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Abstract

The comparison of solution processed organic photovoltaics with two roll-to-roll coated electron
transport layers (ETL), as well as printed grid or solid back electrodes provides insight into the future
of R2R fabricated architectures. The variation in performance of the R2R slot-die coated zinc oxide
(ZnO) versus the tin oxide (SnO,), showed a clear dependence on the spectrum of the illumination
source. It was found that under indoor light conditions (200—1000 lux LED and fluorescent sources)
the SnO, outperformed the ZnO with highest efficiencies near 13% and 10% respectively. This is in
contrast to results obtained under 1 Sun (AM 1.5) in which the cells fabricated with a ZnO ETL had a
higher power conversion efficiency than those prepared with SnO,. The results also confirm the
significance of the layout of the printed silver back contact; in which cells with the grid structure
outperformed those with full coverage by approximately 35% for ZnO and just under 10% for SnO,
(all light conditions). The combination of a R2R coating and S2S printing process to prepare modules
with 8 cells in series (PET/ITO/SnO,/PV2001:PCBM /PEDOT:PSS/silver grid) resulted in a PCE of

13.4% under indoor office light conditions.

Introduction

Light sources that are accessible to everyone, and
everywhere are lacking full-scale utilization. Solar
energy technologies are able to provide solutions for
Internet-of-Things based applications such as smart
gadgets, as well as intergrating them into buildings for
the purpose of harvesting energy in the form of smart
walls/surfaces [1, 2]. None of the existing thin-film
technologies have yet reached the efficiency levels and
lifetimes of traditional silicon PV systems, but they
have the huge potential to spread into a wide range of
end-use areas due to the lightweight and flexibility [3].
In addition, the capability of using well-established
and widely used roll-to-roll (R2R) mass-production
methods under ambient atmosphere, and utilizing
materials that are toxic-free is an advantage obtained
with organic photovoltaics (OPV) [4, 5].

The ability to obtain high power conversion effi-
ciencies (PCE) under different lighting conditions is

one of the main benefits of using OPVs [1]. Until now,
over 17% record efficiency for OPV cells under solar
irradiation has been obtained [6, 7]. Polymer-based
donor-materials has reached PCE of over 16% with
ternary bulk-heterojuction (BHJ) structure and also by
using non-fullerence ternary BHJ structure, respec-
tively [8, 9]. So far, the highest 28.1% efficiency under
indoor light for OPV has been obtained with small
molecule-based cells. Likewise,
obtained with polymer-based cells have reached
26.1% with a ternary structure and 18.72% with a bin-
ary structure [10, 11].

Until now, indoor characterization of polymer-
based OPV have covered poly(3-hexylthiophene)
(P3HT), poly[(2,5-bis(2-hexyldecyloxy)phenylene)-
alt-(5,6-difluoro-4,7-di(thiophen-2-yl)benzo[c]
[1,2,5]thiadiazole)] (PPDT2FBT), thieno[3,4-b]thio-
phene-alt-benzodithiophene copolymer (PTB7), poly
([2,6'-4,8-di(5-ethylhexylthienyl)benzo [1,2-b,3,3-b]
dithiophene]3-fluoro-2[(2-ethylhexyl)carbonyl]

the efficiencies

©2020 IOP Publishing Ltd
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Figure 1. (a) Schematic representation of the OPV devices and (b) photograph of modules and cells in this study.

thieno [3,4-b]thiophenediyl) (PTB7-Th), poly[N-9”-
heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thie-
nyl-2/,1’,3’-benzothiadiazole)] (PCDTBT) [1, 11-18].
There have however been few studies that have dealt
with processing on PET substrate instead of glass, and
fabrication of the actual modules [17, 19]. Among
other donor-polymers, the solution processable
PV2000 with [6,6]-phenyl C61 butyric acid methyl
ester (PCBM) has shown PCE of 4.3% and 8.0% with
fully ink-jet printed and spin-coated devices under
solar irradiation, respectively [20-22]. Quite recently,
the PCE of PV2000-based material have reached
7.56% in solution-processed modules prepared in
ambient conditions with the possibility to operate in a
wide range of film thickness [23].

