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Abstract

Indoor photovoltaics is one of the best sustainable and reliable energy source for low
power consumption electronics such as the rapidly growing Internet of Things. Perovskite
photovoltaic (PPV) cells with three benchmark device architectures — mesoporous PPV
(mPPV) and inverted PPV (iPPV) with alternative hole transporting layers (HTLSs), and
carbon-based PPV (cPPV) are studied under simulated indoor environment. The mPPV cell
using typical Spiro-OMeTAD as HTL shows the highest maximum power density (Pmax) of
19.9 uW/cm? under 200 lux and 115.6 pW/cm? under 1000 lux (without masking), which is
among the best of the indoor PV. Interestingly, when PTAA is used as HTL in mPPV cell, the
Pmax drops to almost zero under indoor light environment while its performance under one sun

remains similar. On the other hand, when PEDOT:PSS is replaced by Poly-TPD as HTL in
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iPPV cell, the Pmax under indoor light improves significantly and is comparable to that of the
best mPPV cell. This significant difference in indoor performance correlates well with their
leakage current. The HTL-free cPPV cell, prepared by fully up-scalable techniques, shows
promising Pmax of 16.3 pW/cm? and 89.4 pW/cm? under 200 and 1000 lux, respectively. A
practical scale 5cm x 5cm cPPV module is fabricated as a demonstration for real applications.

Indoor photovoltaics (PV) has drawn much attention in recent years due to the
prospect of powering low power consumption electronics such as the Internet of Things which
has been growing rapidly worldwide, and industry has forecasted to reach 30 billion devices
in 2020 and 75 billion devices in 2025.[ Sensors, wireless nodes, small displays, etc. are all
low power consumption especially in sleep mode operation, from nanowatts to milliwatts,
which could be supplied locally by PV devices via harvesting light from indoor
environments.!>8! These small electronics play an essential role for constructing future
environments such as smart building as well as next generation factory and retail market.[")
For instance, electronic price tags with indoor PV devices embedded as a power source are
wirelessly connected to a central computing system where individual prices can be controlled
and updated via the wireless network. Similar concepts could be applied in most buildings and
manufacturing lines where lots of sensors are required for monitoring and interacting
purposes.

Despite the remarkable success of silicon-based PV for the outdoor use, this
technology is not ideal for indoor light harvesting because of its poor performance under low
light intensity.[88° [11-V semiconductor PV is perhaps a better option for this
application.881% Mathews et al. showed that GalnP PV cells generate a Pmax of 15.6 pW/cm?
under 200 lux and 92.6 uW/cm? under 1000 lux of fluorescent lamps while amorphous silicon
PV cells only generate roughly half of the Pmax under the same testing conditions.’®! We note

that researchers in the indoor PV community usually report and compare maximum power
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density (Pmax) instead of power conversion efficiency (PCE) because the intensity
measurement for such a low light level could be error-prone. However, for indoor applications,
I11-V semiconductor PV is still much less popular than silicon-based PV because of its much
higher production costs. Recently, indoor performance of several emerging PV technologies
such as dye-sensitized and organic PV, have been explored and shown promising indoor
performance.[**-171 They not only have promising potential to be much lower cost than the
silicon PV cells, but also have significantly better indoor performance. Indeed, for dye-
sensitized PV cells and organic PV cells, Pmax Up to 17.5 uW/cm? and 14.6 pW/cm? under 200
lux, and 101 uW/cm? and 78 pW/cm? under 1000 lux have been shown, respectively.[*21]

In recent years, perovskite PV (PPV) cell, which is solution-processable with low
material cost, have exhibited impressive improvement in PCE and reached over 20 % under
standard one sun testing condition.[82°] Both conventional mesoporous TiO; type PPV
(mPPV) cells and the inverted type PPV (iPPV) cells had achieved high PCE under one sun
illumination. Later, a hole transport layer (HTL) free mesoporous carbon stack device
architecture was developed for PPV with slightly lower performance.?? It consists of 3
consecutive stacks of mesoporous layers of TiO2, ZrO2 and carbon with perovskite infiltrated.
This carbon electrode based PPV (cPPV) device architecture is highly compatible with up-
scalable techniques. Furthermore, it is endowed with remarkable device stability and low cost
in both materials and manufacturing.”?! However, cPPV devices usually possess higher series
resistance (Rs) due to the lower conductivity of the carbon electrode, and therefore inferior
one sun performance as compared to other device architectures. Both conventional and
inverted PPV devices have been studied under indoor conditions, with remarkable Pmax under
indoor conditions.!?2-241 However, their indoor performance could be poor if there is no further
optimization of the electron transporting layer (ETL). Giacomo et al. showed that Pmax of

