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Abstract

Indoor organic photovoltaics (OPVs) are currently being investigated for small-scale energy generation from artificial
light sources to power small electronic devices. Despite recent progress in increasing the power conversion efficiency
(PCE) of indoor OPVs, the widespread use of expensive indium tin oxide (ITO) as a transparent conducting electrode
(TCE) leads to long energy payback times. This study provides a novel and comprehensive description of low-
temperature atomic layer deposition (ALD)-processed indium-free tin dioxide (SnO,) films as inexpensive and efficient
TCEs for indoor OPVs. These highly conformal and defect-free ALD-fabricated SnO, films are applied to a poly(3-
hexylthiophene):indene-Cgq bisadduct-based OPV system. Under 1 sun illumination, an OPV with an SnO, TCE exhibits
limited operational capacity because of the high sheet resistance (~98 Q sq”) of the SnO, layers. However, under a

light-emitting diode (LED) lamp with a luminance of 1000 Ix, the series resistance, which is related to the sheet
resistance, has a marginal effect on the performance of the indoor OPV system, showing a PCE of 14.6 + 0.3%. A
reference OPV with an ITO TCE has a slightly lower PCE of 13.3 +0.8% under the same LED conditions. These results
suggest that SnO, TCEs can be efficient and cost-effective replacements for ITO TCEs in indoor OPV systems.

Introduction

Recently, semipermanent indoor energy harvesting
systems have been increasingly studied for powering low-
power indoor electronic devices, such as sensor network
nodes used in the “Internet of Things” technology plat-
form'. Regarding indoor energy harvesting, the use of
thermoelectric, piezoelectric, and photovoltaic (PV)
devices show the most promise. Among them, PV har-
vesters are considered particularly suitable for indoor use
due to their high power conversion efficiency (PCE) and
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the ability to harvest energy from indoor lighting®>™*. To
date, PV systems have been fabricated using photoactive
materials, such as silicon, gallium arsenide, copper indium
gallium selenide, organics, perovskites, and quantum
dots'™. In particular, organic PV (OPV) systems are
relatively effective in dim indoor lighting with various
output spectra because of their excellent light absorption
properties at low light intensities and their adjustable
optical bandgap®. In addition, OPV systems are the pre-
ferred indoor energy conversion option due to their
deformability, aesthetic advantages (large variety of cell
colors), and less harmful environmental impact®™®. In a
recent report, a record PCE of ~28% was obtained using
an OPV system under a 1000 Ix fluorescent lamp with
benzodithiophene terthiophene rhodamine [6,6]:phenyl
Cy1-butyric acid methyl ester photoactive layers®.
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Regarding the indoor operation of OPVs, conventional
approaches that are used for outdoor OPV systems need
to be modified because of the differences between the
indoor and outdoor output spectra and incident light
intensities’. Under dim indoor conditions, an OPV sys-
tem produces fewer photons; therefore, the losses due to
series (or sheet) resistance must be minimized in indoor
OPV systems. Minimizing optical loss, suppressing
leakage current, and providing optimum spectrum
matching between the absorption spectral range of the
photoactive layers and the output spectra of the indoor
light source are crucial for the efficient indoor perfor-
mance of OPVs'”!!, Transparent conducting electrodes
(TCEs) play a major role in indoor OPV systems, as most
indoor performance requirements are functions of the
properties of the TCE"'.

In general, materials that exhibit high conductivity and
transparency are important for fabricating TCEs. Tin-doped
indium oxide (ITO) (InyO3:SnO, = 90:10-95:5), containing
outstanding electrical and optical properties, has the largest
market share in organic optoelectronic devices, despite the
high costs associated with indium, which is a relatively rare
element'>'®, However, TCEs with moderate conductivity
values may be better suited for the application of OPV
devices under dim indoor light conditions. In a recent report,
we introduced undoped zinc oxide and ultrathin ITO as new
types of TCEs for indoor OPV systems'*, The results of our
study indicated that pure tin dioxide (SnO,) was a promising
TCE material for indoor applications. Although the use of
SnO, in outdoor OPV systems remains challenging owing to
its poor electrical properties (necessitating additional doping
with antimonyls, fluorine'>*®, or niobium”), its optical and
electrochemical properties (work function (WF) values of
4.3—-4.7 V) and chemical resistance'® appear to be suitable
for indoor systems.