From solution processable materials, poly-
ethylenimine (PEIE), poly [(9,9-bis(3’-(N,N-dimethy-
lamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctyl-
fluorene)] (PEN), titanium oxide (TiO,) and zinc
oxide (ZnO) have been used as electron transport layer
(ETL) under indoor light conditions [1, 12, 14, 15, 17].
However, ZnO is dependent on light soaking. Thus, it
might not be the most optimal ETL material for low
light intensities. Only a few studies have addressed the
use of solution processed hole transporting and hole
conctact materials for indoor OPV by using poly(3,4-
ethylenedioxythiophene)  polystyrene  sulfonate
(PEDOT:PSS) with silver or carbon paste [24].

Currently, studies to replace the ZnO with tin
oxide (SnO,) for indoor light conditions to avoid addi-
tional light soaking have not been reported. Further-
more, research related to the indoor evaluation of
PV2000-based cells appear to be nonexistent, even-
though the possibility of obtaining higher thickness
could prevent leakage current, thus being more

suitable for the cells to operate under indoor
light [15, 23].

Herein, OPVs were prepared by R2R slot-die coat-
ing and screen printing on a flexible plastic substrate
indium tin oxide (ITO)-PET/Zn0O/PV2001:PCBM/
PEDOT:PSS/silver and
ITO-PET/Sn0O,/PV2001:PCBM/PEDOT:PSS/silver
cells and modules see figure 1. Hole contact was prin-
ted as a full active area coverage and as a honeycomb-
patterned grid. The use of honeycomb-structured as
hole conctact was considered to provide sufficient
conductivity for low light intensities. Electrical char-
acterization was performed using solar irration, fluor-
escent light and LED light at different intensities to
verify the spectral compatibility indoor light sources as
well as the absorption of thick PV2001:PCBM. SnO,
was preferred as an ETL instead of ZnO in indoor illu-
mination together with a grid-patterned silver elec-
trode. The average PCE in the modules were measured
under fluorescent lamp (FL) with silver as a grid and
SnO, asthe ETL.

Methods

In this study, a series of printed and coated organic
solar cells were prepared comprising two electron
transport material and two top electrode patterns. All
cells were prosessed on patterned (50 2/00) ITO
coated PET foil with a thickness of 125 ym. ETL layer
consisting of ZnO or SnO, was slot-die coated with a
roll-to-roll (R2R) pilot printing machine. ZnO (N-12)
and SnO, (N-31) nanoparticle solutions in alcohol
were purchased separately from Avantama. A blend of
PV2001 and PCBM with a mass ration of 1:1,5 in

2
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Figure 2. Normalized emission spectrums of AM1.5 solar simulator and indoor light sources at 1000 lux.
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o-xylene was coated with the same technique. PV2001
was purchased from Raynergy Tek and PCBM from
Nano-C. At this point, the substrate was cut into sheets
and processed as sheet-to-sheet (52S). Flat bed screen
printing was used to print the hole transport layer
(HTL) followed by the top electrode. The silver
electrode had full coverage or a honeycomb pattern.
HTL ink was PEDOT:PSS aqueous solution from Agfa
(EL-P5015) and silver ink (XPVS-670) was purchased
from PPG Industries. The devices were prepared in
ambient environment and stored under nitrogen
atmosphere in between processes. Finally, devices
were encapsulated with 3M FTB3-50 barrier and
pressure sensitive adhesive from Adhesives Research.
Current—voltage (I-V') characterization was per-
formed with an AM1.5G solar simulator (Atlas Solar
Cell Test 1200) calibrated to 100 mW cm > using a
calibrated Si-reference cell filtered with a KG5 filter.
Indoor light measurements were carried out with two
light sources, fluorescent light (Osram L18W/830)
and LED light source (Nichia_3800K.int) in four illu-
minance level of 200, 400, 800 and 1000 lux. The lux
level was adjusted by changing the distance between a
light source and a sample holder. The illuminance
value (lux) and light source spectrum togerher with
light power spectrum (mW cm 2) were measured
with Konica Minolta [lluminance Spectrophotometer
CL-500A. Power spectrum was measured for both
light sources at each lux level and the irradiance was
calculated by integrating the individual spectrum.
Totally 16 cells from each sample group were taken
into AM1.5 measurements with an active area of 33
mm? together with three modules of ZnO and SnO,
that had a grid structure in the top electrode and an
active area of 1360 mm?. Modules comprised 8 serially
connected cells with a geometric fill factor of 52%.
UV-vis and transmission spectrums were obtained
using  Varian Cary 5000 UV-vis—NIR