mPPV cells at 200 lux can be boosted from 0.3 to 15.4 pW/cm? after using atomic layer
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deposition for the compact TiO> layer.??l Chen et al. showed that the Pmax of iPPV cells at
1000 lux can reach ~87 uW/cm? by additional spin-coating of the ETL.!% To date, the
highest Pmax reported is 20.2 uW/cm? under 200 lux which employs conventional planar
device structure with SnO, and MgO as dual ETL.[°]

The indoor performance of cPPV devices, and the effect of device architecture and
HTL have not been explored in detail. To gain insight into the effect of the device architecture
and the choice of HTL, here we study the indoor performance of methylammonium lead
iodide (MAPI) based PPV cells by employing 3 common types of device architecture: (1)
mPPV type, (2) iPPV type and (3) cPPV type, as illustrated in Figure 1a. 2,2',7,7'-
Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (Spiro-OMeTAD) or
poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA) is used as HTL in mPPV devices
while poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) or poly(N,N'-
bis-4-butylphenyl-N,N'-bisphenyl)benzidine (Poly-TPD) is used as HTL in the iPPV devices.
PTAA and Poly-TPD were used because of higher one sun PCE demonstrated.['82¢]

Results and Discussion

PPV cells with different device architectures and the HTLs were studied under
AM1.5G (one sun) condition as a reference. Figure 1b shows the best J-V characteristics of
the device architectures and interlayers used for the PPV cells under one sun (all the device
parameters are shown in Table 1 and the external quantum efficiency spectra are available in
Figure S1). The iPPV cell with PEDOT:PSS shows PCE of 12.2 %. By replacing the
PEDOT:PSS with Poly-TPD, the PCE was improved significantly to 17.0 % due to enhanced
short-circuit current density (Jsc) and open-circuit voltage (Voc). The mPPV cells, with either
Spiro-OMeTAD or PTAA, show PCE of over 14 %, while the cPPV cell shows PCE up to

11.2 %. The lower PCE of the cPPV cell is partly due to the higher series resistance (Rs) and
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thus poorer fill factor (FF) originated from less conductive nature of the mesoporous carbon

electrode when compared to the metal electrode used in the other device architectures.

The cells were then studied under fluorescent lamps (from 200 lux to 1000 lux) which
mimics typical indoor environments. No masking was applied to the mPPV and iPPV devices
during the J-V characterization as the mask will block some of the incoming light which is
uncollimated in the indoor PV characterisation box. (Illustration is available in Schematic
diagram S1) This indoor lighting has a narrow band emission mainly in the visible region
(see Figure S2 for the spectrum and the image of the indoor light source) and its light intensity
is about 3 orders of magnitude lower then the standard one sun spectrum. In contrast to their
one sun performance, they show more diverse behaviour at low light level as shown in Figure
1c and 1d for measurement done under 1000 lux and 200 lux, respectively. The corresponding
device parameters are listed in Table 1 (Data at 600 lux are also available in Figure S3 and
Table S1). Both the mPPV cells using Spiro-OMeTAD and the iPPV cells using Poly-TPD
show Pmax Of over 110 pW/cm? under 1000 lux and over 19 uW/cm? under 200 lux.
Remarkably, both the mPPV-Spiro-OMeTAD and iPPV-Poly-TPD devices show one of the
best Pmax €ven without any modification to the ETL, suggesting that additional ETL or
treatment may not be neccessary. The cPPV cells and the iPPV cells using PEDOT:PSS show
moderate Pmax 0f 16.3 pW/cm? and 9.0 pW/cm? under 200 lux, and 89.4 pW/cm? and 77.5
uW/cm? under 1000 lux, respectively. The mPPV cells using PTAA have much lower Pmax of
1.2 pW/cm? under 200 lux and 16.1 uW/cm? under 1000 lux. It is important to note that both
the mPPV cells, using Spiro-OMeTAD and PTAA as HTL, show similar performance under
one sun but perform opposingly under low light levels.