In this paper, we discuss a proof-of-concept demonstration
of an indoor OPV system using an SnO, TCE fabricated via
atomic layer deposition (ALD) with an N,N’-tert-butyl-1,1-
dimethylethylenediamine stannylene (II) precursor; this sys-
tem has never been used before in OPV TCE applications.
The ALD process is based on a self-limiting surface reaction,
which produces uniform and conformal thin films with
precisely controlled thicknesses at relatively low tempera-
tures. These properties are particularly advantageous for
developing TCEs with low leakage current for indoor OPVs.
Owing to the lack of appropriate tin precursors for the ALD
method, SnO, thin films are most often fabricated via phy-
sical vapor deposition (PVD) techniques, such as pulsed laser
deposition'®" and sputtering®®*'. We investigate the effect
of annealing temperature on the structural, morphological,
optical, electrochemical, and electrical properties of the ALD-
synthesized SnO, films. The performance of the SnO, TCE
is verified by using a poly(3-hexylthiophene) (P3HT):indene-
Ceo bisadduct (ICBA)-OPV system under both outdoor and
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indoor conditions and compared with those of reference
devices containing commercially available ITO TCEs. The
exclusion of indium from the TCE is expected to result in a
price reduction of ~20%, which substantially reduces the
payback time of a PV system.

Experimental methods
Fabrication of transparent conducting electrode

SnO, films were deposited on silicon, SiO,, ITO glass, and
glass substrates, depending on the intended purpose in a
growth-temperature range of 100—250 °C using 6-inch lateral
gas flux thermal ALD (Lucida D-100, NCD). The chamber
pressure was set to 300 mTorr with 50 sccm of nitrogen (N,
99.999%) purge gas. The sequential process of precursor
dose/purge/reactant dose/purge was applied as the standard
ALD process. The purge time was 10 for all ALD processes.
N,N’-tert-butyl-1,1-dimethylethylenediamine stannylene (II)
was used as the tin precursor for the growth of SnO, thin
films. The precursor was stored in a stainless-steel canister,
the precursor temperature was varied from 30-60°C to
control the vapor pressure, and N, was used as the carrier
gas. Ozone was employed as the reactant. Ozone was carried
to the reactor at 500 sccm (ozone concentration was set to
~13%). ALD was self-limiting depending on the precursor,
reactant dose, and ALD window, as shown in the Supple-
mentary Information (Fig. S1).

Thin film characterization

The thickness, refractive index, and extinction coefficient
of the thin films were measured by a spectroscopic ellips-
ometer (SE, UV-EMS, Ellipso Technology, National Nano-
fabrication Center). The crystallinities of SnO, were revealed
by XRD (Rigaku, Smartlab) with the 2-theta method at a
glancing angle of 3°. The surface morphology of the thin
films was obtained with atomic force microscopy (Parksys-
tem, XE-100). The atomic composition ratio was investigated
using XPS with a theta probe (Thermo Fisher Scientific Co).
Ultraviolet-visible light spectrophotometry (Lambda 650,
Perkin Elmer) was used to measure the transmittance and
absorbance of the thin films. The optical bandgap was
extracted using the Tauc plot extrapolation method.”

Solution preparation

PEIE (80% ethoxylated, Mw ~70,000 g/mol, 35—40 wt.%
water, Aldrich, St. Louis, MO, U.S.A.) was diluted with 2-
methoxyethanol (Aldrich, St. Louis, MO, US.A) to a
concentration of 0.2 wt.% and stirred overnight in ambi-
ent air. A solution of P3HT (4002E, Rieke Metals, Lincoln,
NE, U.S.A.):ICBA (Luminescence Technology Corp., New
Taipei City, Taiwan) was prepared in 1,2-dichlorobenzene
(Aldrich, St. Louis, MO, U.S.A.) at a weight ratio of 1:1
(PBHT:ICBA), and a total P3HT:ICBA concentration of
40 mg/ml. The P3HT:ICBA solution was kept and stirred
overnight in a N,-filled glove box at 70 °C.
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Device fabrication