spectrophotometer. The external quantum efficiency
(EQE) measurements were performed using Auto-
mated Spectroradiometric Measurement System-
Optronic Laboratories (USA). The spectral response of
the solar cells was measured at a wavelength range of
300-900 nm with resolution 10 nm. The light beam
size was limited to 1 mm in diameter. To avoid sensor
saturation, the light beam was chopped at a 167 Hz
using an integrated lock-in amplifier. The sample cells
were connected to the measurement system through
the microprobe measurement system. After the mea-
surements, the acquired data together with the QE
energy conversion factor were used to calculate
the EQE.

Results and discussion

Spectra of light sources

Majority of OPV measurements are done under
sunlight conditions such as AM1.5G measurements.
However, the performance in these conditions does
not reveal the behavior of OPV in indoor lighting [25].
There are no standardized method to evaluate the
indoor performance of solar cells but a large group
consensus recommends FLs with an illuminance level
between 200 and 1000 lux, which corresponds to
normal office light level [26]. Another widely used
light source is LED that has spread into home and
offices due to its low power consumption and much
broader light spectrum than a FL as seen in figure 2. A
significant portion of these indoor light spectra are in
the 600 nm range. A polymer that has good absoption
spectral compatibility with indoor light sources is
expected to be suitable for indoor applications [16].
The spectral match indicates that under indoor light-
ing the PCE of OPV is expected to be higher than
under sunlight, because a cosiderable part of the
Sunlight spectrum is within the infrared region. The
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Table 1. Light intensities of indoor light sources.

mW/cm™ 200 lux 400 lux 800 lux 1000 lux
FL830 0.05662 0.11167 0.22545 0.28452
LED 0.07120 0.14230 0.28471 0.35660

PCE is determined as the ratio of the solar cell
maximum output power to the incident power on the
solar cell from the lighting source. Since the spectrum
of FL and LED light are different, irradiance
(mW cm ™ unit) was calculated by integrating the
spectrum of individual lux level in order to determine
the PCE (supplementary figure 1 is available online at
stacks.iop.org/FPE/5/014008 /mmedia). The same
lux level of FL and LED resulted in different light
intensity as seen in table 1.

Material properties

Among various materials, metal oxides in particular
have attracted a considerable attention as electron
transport and hole blocking material in organic solar
cells. TiO, and ZnO are mostly used due to their
optical transparency, high electron mobility, good
stability and processability [27-29]. In order to
effectively utilize these metal oxide materials in the
ETL, systems with a double ETL have been introduced
where ZnO is combined with an additional layer of
SnO,, Al-doped ZnO or conjugated polymer to
improve the interfacial properties and photovoltaic
parameters [30-33]. Recently, SnO, has emerged as a
promising ETL material to replace ZnO or TiO,. ZnO
has photocatalytical activity under UV light and both
materials require a well-known light soaking to
improve the performance level of organic solar cells
[34, 35]. So far SnO, has been widely used as an ETL
for high performance perovskite solar cells [36-39].
SnO; is a light-soaking-free material due to its wider
band gap as compared to ZnO and SnO, nanoparticle
has proven to be suitable for solution processing
[40—43]. It is therefore a suitable alternative for
complete solution processed roll-to-roll OPV com-
prising printing or slot die coating.

The UV-light absoption of ZnO is seen in figure 3
together with the optical transmittance spectra of our
slot die coated ZnO and SnO, on PET substrate. At
380 nm, the transmittance drops to 50% in ZnO
whereas the decrease in transmittance of SnO, is at
330 nm. Both SnO, and ZnO nanoparticle layers have
a good transmittance around 90% between 500 and
800 nm. This is an ideal range to harvest indoor light
from FL and LED that have most of the light intensity
in the same region (see figure 2). In addition, the
absorption spectra of PV2001:PCBM blend shown in
figure 4 has a broad absorption between 530 and
750 nm, thus has a good spectral overlap with that of
the FL and LED.

