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Abstract

Halide perovskite indoor photovoltaics present a promising pathway for sustainably powering the
rapidly growing network of wireless sensors in the Internet of Things. However, the widespread
adoption of these devices is hindered by the use of costly and unstable metal back electrodes such
as gold (Au) and silver (Ag). In this study, we demonstrate a scalable, single-step blade-coating
method for depositing carbon back electrodes and investigate their performance in conjunction
with various hole-selective layers (HSLs). Among the various HSLs tested, Spiro-OMeTAD and
CuSCN, when paired with the carbon electrode, showed the best performance, achieving power
conversion efficiencies (PCEs) of up to 17.2% under 1000 lux indoor illumination for 1 cm?
devices. In comparison, their Au-based counterparts reached a higher PCE of 29.3%. Shelf-life
stability studies on unencapsulated devices revealed that the extent of J-V hysteresis and PCE
degradation strongly depends on the choice of HSL/electrode combination. However, for all
devices, regardless of the selected HSL, a gradual increase in hysteresis was observed over time.
Finally, mini-modules of carbon-based halide perovskite indoor PV devices were successfully used
to power a temperature sensor for indoor temperature monitoring.

1. Introduction

The Internet of Things (IoT) is a smart network of internet-connected electrical and electronic devices which
has the potential to revolutionise different sectors such as buildings, transportation and industry. The
integration of IoT into a building’s energy systems can reduce energy consumption by approximately 45% [1,
2]. In the transportation sector, a major advancement is the development of autonomous and connected
vehicle ecosystems. In the industrial sector, the key transformation is the full digitisation and automation of
manufacturing processes, commonly referred to as the Fourth Industrial Revolution (Industry 4.0) [3, 4].
Wireless sensors are the most fundamental components of IoT, and it is estimated that there will be more
than 1 trillion of them by 2035 [5]. Considering the different physical settings where IoT sensors are
projected to be deployed, more than half of them are expected to be used indoors, where the main use would
be energy consumption monitoring and management, to enhance the energy security of buildings [6].
However sustainable powering of these billions of sensors is a huge challenge. Traditional powering methods,
such as batteries and grid-connected electricity, are not suitable and feasible, due to batteries’ limited
lifetimes or the complex wiring required [5, 7]. Thus, indoor photovoltaic (PV) devices are the most
promising option for powering these, as they can harvest the ubiquitous indoor light energy from artificial
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light sources such as white LEDs and fluorescent lamps [5]. The indoor PVs as a flexible technology would
further enhance their adoption as a sustainable powering method for the IoT, due to their easy integration on
various surfaces for portable electronics, wearable power sources and electronic textiles [8, 9]. Theoretical
studies have shown that indoor PVs could achieve power conversion efficiency (PCE) greater than 55%,
depending on the illumination spectra and the optimised device architecture [10].

Among various PV materials available, such as silicon, GaAs, organic and halide perovskite
semiconductors, halide perovskites are particularly suitable for indoor PVs due to their easy bandgap
tunability, earth abundance, easy fabrication through solution processing methods, high defect tolerance and
high PCE under both indoor lighting and one Sun illumination [11]. Beyond their PV properties [12], halide
perovskites are highly promising for developing self-powered devices [13], mechanical energy harvesters
[14-16] and light-emitting diodes [17]. Halide perovskites have demonstrated a PCE of 27.0% under one
Sun and 44% under indoor lighting (1000 lux) conditions [18]. However, these highly efficient indoor PVs
use thermally evaporated noble metals such as Au and Ag as the back electrode. For halide perovskite indoor
PVs to be used as a sustainable powering method in the IoT, factors such as stability, scalability and material
availability of different functional layers should be considered alongside efficiency [19]. The commonly used
metal electrodes of Au and Ag are expensive, accelerate PV performance degradation and can hinder the
upscaling of halide perovskite indoor PVs due to both the lack of raw material availability and the economics
of commercialisation [20, 21]. Low-temperature processed carbon back-electrode perovskite solar cells
(referred to as C-PSCs herein) have emerged as a possible competitive commercial alternative in the past few
years [22, 23]. These offer a promising alternative due to the relatively low cost and abundance of raw
materials. Flexible PV devices based on carbon electrodes have also recently shown promising potential for
scalability, with a demonstrated PCE of ~14% for an active area of 1 cm?, on a flexible conductive cloth
substrate [24].