To have better undertanding of the variation in the performance under the low light
conditions, the dark current of different device architectures with the HTLs were studied

which is closely related to the leakage current in the device.[?” As shown in Figure 2a, the
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magnitude of the leakage current (current taken at -0.2 V) has the order: mPPV-PTAA >
iPPV-PEDOT:PSS > mPPV-Spiro-OMeTAD and cPPV > iPPV-Poly-TPD. For devices
having high leakage current like the mPPV-PTAA cells and the iPPV-PEDOT:PSS cells, the
leakage current could dominate the photocurrent when the incident light intensity is low,
resulting in poor device performance.l?2%1 In other words, if the leakage current is higher than
or has the same order of magnitude as the photocurrent, ie. 0.02-0.04 mA/cm? under 200 lux
or 0.1-0.2 mA/cm? under 1000 lux, the overall current are dominated or disturbed by the
leakage current resulting in much lower FF and Voc. For cells with low leakage current, like
the mPPV cells using Spiro-OMeTAD, iPPV cells using Poly-TPD and cPPV cells, their PV
characteristic are retained under low light condition. In brief, a leakage current below 107
mA/cm? is recommended for devices operating under typical indoor condition.

Apart from the leakage current, the shunt resistance (Rsn) is perhaps another indicative
parameter to look at for low light applications. Using either organic solar cells or PPV cells, a
few works suggested that a high shunt resistance is required for devices to perform well under
low light intensity.[?2242%301 However, Lechéne et al. showed that the shunt resistance itself
may not be enough to determine how a PV device performs under low light level.[?8 Similar
to their finding, the Rsn values (available in Table S2) of the devices studied herein do not
show a clear trend with the performance, suggesting that probing the dark current of the
devices should give better indications for the low light behaviour.

The Voc is a key parameter to look at especially for indoor PV.EY Diode ideality
factor (n) can reveal how the Voc drop with decreasing light intensity. The diode ideality
factors of the various device architectures and HTLs are calculated from the plot of Voc as a
function of light intensity under solar spectrum, which is shown in Figure 2b. In most cases,

the data follow the equation below derived from the Shockley diode equation:
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where k is the Boltzmann constant, T is the absolute temperature, e is the elementary charge,
Ion is the photocurrent and lo is the saturation current of the diode. By fitting the V. data to
the equation, we can obtain the slope and thus extract the values of n which has the order:
mPPV-PTAA cell (n = 2.60) > iPPV-Poly-TPD cell (n = 1.52) and the cPPV cell (n = 1.62) >
mMPPV-Spiro-OMeTAD (n = 1.36) cell and iPPV-PEDOT:PSS cell (n = 1.37). The high diode
ideality factor extracted for the mPPV-PTAA cell could be affected by the low shunt
resistance which makes it no longer linear at lower light intensity.[?® To achieve higher Voc
at low light intensity, the Voc at one sun could play a more significant role than the diode
ideality factor provided that devices possess reasonable value of n lying between 1 and 2. For
PPV cells, interfacial engineering is particularly useful for boosting the Voc. As shown here,
by replacing the PEDOT:PSS layer with Poly-TPD in the iPPV devices, the Voc was
enhanced by 0.150 V at 1 sun, 0.063 V at 1000 lux and 0.453 V at 200 lux.

Here, we introduce a ratio of the Pmax at 1000 lux to the Pmax at one sun
(Pmax,10001ux/Pmax,1sun) to compare the change in performance from one sun to 1000 lux
condition for all these PPV cells as shown in Figure 2c. This parameter can reveal the change
in the overall performance from one sun to fluorescent lamps of 1000 lux. The ratios for all
the devices are calculated and results in the following order: cPPV (7.9 x 107%) > mPPV-
Spiro-OMeTAD (7.7 x 10°%) > iPPV-Poly-TPD (6.6 x 10°3) > iPPV-PEDOT:PSS (5.6 x 1073)
> mPPV-PTAA (1.1 x 10%). Unexpectedly, the cPPV cells show the highest ratio among all
the PPV cells, provided that the performance of cPPV cell is not particularly outstanding
under the indoor condition. We attempted to find a corelation between the device parameters
and the ratios and found that the values of Pmax,10001ux/Pmax,1sun COrelate well to the series
resistance (Rs) of the devices as plotted in the same figure (Rs values are available in Table
S2). A higher ratio corresponds to a higher Rs. This correlation can be explained by the fact
that a high Rs has a bigger impact on the device performance under one sun (reduction in the

