —3.34 eV, respectively.'1l

Figure 2 shows the transmittance of the ITO substrates with
sheet resistances of 5, 20, and 40 Q/[] as a function of wave-
length. From this result, the 40 Q/] ITO exhibits 80% trans-
mittance over the spectral region from 450 to 750 nm. Thus, the
higher surface resistance solar cells will introduce significant
loss from absorption (see Figure 2) in the BH]J layer because the
p-DTS(FBTTh;); and PC;;BM BH] absorption spectra are max-
imum within the wavelength regime from 400 to 700 nm.1213l
Herein, we observed that thin ITO does not necessarily lead to
an increase in the optical transmittance of the film, probably
due to the interference of light inside the thin film, the thick-
ness of which is comparable to the wavelength of the light. The
color of ITO substrate appears slightly different depending on
thickness and sheet resistances from bright green (5 Q/[]) to
bright purple (40 /), as shown in the inset in Figure 2.

To characterize the efficiency parameters of the solution-pro-
cessable small-molecule p-DTS(FBTTh,),:PC;;BM BH]J solar
cells, we fabricated devices using different ITO sheet resist-
ances (5, 20, and 40 Q/(J). As shown in Figure 3a, the device
with 40 ©/[] ITO sheet resistance exhibits a PCE of 5.94% from
the following parameters: V. = 0.797 V, Jsc = 13.54 mA an™,
and FF = 55. On the other hands, the solar cells with 20 /]
ITO sheet resistance show improved PCE = 7.58% with V. =
0.784 V, Joc = 14.33 mA cm™?, and FF = 67.5. Finally, solar calls
using the 5 /(0 1TO sheet resistance yield PCE = 8.24% with
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Figure 1. a) Device schematic of p-DTS(FBTTh;),/PC;1BM BH] solar cells. b) Molecular structure of p-DTS(FBTThy); and PC;,BM. c) Band diagram

levels of the device structure.

Vie =0.773 V, Jsc = 14.74 mA cm™ %, and FF = 72.4, respectively.
These data are summarized in Table 1.

Figure 3b shows the EQE, which corresponds to the |-V
curve of the devices in Figure 3a. The EQE value approaches
809 from 600 to 650 nm for the devices with a 5 Q[ 1-ITO and
enhanced Jsc of 14.74 mA cm™. In contrast, the EQE values
of the devices having 20 and 40 Q/J-ITO displayed lower
values of 75% and 70%, respectively, near 600 nm, due to the
reduced Jsc (14.33 and 13.54 mA cm™, respectively). The Jsc

Transmittance (%)

30 400 45 500 550 600 650 700
Wavelength (nm)

Figure 2. Transmittance (%) of the ITO substrates with sheet resistances
of 5, 20, and 40 /07 as a function of wavelength. The inset shows real
images of the ITO having 5, 20, and 40 Q/[].
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calculated for the device with a 5 Q/(J-ITO from the integra-
tion of EQE spectrum from 300 to 800 nm is 14.95 mA cm™,
in a good agreement with the measured Jgc of 14.75 mA cm™ 2
{approx. 1.4% error) obtained from the J-V curve, as shown in
Table S1 in the Supporting Information. The nano-morphology
of the p-DTS(FBTTh,),:PC;BM BH] is independent of the ITO
surface resistance, as confirmed by atomic force microscopy
(AFM). The donor and acceptor exhibit nanoscale phase sepa-
ration and long fibrillar structures, as shown in Figure 51 (the
AFM scan size is 10 um %10 pm).

In  addition, the fill factor values of the
p-DTS(FBTTh,);:PC7BM BH] solar cells are critically related to
the different ITO sheet resistance. The dependence of the PCE
and FF on ITO sheet resistance are shown in Figure 4a. The
device with a 5 Q/0-ITO shows enhanced PCE of 8.24% and FF
of 72.4%, significantly higher than the FF values obtained from
the devices fabricated on 20 and 40 Q/J-ITO. The high FF of
the 5 Q/[ITO device has an increased shunt resistance, Ry, =
1.47 kQ cm?, and a reduced series resistance, R, = 0.9 Q cm?.
For the device with 20 Q/-ITO, Ry, = 1.27 kQ cm? and R, =
2.7 Qcm?, while the 40 Q/[-ITO device has Ry, = 0.44 k(2 cm?
and R, = 13.09 Q cm? as shown in the -V curves obtained
in the dark (see Figure 4b and Table 1). Therefore, the PCE of
the devices from small molecule-based BH] solar cells are cor-
related to the ITO sheet resistance because the efficiency para-
meters of the photocurrent density (Jsc) and fill factor (FF) are
affected by the Ry, and R, of the devices. It is well understood
that the R, of a solar cell depends on the resistance of the indi-
vidual layers in the cell and contact resistance between adjacent
layers. Hence, we also observed that R, decreases with reduced
sheet resistance of ITO. Unexpectedly, Ry, also increases with
decreasing sheet resistance of ITO in our fabricated devices.
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Figure 3. a) J-V characteristics of the p-DTS(FBTTh,),/PCyBM BH]J solar
cells on ITO with sheet resistances of 5, 20, and 40 Q/(J under AM 1.5G
irradiation at 100 mW cm™. b) EQE spectra of the same devices.

The role of sheet resistance in increasing R, (also sup-
pressing the leakage dark current in reversed bias) is not clear
at that point and detailed studies are required to fully under-
stand it.