Although C-PSCs have been extensively studied under one Sun conditions, their potential for indoor PV
applications remains largely unexplored, with fewer than ten research articles published on the topic so far.
Previous studies under one Sun illumination have shown that C-PSCs can be fabricated without any
hole-selective layers (HSLs), allowing for simpler device fabrication, whilst retaining decent PCE [22, 25].
However, recent consensus suggests that HSL-free carbon-based C-PSCs suffer from poor charge selectivity.
As a result, this interface has received considerable attention from the PSC research community, particularly
in the context of outdoor sunlight harvesting [21]. However, how this perovskite-carbon electrode interface
affects the charge extraction properties under indoor lighting conditions has not been investigated in detail
and demands deeper investigation considering the much lower (~1000 times) intensity of indoor light
sources compared to one Sun. The lower density of photogenerated charge carriers implies that suppressing
carrier loss is crucial to maximizing indoor PV devices’ efficiency and electrical output.

Recently, Cristina et al have reported slot-die coated halide perovskite indoor PV devices with a
blade-coated carbon electrode showing a PCE of 18.6% under 1000 lux for a device with an active area of
0.6 cm? [26]. Blade-coated carbon electrode, hot-pressed on triple cation PSCs (active area of 0.04 cm?) with
an indoor light harvesting efficiency of 32% (under 1000 lux) was reported by Penpong et al [27].
Minimodules (with an active area of ~1 cm?) of blade-coated and hot-pressed carbon electrodes on wide
bandgap triple cation perovskite-based indoor PV with an efficiency of 32% were reported very recently [28].
Pitchaiya et al [29] used plant-leaf-extracted carbon as the electrode for fabricating a large-area
(10 x 10 cm?) PSCs with a PCE of ~ 7% under 200 lux indoor illumination conditions. However, interface
engineering improved the corresponding device efficiency to 20%. Makming et al [30] reported the
significance of hole transport layer modification to reduce the trap density by incorporating the CuPC:
CuSCN double layer HSLs. These devices with hot-pressed carbon electrodes and an active area of
0.0385 cm? demonstrated a PCE of 32% under 1000 lux indoor illumination. Tong et al [31]. Recently
reported on the selection of bilayer HSLs (P3HT-PTAA/NiO,) to enhance the performance of blade-coated
carbon electrode-based halide perovskite indoor PV. The corresponding devices with an active area of 1 cm?
showed a PCE of ~18% under 1000 lux indoor lighting conditions. A novel carbon electrode grafted by
reduced graphene oxide-carbon quantum dots-polyethylene glycol composites and hot pressed to realise a
flexible PSC with an active area of 0.04 cm? was reported by Passatorntaschakorn et al [32]. Under 1000 lux
indoor illumination, these carbon composite electrode-based flexible PSCs demonstrated a PCE of 21.6%.

Thus, the analysis of the existing handful of research articles on carbon counter electrode-based halide
perovskite indoor PVs shows that high efficiency (~30%) has been mainly reported for relatively small area
devices (~0.04 cm?) and demonstrates the significance of modifying the perovskite/carbon electrode
interface to enhance the PCE [27, 30]. Moreover, high PCEs have been reported for devices where the carbon
electrode has been hot-pressed onto the otherwise partially completed device heterostructure, either up to
the perovskite active layer or up to the perovskite/hole transporting layer [28, 32]. In the hot-pressed carbon
electrode preparation, the electrode is deposited separately onto an ITO substrate and soaked in ethanol.
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Table 1. Comparison of the efficiency of photovoltaic devices obtained from this work using MAPbI; as the photoactive layer and
Spiro-MeOTAD as the HSL with previous reports using the same photoactive layer and HSL.

Device active area PCE under one PCE under 1000 lux

Number (cm?) HSL Sun (%) indoor light (%) Reference
1 0.1 Spiro-MeOTAD 17.19 28.63 33]

2 0.1 Spiro-MeOTAD 16.66 24.7 [38]

3 0.08 Spiro-MeOTAD 33.6 33.6 [37]

4 0.09 Spiro-MeOTAD 17.88 31.03 [36]

5 0.1 Spiro-MeOTAD 16.50 30.01 [35]

6 0.08 Spiro-MeOTAD 18.4 24.0 [34]

7 1.0 Spiro-MeOTAD 14.0 29.3 This work

Then, the carbon electrode is peeled off, and the free-standing carbon electrode is hot-pressed onto the PV
device. This multi-step process makes the carbon electrode fabrication complex and can impede the
mass-scale fabrication, which is necessary for commercialisation. An alternative deposition method for
carbon back electrodes is low-temperature deposition (typically less than 100 °C), where a carbon paste is
directly deposited on the perovskite or HSL and is then cured at a low temperature (<100 °C) [26]. Though
the PCEs for cells made using this method are still lower than high-temperature deposition method, this
process involves fewer steps and lower temperatures, rendering it more promising for large-scale fabrication
of low-cost indoor PV devices.