FF) than under low light level.[?°! In other words, there is much higher tolerance to the Rs
7
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when the operating current is much lower such as the one under indoor lighting.[?! As
demonstrated here, the cPPV cell has a high Rs value leading to a significantly lower FF
under one sun (58 %), However, this high Rs does not hinder the FF under low light (71.9 %
for 1000 lux and 70.4 % for 200 lux). It suggests that devices having higher Rs can perform
relatively better at low light level, like the cPPV cells in this study.

The cPPV cells are distinct from the mPPV and iPPV cells. The triple mesoporous
stack of TiO2, ZrO> and carbon are all prepared by screen printing which allows sheet-to-sheet
manufacturing. It has been demonstrated that cPPV cell is low cost and has excellent stability
with no loss in PCE under controlled one sun condition for over 10000 hours.?!l We
anticipated that the stability under indoor light operation is likely to be significantly longer as
the stress conditions are much milder: UV and infrared free, much lower light intensity,
operation at room temperature and in indoor environment. Besides, the indoor performance is
remarkable as shown earlier. With this exciting prospect, we have fabricated a5 cm x 5 cm
cPPV module with active area of 9.75 cm? as a demonstration, using the same scalable
methods as the small cPPV cells (1 cm?). As shown in Figure 2d, it has a maximum power of
683 LW under 1000 lux, which corresponds to Pmax 0f 70.1 puW/cm?, significantly better than
silicon PV module reported elsewhere (Pmax of ~15 — 46 puW/cm? under 1000 lux).[832 The
FF of the module is over 70 % at 1000 lux, suggesting that the high Rs, even in a practical
size module, is still within the tolerance (one sun data of the module is available in Figure S4).
Such a high tolerance in Rs implies higher flexibility on the design of the inter-connection
between subcells in a module to be operated under low light environment.

The comparison of the different device architectures together with different HTLs give
deeper insight on designing PPV for indoor applications. For example, by changing only the
HTL of the mPPV cells from Spiro-OMeTAD to PTAA, even if the PCE under one sun
remain similar, the leakage current can be increased by 3 orders of magnitude, leading to

dramatic difference in the performance under low light. For iPPV cells, in addition to the
8
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suppressed leakage current when Poly-TPD is used as the HTL instead of PEDOT:PSS, there

is a considerable enhancement in the Voc under both high and low light conditions which is
important for low light performance especially when devices have low diode ideality factor.
Note that the PCE under one sun of the mPPV and iPPV reported here is not the highest
among the reported values, and therefore, with state-of-the-art PPV devices under one sun, the
Pmax under low light could be even higher.

Statistical study of the device performance and the stabilized Pmax study were
performed for the best devices in each category under 1000 lux (See Table S3 and Figure S5).
In general, the mPPV and cPPV devices show more cell-to-cell variation than the iPPV device
which could be due to the less controlled preparation methods — the spray-coated compact
TiO2 layer in the mPPV cells and the screen printed layers in the cPPV cells. The iPPV cells
are not only statically better than the mPPV and cPPV cells but also better in the stabilized
Pmax measurement. The iPPV-Poly-TPD cell reaches its stabilized Pmax of 109 pW/cm? almost
instantaneously with the performance similar to the extracted value from the J-V scans while
the mPPV-Spiro-OMeTAD and cPPV cells take about 60 and 180 s to stabilize, with slightly
lower Pmax 0f 101 and 75 pW/cm?, respectively. This difference in stabilization time
correlates well with their hysteresis under low light conditions, in which iPPV-Poly TPD
devices show almost no hysteresis under low light while mPPV-Spiro-OMeTAD and cPPV
devices have certain hysteresis (see Figure 1c and 1d). The elimination of the hysteresis for
the iPPV-Poly TPV device can be ascribed to the passivation effect of Poly-TPD at the
interface, similar to the passivation effect of PCBM at the other interface of the perovskite
film.[3334 1t is also worth noting that the hysteresis seems to increase with decreasing light
intensity (comparing Figure 1b, 1c and 1d), which could be explained by relatively larger
contribution from the movement of mobile ions when the photogenerated current is lower

under low light level.
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Conclusions