Indoor light requires an active material with high
open-circuit voltage (Voc) in 1 Sun. Voc has a

M Ylikunnari et al

logarithmic dependence on the photocurrent density,
which in turn is approximately linearly proportional
to the incident light intensity [ 1, 16]. As the light inten-
sity decreases under indoor lighting OPV devices with
high Vo under 1 Sun are expected to have a fairly
good V¢ also in indoor applications. The enhance-
ment of photocurrent in OPV devices under indoor
lighting is closely related to the maximum light
absorption and minimum leakage current [17]. To
minimize the leakage current trough pinholes and to
allow more photons to be absorbed, a thicker active
layer is more suitable for indoor systems in compar-
ison to an outdoor system at 1 Sun [15]. As aresult, the
OPVs produced in this study for indoor lighting have a
comparatively thick photoactive layer (PAL) (600 nm
in cells and 800 nm in modules) and exhibit high Vo
under 1 Sun condition. Both the cells and modules
with the active blend of PV2001:PCBM give an average
Voc of 0.75 V/cell in 1 Sun regardles which ETL mat-
erial was used (see table 2).

INlumination under 1 Sun and indoor light

Before comparing the OPV performance under low
light, the performance under 1 Sun condition was first
studied and the results are shown in table 2. In AM1.5
measurements, the ZnO with a grid structure in top
electrode (ZnO/grid) had the highest average PCE of
4.4% in cells. This resulted in slightly higher current in
comparison to SnO,/grid containing cells, which had
an average PCE of 3.9%. Consequently, the maximum
output power (Pnp,) of ZnO/grid cells was the
highest, providing 1.5mW whereas 1.3 mW was
obtained with SnO,/grid. Since there was no signifi-
cant difference in AM1.5 measurement between the
top electrode patterns (full coverage versus grid), 1 Sun
measurements were conducted for module compris-
ing 8 serially connected cells with grid structure in top
silver electrode, see. The encapsulated modules gener-
ated PCE of 4.6% and 3.4% for ZnO and SnO,
containing devices, respectively. In upscaling of OPV
cells to modules the performance remained nearly the
same. Only the average current density per cell
(Jsc/cell) increased for ZnO modules from 11.87 to
14.35 mA cm ™ % and decreased for SnO, modules from
11.76 t0 10.10 mA cm 2, but Vo remained at 0.75 V/
cell and FF was between 0.4 and 0.5. Changes in Jsc
refers to light absortion efficiency (changes in the layer
thickness of PAL) and also to fluctuation in interfacial
charge transfer efficiency due to delamination, degra-
dation of materials or trap formation, which also affect
the FF and serial resistance [15, 44]. The calculated
average serial resistance (Rg) from the I-V curve of
modules under AM1.5 illumination are shown in
table 4. Rg was 56.6 €2 and 45.9 2 in ZnO and SnO,
containing modules, respectively, suggesting that ZnO
modules were inferior to SnO, modules in terms of
charge transport trough PAL/ETL interface.
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Figure 4. EQE of PV2001 with ZnO and SnO, as ETL (with a filled (solid line) and grid (dotted line) back contact) and absorption

Table 2. Summary of photovoltaic characteristics of the PV2001:PCBM cells and modules under AM1.5™

Mean Jsc/cell Mean P, Mean Mean
ETL Ag Mean Isc (mA)  (mA cm™?) Mean Ve (V) (mW) FF (%) PCE (%)
ZnO Full 324 + 0.5 9.83 £ 1.6 0.75 £ 0.0 1.13 £ 0.3 46 £ 3 344+ 0.8
Grid 392 +0.3 11.87 £ 1.0 0.75 £+ 0.0 1.45 + 0.2 49 + 3 4.4 £ 0.6
SnO, Full 3.74 + 04 11.34 + 1.3 0.75 £ 0.0 1.20 £ 0.1 43 £2 3.6 +04
Grid 3.88 + 0.4 11.76 = 1.2 0.75 £ 0.0 1.28 £ 0.1 44 £ 1 39+ 04
ZnO module Grid  24.40 14.35 5.97 62.41 43 4.6
SnO, module  Grid 17.16 10.10 5.96 46.34 45 3.4

* The average was calculated from mesurements for 16 cells and 3 modules.