In the present study, a single-step blade-coated C-PSC with an active area of 1 cm? and a PCE of ~17%
under 1000 lux is reported with MAPbI; (MA = methyl ammonium) as the photoactive layer. Although the
wider bandgap (~1.9-2.0 eV) materials are generally considered optimal for indoor light harvesting [10],
MAPDbI; has been selected in this study, due to its previously reported high indoor PV performance,
including by the authors, achieving PCEs exceeding 30% under 1000 lux illumination [33—41]. Table 1
presents a comparison of the efficiencies of Spiro-OMeTAD/Au electrode-based devices using MAPbI® as the
photoactive layer, as obtained in this study and previously reported, under both 1000 lux indoor illumination
and standard one Sun (AM 1.5 G) conditions. The comparable efficiency of the ~1 cm? active area devices
(~29.3%) from this study with the 0.1 cm? (commonly reported area previously) (~24%-31%) devices,
substantiates the superior quality of the devices in the present study. In this manuscript, Spiro-MeOTAD and
Spiro-OMeTAD refer to the same compound and are used interchangeably.

A direct comparison is also made between two commonly used HSLs, Spiro-OMeTAD and CuSCN, in
combination with a carbon electrode, and their interfacial properties were evaluated against those of
corresponding devices employing Au back electrode. Devices based on the CuSCN/C HSL/electrode
combination exhibit performance comparable to that of Spiro-OMeTAD/C devices under indoor lighting
conditions. A comparison of our work with the previously reported carbon electrode-based indoor PV
devices is given in table S1. It is worth noting that the HSLs and perovskite active layer are different from the
ones used in this study and still our study shows comparable efficiency (17.2%) to that of bandgap-tuned
wider bandgap based indoor PV devices (18%) for a similar active area. However, to achieve indoor PV
performance parity with that of Spiro-OMeTAD/Au cells (PCE of 29.3%), further suppression of series
resistance and interface charge transfer resistance are required.

2. Results and discussion

2.1. Properties of the carbon electrode and selection of different HSLs

The surface morphology of the blade-coated carbon electrode obtained using scanning electron microscopy
is shown in the figure 1(a). These carbon electrodes were prepared under ambient conditions using the blade
coating technique and were thermally annealed at 80 °C. A porous surface morphology with flake-like 2D
structures, attributed to graphite sheets, is observed. This morphology is consistent with previously reported
carbon electrode structures used in PSCs. [23, 42, 43]. The sheet resistance of the carbon electrode measured
using the four-probe method is ~30-35 €}/[]. The measured sheet resistance values are consistent with
previously reported results [23, 44]. The ambient photoemission spectroscopy (APS) data show an ionisation
potential (IP) of ~ 5.1 eV for the carbon electrode and is slightly higher than the Au electrode’s measured IP
of 4.8 eV (figure 1(b)). The corresponding work function of the carbon electrode measured through the
Kelvin probe contact potential difference method is 4.81 eV. These measured IP and WF values of carbon and
Au electrodes agree with previous reports [21, 45]. The thickness of the carbon electrode is ~ 15 ym as
measured using the profilometric method.
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Figure 1. (a): Scanning Electron Microscopy image of the Carbon electrode; (b) square root photoemission data for carbon and
Au electrode. Extrapolation of the linear segments gives an initial photoemission threshold of 5.09 and 4.84 eV for carbon and Au
electrodes, respectively; (c) the energy level alignment of the different HSLs with the perovskite active layer; (d) the schematic of
the device architecture used in the present study; (e) the current density—voltage (J-V) curves of the Spiro-MeOTAD HSL based
carbon electrode devices.