Prepatterned and ITO-coated glass panels (AMG,
Republic of Korea) with a sheet resistivity of 10 Q-sq " were
used as substrates for the reference device and the SnO,
TCEs. All substrates were cleaned in an ultrasonic bath of
Liqui-Nox phosphate-free liquid detergent (Alconox, Inc.,
White Plains, NY, U.S.A.), rinsed with deionized (DI) water,
and then cleaned in sequential ultrasonic baths of DI water,
acetone, and 2-propanol. Nitrogen was used to dry the
substrates after each bath. The substrates were then ultra-
sonicated in 2-propanol for 10 min and dried with nitrogen.
The 5.6-nm-thick PEIE layer was spin-cast onto the sub-
strates in air at a speed of 5000 rpm for 1 min by filtering
the PEIE solution through a 0.2-um PTEFE filter. The PEIE-
coated substrates were dried in air on a hot plate at a
temperature of 110 °C for 10 min. They were then loaded
into a nitrogen-filled glove box. Approximately 150-nm-
thick films of PBHT:ICBA were deposited by spin-coating at
800 rpm for 30 s by filtering the solution through a 0.2-um
PTFE filter and annealed at 150°C for 10 min in a N,
atmosphere. A cross-section of the devices was analyzed
using field-emission scanning electron microscopy (S-4800,
Hitachi) with an accelerating voltage of 15.0 kV. The sam-
ples were then loaded into a vacuum thermal evaporation
system (Daedong High Tech, Republic of Korea) connected
to a N,-filled glove box, and a 10-nm-thick layer of MoOx
was deposited through a shadow mask at 0.1-0.15 nm/s and
a base pressure of ~4.5 x 10~® Torr. Without breaking the
vacuum, a 150-nm-thick silver layer was deposited through
the previously used shadow mask at 0.1-0.2nm/s and a
base pressure of ~4.5 x 108 Torr.

Device characterization

Current density—voltage (J-V) characteristics in the dark
and under illumination were measured by a source meter
(2401, Keithley Instruments, Cleveland, OH) and controlled
by a K730 program (McScience, Republic of Korea). An AM
1.5 G solar simulator (McScience, Republic of Korea) with an
irradiance of 100 mW/cm® was used as the light source. An
LED lamp (SLS LED100, color temperature from 3000 K to
3500 K, McScience, Republic of Korea) with an irradiation of
0.28 mW-cm 2 (at 1000 Ix) was used for the indoor light. The
luminance and irradiance of the LED lamp were measured by
a Sun spectroradiometer (S-2441C, HIDAMARI mini II,
Japan). The external quantum efficiency (EQE) was evaluated
by using an incident photo-to-current efficiency measure-
ment system (ORIEL IQE 200 system, U.S.A.). The active
area of the OPVs was ~0.1 cm? for each device, as deter-
mined by optical microscopy.

Finite-difference time-domain simulation

Optical density distributions of the SnO, films with varying
thicknesses and the reference ITO films were simulated
using Lumerical Solutions software (Vancouver, Canada).
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The optical information of the material, expressed as # and k
values, was prepared in the simulation, and 2-dimensional
device structures were designed with those values. The
simulation domain conditions were the periodic boundary
conditions for the x and y axes, and the perfectly matched
layer condition was used for the z axis. An overall mesh size
of 3nm was chosen to produce a fine-scaled design. The z
and x directions were the directions of the incident light and
the polarization, respectively. The absorption was estimated
by calculating the frequency-domain field and power moni-
tor. Before calculating the current density, the plane wave
source, which included a continuous wave, was placed below
the bottom electrode. We used SnO, and ITO as bottom
electrodes. The ideal current density was computed by
convoluting the LED or 1-sun spectrum to an impulse
response of the photoactive layer, and these values were then
translated into the respective current densities. Unfortu-
nately, the ideal current density did not involve the EQE and
resistive effects that occurred at the interface and electrode
contact points.

Results and discussion

Figure 1(a) depicts the electrical properties (carrier con-
centration [cm ], electrical resistivity [Q-cm®], and Hall
mobility [em®V1s7]) of the ALD-processed SnO, films,
determined via Hall measurements, as functions of the
growth temperature. The film resistivity decreased drastically
with an increasing growth temperature, from 113 Q.cm at
100°C to 1.6 x 02 Q.cm at 250 °C. These resistivity values
were slightly lower than those of the previous ALD-
synthesized SnO, thin films prepared using different pre-
cursors”** and were comparable to those of PVD-
fabricated SnO, thin films***°. A significant increase in the
carrier concentration, from 22x10"”cm > to 7.3 x 10%
cm 2, was observed as the growth temperature was increased
from 100°C to 250°C. An inverse U-shape (100-150°C:
steep reduction; 150—200 °C: slight decrease; and 200-150 °C:
moderate increase) was observed in the evolution of the Hall
mobility with an increasing temperature. Based on these
observations, the reduction in the resistivity of the SnO, thin
films was attributed to the increase in carrier concentration.
The sheet resistance (Rsyy) values are shown in Fig. 1(b). The
Rgyy of the 150-nm-thick SnO, film deposited at 250 °C was
the lowest, with a value of ~98 Q-sq . Hence, a deposition
temperature of 250 °C was considered optimal for producing
TCE layers with good performance. The acceptable electrical
properties of the SnO, thin films prepared using N,N’-tert-
butyl-1,1-dimethylethylenediamine stannylene and ozone
suggest that they can be suitable alternatives to ITO.