In summary, PPV cells using 3 types of device architectures were studied under indoor
lighting conditions and showed substantial difference in their performance depending on the
choice of interlayer. The mPPV-Spiro-OMeTAD and iPPV-Poly-TPD cells show maximum
power density of over 111 pW/cm? under 1000 lux and over 19 uwW/cm? under 200 lux, which
are one of the highest among all kind of reported PV devices. The performance under low
light intensity correlates well with the leakage current, and a maximum leakage current of 107
mA/cm? is suggested to avoid influencing the performance at low light intensity. Considering
the reasonable indoor performance of the cPPV cell and module (5 cm x 5 cm module with
Pmax = 70.0 pW/cm? under 1000 lux), which are fully up-scalable as demonstrated here,
together with its low cost and promising stability, we believe that cPPV is the readiest device
architecture to be commercialized for low light applications. We envision that PPV cells

should have enormous potential and impact to the indoor PV market.

Experimental Section

Fabrication of mPPV cells:

Titanium diisopropoxide bis(acetylacetonate) solution (Aldrich) was spin-coated on
fluorine doped tin oxide (FTO) coated glass substrates and annealed at 400 °C for 30 minutes
to form compact TiO> layers. Diluted mesoporous TiO> paste (Dyesol) was spin-coated onto
the substrates and annealed at 450 °C for 30 minutes. Then, 0.1 M bis(trifluoromethane)
sulfonimide lithium salt (Li-TFSI) in acetonitrile were loaded (10 seconds) and spin-coated
onto the substrates to passivate the mesoporous-TiO- surface, and then annealed at 450 °C for
30 minutes. Then, 1.5M CH3NH3Pbls precursor solution in DMF and DMSO (9:1 in volume)
was spin-coated onto the samples and then annealed at 100 °C for 10 minutes. Spiro-
OMeTAD (Borun New Material Technology) or PTAA (Ossila) were dissolved in

chlorobenzene and doped with Li-TFSI and 4-tert-butylpyridine and spin-coated onto the
10
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perovskite layer. Finally, the mPPV cells were finished by thermally evaporating 100 nm of

Au onto the samples, forming an active area of 0.08-0.10 cm? for each cell.
Fabrication of iPPV cells:

PEDOT:PSS or Poly-TPD (0.25 wt% in chlorobenzene) were spin-coated onto
indium-doped tin oxide (ITO) substrates. PEDOT:PSS films are dried at 150 °C for 15
minutes. For Poly-TPD films, they are dried for 1 minute before spin-coating an ultrathin
poly[(9,9-bis(3'-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)]
(PFN) layer (0.05 wt% in methanol) onto the Poly-TPD layer for better wettability.[?®! 1.5 M
CH3sNH3Pblz precursor solution in DMF and DMSO (9:1 in volume) was spin-coated onto the
samples and, during the spin-coating, diethy ether was dripped onto the substrates. The
substrates were then annealed on a 100 °C hot plate for 15 minutes. After cooling down,
PCBM solution was spin-coated on the MAPI films. Finally, the devices were completed by
thermally evaporating 0.7 nm of LiF and 100 nm of Ag PCBM layer, forming an active area

of 0.045 cm? for each cell.
Fabrication of cPPV cells:

A compact TiO; layer was deposited by spray pyrolysis (25 sprays every 10 s at 300
°C) with a 10 % solution of TAA (diluted in 2-propanol). Mesoporous layers of titania (TiO2),
zirconia (ZrO2) and carbon were screen printed and annealed one by one at 550 °C for TiO>
and 400 °C for ZrO. and carbon. The TiO> paste was diluted in terpineol in a 1:1 ratio by
weight, whereas the other pastes were used as bought. The AVA-MAPI precursors solution
was prepared with 439.0 mg, 151.4 mg and 6.7 mg of respectively Pbl,, MAI, and 5-AVALI in
1 mL of y-Butyrolactone. The solution was then deposited with the so-called Robotic Mesh
method.*®! In this Robotic Mesh method, a robotic dispenser moves a syringe to continuously

deliver the precursor solution at 12 m/s to a mesh which is on the top of the device to