The different HSLs considered in this study for their compatibility with carbon electrodes for efficient
indoor light harvesting are Poly-TPD, P3HT, Spiro-MeOTAD and CuSCN. The energy level diagram of these
HSLs with the CH3;NH;Pbl; (MAPDI;) is shown in the figure 1(c) and the corresponding APS from which
the valence band/HOMO level is estimated is shown in figure S1. Initially, the n—i—p devices with the
architecture as shown in the figure 1(d) were fabricated using the HSLs of Poly-TPD, P3HT and
Spiro-MeOTAD with a device active area of 0.5 cm?. Under 1000 lux (warm white LED, 2700 K,

0.32 mW cm~?) indoor light illumination, the Spiro-MeOTAD HSL-based devices outperformed the devices
with poly-TPD and P3HT HSLs, with a PCE of 10% and 11.5% under forward and reverse scan (FS and RS),
respectively, as shown in the figures 1(e) and S2. This enhanced performance could be due to the better
energetic alignment and hole mobility of doped Spiro-MeOTAD HSL compared to other HSLs considered
(mobility of 1072 cm? Vs~! vs 1074—107> cm? Vs~!) [46, 47]. This is reflected in the enhanced open circuit
voltage (V) of 0.68 V and short circuit current density (J;.) of 0.13 mA cm~2 of these devices as listed in
Table S2. The PV performance of devices with different HSLs under one Sun illumination is shown in Table
S3. The low Vo and fill factor (FF) of the devices other than the Spiro-MeOTAD-based one indicate a
possible energetic misalignment, higher recombination losses and poor charge extraction in the
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Figure 2. J-V characteristics of ~1 cm? photovoltaic devices with Au top electrode under indoor illumination, using (a)
spiro-MeOTAD and (b) CuSCN as hole-selective layers (c) comparison of the EQE spectra of the corresponding devices.

corresponding devices. The poly-TPD HSL exhibited the lowest performance, and the precise reason for this
unexpectedly poor performance, worse than that of devices without any HSL, is currently unknown to the
authors. The poor performance of PV devices with P3HT HSL and no HSL can be attributed to the low hole
mobility and high recombination losses, as has been previously reported [48]. The damaging effect of the
carbon paste solvent on the underlying HSLs also cannot be ruled out, especially for the thinner Poly-TPD
(<10 nm) and P3HT (~30 nm) compared to the thicker Spiro-MeOTAD (280 nm) HSLs.

2.2. Optimisation of large area (~1 cm?) Au top electrode indoor PV devices

Previous studies have shown that inserting a charge-selective layer at the perovskite/carbon interface is useful
to enhance charge extraction and prevent recombination losses [21, 25]. Our efforts to achieve large-area
carbon-based PSCs started with the fabrication of corresponding Au metal back-electrode-based control
devices. The HSLs considered are Spiro-MeOTAD and CuSCN. The energy level alignment of these HSLs
with the active layer is shown in the figure 1(c). Under indoor illumination, with Au as the back electrode,
Spiro-MeOTAD HSL-based devices showed a PCE of 24.9% and 29.3% under FS and RS conditions,
respectively. The corresponding J-V curves are shown in figure 2(a), with the inset showing the performance
parameters. These devices showed a PCE of 13.9% and 14.0% under one Sun illumination (figure S3). When
CuSCN is used as an HSL, the corresponding devices showed a PCE of 11.5% (FS) and 14.5% (RS) under
indoor lighting conditions. The main efficiency-limiting factors were lower FF and V. compared to
Spiro-MeOTAD based devices. Under one Sun, CuSCN/Au electrode based devices showed a PCE of
~10.4% (FS) and 10.9% (RS), and again, the FF and V. are the efficiency-limiting parameters compared to
Au electrode based counterparts. For indoor and one Sun illuminations, the CuSCN devices showed lower
shunt resistance (Ry,) than Spiro-MeOTAD devices. This lower Ry, for CuSCN devices could be due to the
lower thickness (~30 nm) of this HSL compared to Spiro-MeOTAD (~280 nm) and/or due to the
unfavourable interaction of CuSCN with the Au electrode, introducing interface defects as previously
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Figure 3. The J-V characteristics of the ~1 cm? photovoltaic devices with carbon back electrode and (a) Spiro-MeOTAD and (b)
CuSCN as the HSLs under indoor illumination (c) comparison of the EQE spectra of the corresponding devices (d) summary of
the photovoltaic properties of the Au and carbon back-electrode based devices under indoor and one Sun illuminations.

reported [49]. The EQE spectra of the corresponding devices are shown in figure 2(c) and the comparable
EQE of both devices agree with the ] of these devices as shown in figures 2(a) and (b) and in figure S3.