To verify the origin of the electrical properties of the
SnO, thin films, the compositions and crystal structures
of the films prepared at different growth temperatures
were compared. All the samples were 150 nm thick.
Stoichiometric analysis of the SnO, thin films was
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Fig. 1 Electrical properties of the SnO, thin films as a function of growth temperature. (a) Carrier concentration, Hall mobility, and resistivity of
the SnO, thin films and the (b) sheet resistance as a function of growth temperature.
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Table 1 Temperature dependence of the O/Sn atomic
ratios in the SnO; thin films, as determined by XPS.

Deposition temperature (°C) 100 150 200 250

O/Sn ratio 1.70 1.68 1.60 154

performed by depositing the films on silicon (100) sub-
strates and analyzing them via X-ray photoelectron
spectroscopy (XPS) (Table 1).

We observed that the O/Sn ratio gradually decreased
with an increasing growth temperature. Regarding n-type
oxide materials, the oxygen deficiency resulted in oxygen
vacancies that acted as electron donors, which were the
origins of the electron carriers”’. The oxygen deficiency,
and hence, carrier concentration, increased with an
increasing growth temperature. Furthermore, the carrier
mobility decreased significantly at 100°C, which was
attributed to scattering between the carriers. At 250 °C,
the mobility increased from ~1cm®. V™ '.s ' to 5.3 cm?-
VvV !.s7! despite the high carrier concentration, com-
pared to those at 150 °C and 200 °C.

The crystallinity of the SnO, films was investigated via
X-ray diffraction (XRD). Figure 2(a) depicts the diffraction
patterns of the thin films deposited at growth tempera-
tures between 100 °C and 250 °C. XRD analysis revealed
the formation of amorphous SnO, at 100 °C and 150 °C
and polycrystalline tetragonal SnO, (JCPDS: 88-0287)
above 200 °C. Typical diffraction patterns of the tetragonal
SnO, phase were observed, along with satellite peaks
around the SnO, (110) peak, which implied the presence
of nonstoichiometric SnO,_, phases28 and was consistent
with the XPS-determined atomic concentration ratios.
The observed trends in the Hall mobility can be explained
by the thin film crystallinity. At low growth temperatures,
scattering between carriers occurred owing to the

amorphous films, thereby resulting in decreased mobility;
however, the highly crystalline films that were prepared at
higher temperatures typically showed lower carrier scat-
tering at the grain boundaries. The crystallization of SnO,
can result in an increase in transitions to unoccupied
states at the bottom of the conduction band through the
formation of SnOg octahedral structures'®. As a result, we
observed increased carrier mobility at 250 °C, despite the
high carrier concentration.