11
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homogeneously spread the liquid on the surface. The wet devices were kept in a petri dish for
10 minutes at room temperature and then heated at 50 °C in oven. After 60 minutes, the petri
dish was opened and the devices were left in the oven for another hour for a complete drying
step. The devices were then placed in humidity oven at relative humidity of 70 % and 25 °C
similarly as reported elsewhere.l* The scribes were performed mechanically with a steal
blade for the contact aperture and the cell disconnection according to the scribing method. ]
The resulting area of the cPPV cell and module are 1 cm? and 9.75 cm?, respectively. A mask

with an openning of 0.49 cm? was applied for the cPPV cells during the measurement.
J-V characterization:

J-V characterizations were performed by a Keithley 2400 sourcemeter under a solar
simulator and a series of fluorescent lamps (Osram L18W/827) with reflectors. Different
illuminance are obtained by adjusting the power supplied to the fluorescent lamps. The
distance between the light source and the devices were kept constant. The indoor light source
was calibrated by a luxmeter, LX-1330B and a power and energy meter (Thorlabs PM100D)
equipped with a high-sensitivity thermal sensor (Thorlabs S401C). Voc at different light
intensity were obtained by measuring the J-V characteristics under the solar simulator using a
set of optical density filters. No mask was applied to the mPPV and iPPV cells for all the J-V

characterization.
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Figure 1 (a) Schematic diagram of 3 types of perovskite device architectures studied in this
work. J-V characteristics under (b) one sun, (c) fluorescent lamps of 1000 lux and (d)
fluorescent lamps of 200 lux. Solid lines and dash lines represent reverse and forward scan of

the J-V measurements, respectively.
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Figure 2 (a) Dark J-V characteristics, (b) Voc measured at different light intensity under
AML.5G. (c) Ratios of Pmax,1000lux t0 Pmax 1sun and Rs of different PPV cells. (d) J-V
characteristics (solid line for reverse scan and dash line for forward scan) of a5 cm x 5 cm
cPPV module with 5 subcells connected in series measured at 1000 lux.
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Table 1 Device parameters of the best PPV cells measured under different lighting conditions.

1000 lux
One sun (Pin = 100 mW/cm?) [200 lux]
2 J J P
SC SC max
Vv FF PCE Vv FF
(mA/c oc A/cm oc W/c
: W) (%) ) | A V) ) | W
m) ) m)
mPPV= 173.7 0.910 73.1 115.6
Spiro- R 22.9 1.08 60.2 14.9 T T T o
OMeTAD
165.2 0.814 56.3 75.7
F 214 1.03 1.03 100 (32.7] [0.691] [50.5] [11.4]
mPPV- 85.6 0.472 36.0 16.1
praa | R | 199 101 704 14.2 186 | [0.201] | [318] (1.2]
55.3 0.349 35.3 6.8
F 15.7 0.92 413 5.95 103] 0.114] 18] 03]
IPPV- 188.7 0.797 452 68.0
PED(:T:PS R 18.9 0.95 67.9 12.2 o et o -
189.1 0.788 52.1 77.5
F 173 1.00 68.7 119 (42.0] [0.589] (36.4] [9.0]
iPPV- 172.5 0.860 75.4 111.9
21.6 1.07 73.6 17.0
Poly-TPD | N 341 | 07821 | 735 [19.6]
1723 0.851 75.9 1113
F 218 1.07 737 17.2 (33.9] [0.770] [73.7] [19.2]
174.9 0.718 71.9 89.4
cPPV R 21.4 0.91 58.0 11.2 . o~ T T
91.5 0.566 51.5 26.6
F 215 0.88 53.4 10.1 10 0350] 127] e

3) R stands for reverse scan and F stands for forward scan.

Table of contents
Perovskite photovoltaic (PPV) cells employing benchmark device architectures with
alternative hole transporting layer (HTL) are studied under simulated indoor environment.
With suitable combination of device architecture and HTL, maximum power density of over
19 puwW/cm? and 110 uwW/cm? under fluorescent lamps of 200 lux and 1000 lux are
demonstrated, respectively. High potential of commercialization of a fully printable carbon-
based PPV architecture is suggested via demonstration of practical size module.