For indoor lighting measuremets three best work-
ing cells in AM1.5. were taken from each group and
measured under 200, 400, 800 and 1000 lux for FL and
LED. Measuring parameters are listed in table 3. The
difference in photovoltaic behavior between ZnO and
SnO, devices was more distinct under indoor light

conditions where devices containing SnO, as ETL
were performing better than devices with ZnO. PCE in
the cells were between 5.6%-10.0% and 11.4%-—
13.5%, while PCE in modules were 9.0%—-10.8% and
12.3%-13.4% for ZnO and SnO, devices, respectively,
regardless wether the indoor light source was FL or
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Table 3. Summary of photovoltaic characteristics of the PV2001:PCBM cells and modules under indoor light sources™
light Mean Isc Mean Jsc/cell Mean Mean Py, Mean Mean
ETL Ag source Lux (nA) (LA cm™?) Voc (V) (UW) FFE (%) PCE (%)
ZnO Full FL830 200 4 13.2 0.53 1.3 56 6.9
400 9 25.9 0.56 2.4 51 6.6
800 17 52.7 0.60 5.6 54 7.5
1000 22 66.0 0.60 7.7 58 8.2
Grid 200 5 15.3 0.56 1.7 60 9.0
400 10 30.9 0.58 3.6 61 9.7
800 20 60.7 0.60 7.4 61 10.0
1000 25 73.6 0.61 9.3 62 9.9
Full LED 200 6 17.6 0.55 1.8 56 7.5
400 10 29.8 0.57 2.7 47 5.6
800 20 60.2 0.60 6.3 52 6.7
1000 25 77.8 0.61 8.5 55 7.2
Grid 200 7 20.2 0.56 2.3 61 9.7
400 12 36.9 0.59 4.2 59 9.0
800 23 69.5 0.61 8.6 61 9.1
1000 30 89.9 0.62 11.5 63 9.7
SnO, Full FL830 200 6 18.2 0.54 2.1 65 11.4
400 12 37.8 0.57 4.7 66 12.7
800 24 74.5 0.60 9.3 63 12.5
1000 29 89.4 0.61 11.7 65 12.5
Grid 200 6 19.4 0.54 2.3 66 12.3
400 13 39.6 0.57 5.0 67 13.5
800 26 77.6 0.60 10.0 65 13.5
1000 31 92.9 0.61 12.2 66 12.9
Full LED 200 8 24.0 0.55 2.9 66 12.3
400 15 45.5 0.57 5.6 64 11.8
800 28 86.4 0.60 10.7 62 11.4
1000 37 111.0 0.61 13.9 62 11.8
Grid 200 8 24.7 0.56 3.0 67 12.9
400 15 46.7 0.58 5.9 67 12.6
800 29 88.2 0.60 11.5 65 12.2
1000 37 112.8 0.61 15.0 66 12.7
ZnO Mod. Grid  FL830 200 30 17.6 4.20 69.2 54 9.0
400 59 35.2 4.49 150.5 57 9.9
800 117 68.8 4.72 322.4 58 10.5
1000 147 86.4 4.80 412.4 58 10.8
LED 200 37 21.6 4.32 87.8 56 9.1
400 73 432 4.52 192.3 58 9.9
800 137 80.8 4.82 383.1 58 9.9
1000 181 106.4 4.90 514.4 58 10.7
SnO,Mod.  Grid  FL830 200 38 22.4 4.33 102.8 62 13.4
400 72 42.4 4.54 200.9 62 13.2
800 142 84.0 4.74 409.6 61 13.4
1000 177 104.0 4.81 513.2 60 13.4
LED 200 44 25.6 4.40 119.0 62 12.3
400 87 51.2 4.62 247.1 61 12.8
800 167 98.4 4.81 490.2 61 12.7
1000 211 124.0 4.89 628.3 61 13.0

* The average was calculated from mesurements for 3 cells and 3 modules.