The surface morphology and roughness of the thin films
are shown in Fig. 2(b)—(e). During grain growth, the rough-
ness of the SnO, thin films increased from 1.8 nm to 2.8 nm.
Notably, the reference ITO substrates showed a roughness
value of 2.2 nm. However, the roughness was <2 % of the film
thickness, resulting in a uniform and smooth surface that
could minimize surface light scattering when applied to OPV
devices. Figure 3(a) and (b) show the optical transmittance
and bandgap analysis results, respectively, which were plotted
using the Tauc plot method®”. The SnO, films deposited at
100°C and 150 °C showed higher transmittance than ITO.
However, the SnO, films deposited at 200 °C and 250 °C had
lower transmittance than ITO, which is attributed to photon
scattering at the grain boundaries of the crystalline films.
This result, along with the light absorbed by donor states in
the lower energy levels of the bandgap, resulted in a decrease
in transmittance in the absorption-edge region. Although
some of the SnO, films had lower transmittance than ITO,
the observed transmittance of these SnO, films was con-
sidered to be sufficient for their use as TCE layers. The
optical bandgap shown in Fig. 3(b) decreased with an
increasing growth temperature, up to 200°C, and then
increased again at 250 °C. The decrease in the bandgap in the
100-200 °C region may be due to the decrease in the number
of tin ions. The reported bandgaps of SnO and SnO, were
2.5-3.0eV and 3.6 eV, respectively’®. When the O/Sn ratio
decreased, the number of Sn?>" increased, which tended to
decrease the optical bandgap®. The bandgap for SnO,
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Fig. 2 Crystal structure and surface morphology of deposited thin films. (a) Crystallinity of 150-nm-thick SnO, thin films. Surface morphology
and roughness of the thin films deposited at (b) 100 °C, (c) 150 °C, (d) 200°C, and (e) 250 °C.
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deposited at 250 °C could not be explained by the presence of
Sn*"; however, it may be a result of the Burstein—Moss
effect®, wherein the optical bandgap of a degenerated
semiconductor shifts to a higher energy level due to a
degenerate state. The Hall measurement results (Fig. 1(a))
showed that SnO, deposited at 250 °C had the highest carrier
concentration among all samples and could be considered a
degenerated conductor®® that induced a blueshift in the
optical bandgap. However, the overall bandgaps of the SnO,
thin films were smaller than that of ITO. Although wider
optical bandgaps are favorable for TCE layers, an SnO, TCE
layer may improve the OPV efficiency, depending on several
optical parameters.

To evaluate the photovoltaic performance of OPVs
with SnO,-based TCEs, OPVs with SnO,/ethoxylated

polyethyleneimine (PEIE)/P3HT:ICBA/MoOx/Ag struc-

tures were fabricated. An inverted structure was

employed to avoid the use of reactive and acidic com-

ponents and to ensure improved stability in air compared
to conventional structures®>. Figure 4(a) shows a sche-

matic illustration of the device architecture. The WF
values of the SnO, films were measured using a Kelvin
probe. The reference ITO TCE and the SnO, TCE
showed WF values of ~4.7 eV and ~4.6 eV, respectively.
Although the WF values of the SnO, films were lower
than that of the reference ITO TCE, they did not seem to
be low enough to provide an effective energy-level
alignment with the electron affinity (EA) of the
electron-acceptor material ICBA. Therefore, a polymeric
surface modification with PEIE was performed to further
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lower the WF value. The simple aliphatic amine group in
this polymer, which has electron donating properties,
induced a dipole moment at the conductor surface by
lowering the electrostatic potential, resulting in a
decrease in the WF of the conductor surface®®. The PEIE-
modified SnO, and PEIE-modified ITO TCEs had WF
values of ~3.9eV and ~4.0eV, respectively, which are
expected to satisfy the energy-level alignment with the
EA of ICBA.

First, the photovoltaic performances of the OPVs with
the two types of TCEs, namely, ITO and SnO, (growth
temperatures: 100 °C, 150°C, 200°C, and 250 °C), were
evaluated under 1 sun illumination (/; =100 mW - cm 2).
Hereafter, the OPV samples with the ITO TCE are referred
to as the “reference” samples, whereas those prepared using
the Sn,O films are referred to as TO250, with the
numerical value indicating the growth temperature. The
output spectra obtained under 1 sun illumination, for
simulating outdoor conditions, and an LED lamp, for
simulating indoor conditions, are shown in Fig. 4(b). In
addition, Fig. 4(c) shows the current density—voltage (J-V)

characteristics of the OPVs under 1 sun illumination, where
the photovoltaic parameters are averaged for 10 devices, as
summarized in Table 2. The OPVs with the SnO, films
(TO100, TO150, and TO200) showed no activity under
1 sun illumination. This result is attributed to their poor
electrical properties, such as the relatively high Rg of the
SnO, TCE. High Rsy values can result in OPVs with high
series resistance (Rs), thereby inducing poor photovoltaic
performance with a lowered short-circuit current density
(Jsc) and a reduced fill factor (FF). The TO250 OPV system
showed a PCE of 2.4 + 0.4%, with an open-circuit voltage
(Voc) of 532 £52mV, a Jsc of 9.9+ 0.4 mA - cm ™2, and an
FF of 45.9 + 0.4%. In comparison, the reference OPV sys-
tem showed reasonable photovoltaic performance with a
Voc of 744 + 11 mV, a Jsc of 9.9 + 04 mA - cm ™2, and an FF
of 57.1+4.7%, yielding a PCE of 4.2 +0.5%. Figure 4(d)
shows the semi-log /-V curves of the OPV systems
obtained in the dark. The TO250 OPV showed comparable
performance in the dark, with a low current density com-
pared to the reference system, indicating its potential as a
TCE for indoor applications.
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Table 2 Averaged photovoltaic parameters of the OPVs under 1 sun illumination.