Keyword
Indoor photovoltaic, Internet of Things, perovskite photovoltaic, leakage current
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each category.

18



WILEY-VCH

Fluorescent lamps

Solar

simulator

collimated light
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Perovskite
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uncollimated light

e
Perovskite Mask Perovskite

Metal Metal

Schematic diagram S1 Illustration of how a mask blocks the uncollimated light from the
fluorescent lamps during the indoor PV characterization. Since the thickness of the glass (1-2
mm in our devices) is comparable to the dimension of the device active area and the opening
of the mask, part of the incoming light, which is not coming straightly above the active area
from the fluorescent lamps, will be blocked by the mask and this results in underestimation of
the photocurrent. However, it is not a problem in the situation of one sun characterization as
the light from the solar simulator is usually collimated. To check the reliability of the device
area used because of the absent of the mask, Jsc integrated from the EQE spectra were
checked and they agreed with the Jsc obtained under one sun (see Figure S1).
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Fluorescent lamps - 200 Lux
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_—
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Figure S2 (a) Emission spectrum of the fluorescent lamps at 200 lux and (b) image of the
indoor PV characterization box.

19



WILEY-VCH

o _[600Tux R

N’E —=— mPPV - Spiro-OMeTAD
S gl |—¥—iPPV-Poly-TPD
< —4—cPPV
> 40 1
2
s -60
©
€ -80
o
3-100

-120 ‘

00 02 04 06 08 10
Voltage (V)
Figure S3 J-V characteristics of the best cell in each category under fluorescent lamps of 600

lux. Solid lines and dash lines represent reverse and forward scans of the J-V measurements,
respectively.

Table S1 Device parameters of the best PPV cells in each category measured under
fluorescent lamps of 600 lux.

a) Jsc Voc FF Pmax
(nA/cm?) (V) (%) (kW/cm?)

mPPV-Spiro- 106.6 0.885 72.3 68.2
ElaGu F 100.9 0.776 55.4 43.4

R 103.6 0.841 74.6 65.0

iPPV-Poly-TPD

F 103.4 0.831 75.0 64.5

R 106.2 0.694 70.2 51.7

cPPV
F 95.6 0.432 32.2 13.3

Table S2 Series resistance (Rs) and shunt resistance (Rsh) of the PPV cells extracted from the
reverse J-V scan under one sun.

Rs (Qcm?) Rsh (Qcm?)

mPPV-Spiro-OMeTAD 10.7 1280
mPPV-PTAA 3.2 1201
iPPV-PEDOT:PSS 4.4 382
iPPV-Poly-TPD 6.2 2793
cPPV 10.2 646
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Figure S4 J-V characteristics of a5 cm x 5 cm cPPV module measured under one sun. Solid
lines and dash lines represent reverse and forward scan of the J-V measurements. Device
parameters from the reverse scan are shown inside the figure.

Table S3 Average values of the device parameters obtained under 1000 lux for the best
interlayer in each category. Their standard deviations are shown in the parentheses. The
statistical data are obtained from 6-8 cells.

a)

mPPV-Spiro-
OMeTAD F
R
iPPV-Poly-TPD
F
R
cPPV

F

Jsc
(nA/cm?)

154.8 (13.8)
129.6 (29.1)
160.5 (11.6)
160.1 (11.8)
154.2 (15.7)

96.6 (37.9)

Voc
(V)

0.836 (0.049)
0.735 (0.046)
0.869 (0.008)
0.864 (0.010)
0.717 (0.019)

0.559 (0.078)

FF
(%)

68.3 (3.4)
40.5 (14.4)
76.1(1.8)
76.3 (1.1)
73.7(5.2)

40.9 (14.9)

3) R stands for reverse scan and F stands for forward scan.
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Pmax

(kW/cm?)
95.9 (1.6)

45.9 (3.0)
105.9 (4.6)
105.3 (5.5)
81.7 (11.7)

23.1(14.2)
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Figure S5 Stabilized measurements of the Jsc and the corresponding Pmax at 1000 lux.
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