LED. The diffenrence between ZnO and SnO, is more
clearly seen in EQE measurement of OPV cells shown
in figure 4 where SnO,/grid exhibited much higher
EQE of 76.2% than ZnO/grid cells with EQE of
57.5%. Most likely this is due to the fact that UV-light
exposure of ZnO was needed for device activation pro-
cess, thereby to decrease the charge extraction barrier
of ZnO layer in AM1.5 measurement [5, 23]. FL and

LED light lack the UV-light portion that is shown as a
red circle in AM1.5 spectrum in figure 2.

In addition to ETL material, grid structure in top
electrode resulted in much higher PCE values for cells
than for full coverage top electrode. The superiority of
the grid structure was more evident in ZnO cells as
compared to SnO, cells due to the slightly greater
Isc/Jsc and FF values of ZnO/grid devices in compar-
ison to ZnO/full. A significant enhancement of FF
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Table 4. Series resistance and shunt resistance of modules calculated
from the slope of the I-V curve under 1 Sun and indoor light.

ETL Ag Light source Lux Rs () R (k2)
ZnO Grid AM1.5 56.6 1.16
FL830 200 172.5 657
400 171.9 401
800 164.6 231
1000 182.8 188
LED 200 194.4 596
400 186.3 340
800 188.6 196
1000 187.0 152
SnO, Grid AM1.5 459 1.00
FL830 200 79.7 1326
400 79.6 721
800 79.0 357
1000 81.5 290
LED 200 80.1 1140
400 81.4 589
800 81.2 336
1000 80.2 295

from AM1.5 measurements was observed especially in
SnO,/grid cells showing an increment from 44% up
to 67% under FL/LED, which is an indication of good
charge transfer between PAL and ETL/HTL [44]. As a
result, the highest PCE of 13.5% in cells was obtained
from SnO,/grid under 400 and 800 lux FL.

The current values Isc/Jsc and Py, parameteres
under the LED light were sligtly higher than under FL
as the input power intensity was higer for LED than FL
at each illuminance value. However, this was taken
into account in PCE and the difference evened out
mostly and at some illuminance the FL gave higher
PCE than LED. The Isc/Jsc increased along with the
illuminance level as well as V¢, and at 1000 lux the
Voc reached the level of 0.6 V in each cell type. A simi-
lar kind of trend in Isc, Jsc, Pmaw Voc and PCE as a
function of illuminance and light source type was
obtained for the modules. Under 200, 800 and 1000
lux FL, the SnO,/grid modules showed an average
PCE of 13.4%, which was the highest PCE obtained
from modules in this study under indoor lighting. This
is the highest reported indoor efficiency for R2R
upscaled, fully solution processed modules prepared
on flexible substrate. In 1 Sun illumination a series
resistance is the limiting factor to the performance of
OPV especially for the FF and Jsc, whereas low light
intensity requires a high shunt resistance (Rsy) to pre-
vent leakage current in the device since the photo-
induces current density is low [17, 45]. The averege
Rgyy was more than 1.5 times greater in SnO, than ZnO
modules. Table 4 validates the excellence of SnO, as
ETL in OPV devices expanded to indoor light.

M Ylikunnari et al

Conclusions

The performance of a fully solution processed inverted
OPV devices on a flexible substrate under 1 Sun as well
as under different indoor light sources and illumi-
nance conditions was studied. A comparison between
two electron transport materials ZnO and SnO, and
two back electrode pattern was made. The transmit-
tance of ETL and spectral overlap between the spectra
of the different indoor light sources, as well as the
absorption of PV2000 donor polymer was a good
match for producing relativlely high efficient devices
under FL and LED illumination. At a certain lux level,
LED has a higher irradiance (mW cm %) than a FL,
and that was observed as an increment in current
values. The increased current values was also observed
in grid structured top electrode cells from fully covered
alongside to slightly increased Voc and FF. The
encapsulated SnO, containing samples with grid
structured top electrode demonstrated high indoor
light harvesting properties with power conversion
efficiency up to 13.5% in cells and 13.4% in modules.
The devices exhibit a stable PCE from cells to modules
under indoor light both in ZnO and SnO, containing
devices. The good performance of light soaking free
SnO,; nanoparticle ink was shown to be an alternative
material for ZnO nanoparticle ink when used as an
electron transport material in solution processed OPV
devices for indoor applications.
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