TCE Voc (mV) Jsc (MA-cm™?) FF (%) PCE (%) (Max PCE) ReA (Q-cm?) RsA (Q-cm?)
TO100 49413 00+00 234411 0.0+00 (0) (58+42)x10° 3970 + 2291
TO150 19412 00+00 103+ 146 00+00 (0) (49 +26)x 10 3724147
T0O200 100 + 21 19405 250+08 00+00 (0) (50+09)x10 52410
T0250 532452 99+04 459421 24404 (28) (42+13)x10 14+1

TO reference 744+ 11 99+04 57.1+47 42405 (47) (85+16)x 10 13+11

Circuit models are often used to model electrochemical
systems and provide insights into the results. An OPV system
can be modeled with a single diode-based equivalent circuit
(Fig. S2). It is comprised of a current source parallel to an
ideal diode and two parasitic resistances: Rs and shunt
resistance (Rp). The photocurrent density (J,n) generated
during illumination is modeled by a constant current source.
The equivalent circuit can be solved analytically by using the
Shockley equation to determine Jsc and Voo

1 [/sc|RsA
Jse = _?%{]ph -/ (exp( %S > - 1)} (1)
]thPA

where J,, is the photogenerated current density, J, is the
reverse saturation current density, e is the fundamental
charge of an electron, n is the ideality factor, T is the
temperature, k is Boltzmanns constant (8.617 x 10>
eV-K '), and A is the active area of the device. In this study,
RsA and RpA values were estimated from the inverse slopes
of the characteristic /-V curves under illumination at
0.98-1.0 V and near the Jsc point, respectively.

The identical Jsc values of the TO250 and reference OPV
devices under 1 sun illumination were due to their similar
RsA values (14 Q-cm?® and 13 Q-cm? respectively) and
optoelectrical properties. It can be seen from Eq. (1) that J5¢
was significantly dependent on RsA and decreased approxi-
mately exponentially with increasing RsA values. However, as
similar RsA values were observed for the devices with both
types of TCEs, no significant difference in the Jsc values was
expected. Moreover, similar EQE spectra (Fig. 5(a)) for both
TCEs in the spectral range of 300—700 nm indicated similar
Jsc values in both cases.

The different Ve values of the two devices (532 *
52mV for TO250 and 744 +11mV for the reference
OPVs) were due to their different Rsy values. In general,
high recombination rates, compared to the drifting of
charge carriers in TCEs, result in higher Ry values®. An
increase in the leakage current resulted in lower RpA

VOC = l‘lk—Tll‘l{l +]p—h
e Jo

(2)

values (SnOy: 420 Q-cm? and ITO: 850 Q -cm?). From
Eq. (2), it can be inferred that the low RpA values of the
SnO,-based OPVs resulted in the observed low V¢
values and is also the reason for the observed low dark
current and high EQE of the devices. The reference OPV
system did not suffer a comparable loss in voltage because
of the lower Rgy of ITO (~10 Q.sqfl), confirming its
superior performance under 1 sun illumination.

The indoor performance of the SnO,-based OPV sys-
tems under low light conditions (an LED of 1000 Ix) dif-
fered from that under 1 sun illumination. A comparison
of the /-V curves of the OPV systems under a 1000 Ix LED
source (I, =0.28 mW -cm2) is shown in Fig. 5(b). The
average indoor photovoltaic parameters for 10 devices
under LED illumination are summarized in Table 3. The
reference OPV systems had a V¢ of 640 £ 3 mV, a Jsc of
83.4+4.3 uA - cm 2, and an FF of 70.0 + 1.3%, resulting in
a PCE of 13.3+0.8% under 10001x LED illumination.
Interestingly, the TO200 OPV systems that barely oper-
ated under 1 sun illumination showed comparable pho-
tovoltaic performance with a PCE of 11.7 £ 0.1%, a V¢ of
603+8mV, a Jsc of 80.1+19uA-cm % and an FF of
67.6 £ 1.4%. Moreover, the TO250 sample showed a
slightly higher PCE of 14.6 + 0.3%, compared to that of the
reference OPVs, with a V¢ of 660 + 3 mV, a Jsc of 87.1 +
2.2 A -cm 2 and an FF of 71.2 + 0.8%.