One might speculate that the increase in Js¢ is due to the
optical interference effect which stems from the different thick-
ness of ITO. Therefore, we calculated the optical electric field

Table 1. The efficiency parameters of the solution - processable small -
molecule solar cells from a p-DTS(FBTTh,),/PC;BM BH| obtained from
ITO with various sheet resistances.

ITO sheet V. Jse FF PCE R, Rap
resistance ™ [mAcm™ [%4] %] [Qcm? (k2 cm?
40 Q] 0.797 13.54 55.0 5.94 13.09 0.44
209/ 0.784 14.33 67.5 7.58 2.7 1.27
50/ 0.773 14.74 724 8.24 0.9 1.47
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Figure 4. a) PCE (squares) and FF (circles) for devices with ITO
sheet resistances of 5, 20, and 40 /(). b)J-V characteristics of the
p-DTS(FBTTh,),/PC;BM BHJ solar cells fabricated on ITO sheet with
resistances of 5, 20, and 40 (2/? as obtained in the dark.

(E) distribution for a single wavelength illumination (600 nm,
the maximum absorption peak of p-DTS(FBTTh,),:PC;BM) in
the devices with different ITO thicknesses using the transfer
matrix method proposed by Pettersson et all®¥ The simula-
tion results show that the normalized modulus squared of the
optical electric field | E? is almost the same inside the BH]
layer for the different thicknesses of ITO (Figure 5). Therefore,
the increase in Js¢ of the device with a 5 Q/[J-1TO can be attrib-
uted to the enhanced charge collection of ITO with low sheet
resistance, rather than the optical interference effect.

Finally, we checked the reproducibility of the PCE and FF
values by fabricating several independent devices on ITO with
different sheet resistances as shown in Figure S2 (see the Sup-
porting Information). Another positive effect for the device
with a 5 Q/J-ITO is that the FF and PCE are similar values,
with narrow variations between minima and maxima of 72.2%
to 72.8%, and 8.00% to 8.24%, respectively. The device with a
5 Q/OJ-ITO shows average FF value of 72.4%, with an average
PCE of 8.10%, based on the inset of Figure S2.
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Figure 5. The simulated distribution of the normalized modulus squared
of the optical electric field |E* inside the devices with different thick-
nesses of ITO: a)100, b) 150, and c) 450 nm for a wavelength of 600 nm,
where the maximum abosrption peak of p-DTS(FBTTh;,),/PC;;BM BH)
is located.

In summary, we fabricated solution processable small mole-
cule solar cells from the p-DTS(FBTTh,),:PC;;BM BH] using a
5 /J-ITO sheet resistance substrate (ITO thickness thickness
of 450 nm) which exhibits transmittance of 90% at 550 nm.
The PCE = 8.24% for solar cells fabricated on 5 Q/[J-ITO
with Jsc = 14.74 mA/am?, and FF = 72.4% significantly higher
than obtained from cells fabricated on 20 Q/[J-ITO and a
40 Q/CIITO, respectively. The PCE and FF are reproducible
based on the 5 Q/[J-ITO due to the enhanced Ry, and the
reduced R.. Using the 5 Q/[3-ITO, the average PCE = 8.10%.

Experimental Section

Fabrication of SM-BH] Solar Cells (p-DTS(FBTThj),/PC;,BM): Films
with different sheet resistances of 5, 20, and 40 /] were prepared
by Thin Film Devices, Inc., then cleaned with acetone and isopropanol
with ultrasonication for 30 min. The hole-transport layer of poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) (Clevious
PH) was spin-cast to a thickness of ca. 35 nm at 5000 rpm for 40 s.
The blended BHJ soluriton was prepared using p-DTS({FBTTh;),:PC;;BM
at 60/40 weight ratio with an overall concentration of 35 mg mL™ in
chlorobenzene with 0.4 vol.% of DIO processing additive. The BH]
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solution was stirred at 300 rpm on a 60 °C hotplate overnight, and the
prepared solution was annealed at 90 °C before film casting for 15 min.
The p-DTS{FBTTh;);:PC;;BM BH| active layer was spin-coated with
ca. 100 nm thicknesses. A ratio of donor to fullerene of 60:40 weight
ratio gave the best results.'>"3] After spin casting, the films were heated
to 80 °C for 10 min to dry residual solvents. Then, the Ca layer was
evaporated with a thickness of a 20 nm after which the Al cathode was
thermally deposited with thickness of ca. 80 nm. The dimensions of the
ITO glass substrate were 1.5 X 1.5 cm and the active area of the cell was
4.5 mm? The distance between the contact point and the active area is
in the range 2.5-13 mm, depending on the location of the active area.
However, the performance of the cell does not change significantly due
to the position of the active area.

Measurement and Characterization: For the device measurement,
the light source was calibrated using by silicon reference cells with
an intensity of 100 mW cm™ (AM 1.5 Global) under solar simulation.
The -V curves of the solar cells were measured by a Keithley 2400
Sourcemeter. The cell area was determined by the 4.50 mm? aperture
during the measurement for accurate PCE values. Measurement of
the best cell (5 /[ -ITO) with the use of aperture gave PCE = 8.24%
compared to the device with 40 Q/J-ITO (PCE = 5.94%) as shown in
Table 1. The EQE was measured using by a QE measurement system (PV
measurements, Inc.) after the calibration of a monochromatic power to
confirm the Jsc values through the J-V curves. The surfaces of the films
were imaged by AFM (AFM Asylum MFP3D) to characterize the surface
morphology of the p-DTS({FBTTh;,),:PC;,BM BH]J film.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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