The similar measured Js¢ values for the SnO,-based OPVs
(TO200 and TO250) and the reference system clearly indi-
cated that Jsc was not highly dependent on the Ry of the
TCEs (which varied significantly depending on the TCE
type). Under low-light indoor conditions, the low generated
Jon could easily flow through Rg, resulting in similar Jsc¢
values, despite the difference in the Ry values of the TCEs.
To further investigate the Jsc values, power absorption ratios
were calculated by finite-difference time-domain (FDTD)
simulations. Figure S3 shows the light penetration profile at a
wavelength of 450 nm, whereas Fig. 5(c) shows the power
absorption ratios over the output spectral region of the LED
lamp (400-700 nm). Similar to the transmittance data dis-
cussed above, comparable power absorption ratios were
observed for the devices with the SnO, TCEs (TO200 and
TO250), whereas the reference device showed a slight
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Fig. 5 Photovoltaic performance of OPVs under various light conditons. (a) EQE spectra of the OPVs. b J-V characteristic curves of the OPV
systems irradiated by a 1000 Ix LED (0.28 mW-cm~2). ¢ Power absorption profile calculated by the finite-difference time-domain (FDTD) method.
d Representative Jign—Verr characteristics of the OPV systems under 1 sun illumination (100 mW-cm ). e Representative Jigh=Verr characteristics of
the OPV systems irradiated by a 1000 Ix (0.28 mW - cm™2) LED source. f Dependence of Jsc on the light intensity for all OPV systems illuminated by a
1000 Ix (0.28 MW -cm ™) LED source.

Table 3 Averaged photovoltaic parameters of the OPVs under an LED source (1000 Ix).

TCE Voc (MmV)  Jsc (WA-cm™2)  FF (%) PCE (%) (Max PCE)  RpA (Q-cm?) RsA (Q-cm?) Prax (MW -cm™2)
TO100 50+ 23 0.1+0.1 199+82 00+00 (0) (39+04)x10° 202539 + 8992 00+00
TO150 67 + 20 81+18 244+03 00+00 (0) (80+05)x10° 6704 + 1338 0.1+0.1
T0O200 603+ 8 80.1+19 676+14  117+01(118) (13+02)x10° 235+ 29 326+ 04
TO250 660 + 3 87.1+22 712408  146+03 (149) (15+04)x10° 28+ 1 409+08
ITO reference 6403 834+43 700+£13  133+08 (14.1) (13+04)x10° 2742 374421

blueshift in the absorption spectrum. For a more quantitative
analysis, the maximum achievable Jsc values were extracted
by multiplying the power absorption ratios by the spectral
irradiance of the LED lamp (Table S1). Notably, the FDTD
simulation of the Jsc values included only optical effects (not
electrical effects). Interestingly, the calculation showed lower
Jsc values for the reference OPVs than those of the TO200
and TO250 devices, wherein TO200 showed the highest
value. These results indicated that for high indoor perfor-
mance, TCEs with good electrical conductivity were
required, despite the tolerance of the device to the Ry of the
TCE under low-light conditions. Notably, the TO100 and
TO150 films were ineffective TCEs, resulting in poor device
performance due to their remarkably high Rgyy values.

Remarkably, under the 10001x LED lamp, the highest
Voc was obtained from the TO250 device, even though it
showed extremely poor performance under 1 sun illu-
mination. Before we discuss the high V¢ value of the
TO250 device under indoor light conditions, it is
important to understand the limit of the OPV V. The
Voc of OPVs is known to be limited by the WF difference
between the hole-collecting electrode (HCE) and the
electron-collecting electrode (ECE) or the energy level
difference between the EA of the acceptor material and
the ionization potential energy (IE) of the donor material,
namely, the carrier density limit. If the WF of the ECE is
deeper (from the vacuum level) than the EA of the
acceptor and the WF of the HCE is shallower than the IE
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of the donor, then the V¢ is likely to be limited to the
WE difference between the ECE and HCE. In contrast,
when the ECE possesses a lower WF value than the EA of
the acceptor and the HCE shows a larger WF value than
the IE of the donor, the V¢ is limited to the energy level
difference between the EA of the acceptor and the IE of
the donor. Our results can be explained by the WF dif-
ference. Moreover, under indoor light conditions, the
OPVs with SnO, TCEs were considerably insensitive to
the high Rsy of the TCEs; hence, the low V¢ value of the
TO250 device under 1 sun illumination was not expected.
The EA of the ICBA acceptor was ~3.5eV, and the WF
values (measured with a Kelvin probe) of the two ECEs,
namely, SnO,/PEIE and the reference ITO/PEIE, were
~3.8eV and ~4.0 eV, respectively’®. As the WF values of
the two ECEs were lower than the EA of the ICBA, the
Voc difference between the TO250 device and reference
OPVs was probably due to the different WF values of the
ECEs. That is, under illumination, quasi-Fermi levels
could have formed above the WF levels in the acceptor
material, where the WF levels of the ECEs could limit the
Voc, thereby resulting in the observed V¢ difference.

The variation in the FF values is explained by analyzing
the equivalent circuit model, where FF = [/« X Vinaxl /
Usc x Vocl. In this relationship, the following parameters
were normalized: Voc (voc =eVoc / nkT), Rg (rs=Rg/
Rch), and Rp (rp = Rp / Rcy). The characteristic resistance
was defined as Rcy = (Voc/Jsc x A); therefore, the FF
combined the effects of rg and rp:

FF:{@:%%%ﬂﬁkl—Lng+0w@

voc—In(v, +0.72
%}(1*141;;}%04197‘3

« 1— (voc+0.7) {

Voc rp

x@§n+%§0®
(3)

Based on the previous observations that Jsc o light
intensity and Voc « log (light intensity), it was assumed
that higher Rcy; values could be attained under indoor
conditions than under 1 sun illumination. In addition,
compared to Rp and Rcyy, the Rg was low; thus, Rg had a
negligible effect on the indoor performance of the devices.
Due to the high Ry values, the rs of the devices (TO250:
0.0037 and reference: 0.0035) were low and had an
insignificant effect on their FFs. However, sufficiently high
rp values (TO250: 19.7 and reference: 16.9) contributed to
maximizing the FF under indoor conditions.

To evaluate the charge generation and collection process,
the light-induced current density (Jigne) was plotted against
the effective voltage (Veg). Jiigne is the difference in the current
densities under illumination and in the dark, whereas Vg is
the difference between the voltages at Jpy; = 0 and the applied
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voltage37. Figure 5(d) shows the Jign—Vey characteristics of
the devices under 1 sun illumination. A fast Jjz saturation
was observed for the reference OPV at a Vg of 031V,
indicating effective charge transport and collection, whereas
the TO200 and TO250 OPVs saturated at higher Vg values
of 0439 and 1.2V, respectively. Relatively poor charge gen-
eration/collection in the SnO,-based OPV systems resulted
in low FF values under 1 sun illumination. Under 1000 Ix
LED illumination, the Jigh saturation of SnO,_ and ITO-
based OPV systems occurred at similar Vg values of ~0.172
and 0.167V, respectively, demonstrating effective charge
carrier generation/extraction with negligible trapping (Fig. 5
(€)). To understand the charge carrier recombination beha-
vior in the OPV systems, Jsc was derived as a function of
light intensity (Fig. 5(f)). Jsc is related to light intensity (fjgne)
by a power law relationship (Jsc a fjgn'), where s is the
recombination rate (0.75-1) and can be obtained by linear
fitting of the data. An s value close to one indicates that weak
bimolecular recombination is the dominant recombination
mechanism in bulk-heterojunction OPV systems. In our
study, all devices showed s values close to one (TO250: 0.972,
and ITO TCE: 0.969), indicating that the same recombina-
tion mechanism was dominant in our devices.

Conclusions

We evaluated the indoor performance of OPV systems
with ALD-synthesized SnO, TCEs. The thicknesses of the
SnO, layers were precisely controlled during the ALD pro-
cess to produce uniform and smooth films at a low tem-
perature. Under 1 sun illumination, the OPV systems with
SnO, TCEs, which had higher Rgy values, showed poorer
performance than the devices with ITO TCEs. However,
under LED illumination, the devices with SnO, TCEs
showed acceptable indoor performance, with only slightly
lower PCE values than that of the reference device. We
verified that the performance of the OPV system with the
SnO, TCE depended on Rp instead of Rg due to the low
photocurrent generated at the low-light intensities under
indoor conditions. Overall, the SnO, TCEs showed indoor
performance similar to that of commercial ITO TCEs. In
addition, their lower cost could substantially reduce the total
cost of indoor OPV systems, making them promising can-
didates for future indoor energy harvesting applications.
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