2.3. Optimisation of large area (~1 cm?) carbon top electrode indoor PV devices

With the successful fabrication of 1 cm? Au electrode-based devices, the same HSLs of Spiro-MeOTAD and
CuSCN were used as the HSLs in carbon electrode devices. The energy level diagram of these HSLs with the
carbon electrode is shown in figure 1(c). Under indoor illumination, the CuSCN-based devices show a FS
and RS PCE of 16% and 17.2%, respectively, as shown in figure 3(a). In the case of Spiro-MeOTAD, the FS
and RS PCE:s are also comparable, with FS and RS PCEs of 13% and 17%, respectively figure 3(b). However,
compared to CuSCN based devices, the Spiro-MeOTAD based devices shows higher -V hysteresis. Previous
studies, including the authors), have shown that, under indoor lighting, the J-V hysteresis differs from one
Sun illumination and depends on the selection of photoactive and charge extraction layers [39-41, 50].
Moreover, under low-intensity indoor illumination, the effects of charge trapping and detrapping at the
interface have a prominent role in enhancing J-V hysteresis [39]. In the present study, since the
ITO/SnO,/perovskite interface is the same, the difference in the observed J-V hysteresis can be attributed to
the traps at the perovskite/HSL buried interface. The tert-butylpyridine (tBP) dopant in the Spiro-MeOTAD
can complex with Pbl,, leading to defect formation [51, 52]. The light and bias-induced migration of the
unoxidized Li™ ions from the Li-TFSI can modify the built-in field and applied bias, contributing to the
enhanced J-V hysteresis [53]. From figures 3(a) and (b), the main PV performance parameters contributing
to the J-V hysteresis of Spiro-MeOTAD based devices are V. and FFE. The overall PV performance
parameters (especially V. and FF) are slightly superior for CuSCN/C devices compared to
Spiro-MeOTAD/C devices under indoor lighting conditions, and this contrasts with the CuSCN/Au and

6
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Spiro-MeOTAD/Au devices. The underlying reason for this observation is further discussed in the ‘Device
Physics Analysis’ section (iv).

Under one Sun illumination, the CuSCN/C devices outperformed the Spiro-MeOTAD devices (PCE of
7.4% vs 3.6%) and the main efficiency-limiting parameter is found to be the J. for the Spiro-MeOTAD
devices, and this could be due to the higher series resistance of the Spiro-MeOTAD/C devices. The
corresponding J-V characteristics and performance parameters are shown in figure S4. The EQE spectra of
the CuSCN/C and Spiro-MeOTAD/C devices are shown in figure 3(c) and agree with the lower J. observed
for the latter devices. The summary of the comparison of the PCE of the Au and C-based devices is shown in
figure 3(d).

From the overall performance analysis of the different electrode-based devices (as shown in figure 3(d)),
it is noteworthy that under indoor lighting conditions, Spiro-OMeTAD/Au-based devices outperform
CuSCN/Au devices, while CuSCN/C-based devices exhibit superior performance compared to their
CuSCN/Au counterparts. Under one Sun illumination, Spiro-OMeTAD/Au-based devices again outperform
CuSCN/Au devices, while CuSCN/C-based devices demonstrate superior performance compared to their
Spiro-OMeTAD/C counterparts.

The significant difference in performance between Spiro-OMeTAD/Au and CuSCN/Au under indoor
light is speculated to be due to the Au thermal evaporation induced damage to the relatively thin (~30 nm)
underlying CuSCN layer. Such damage to the barrier layers due to thermal evaporation of metals has been
previously reported [54]. Also, it has been shown that the self-disproportionation reaction of Cu™ in CuSCN
with Au can make Cu/Au alloys, causing interface degradation, which gets pronounced under an electric
field, that is, during the actual testing of the devices [49]. These defects can be more detrimental under
indoor lighting conditions, where the photogenerated charge carrier density is significantly lower than under
one Sun illumination. As a result, the influence of interfacial defects becomes more pronounced,
contributing to the reduced PV performance. In the case of CuSCN/C devices, the CuSCN layer is subjected
only to low-temperature ambient processing and is not exposed to high-energy metal deposition under
vacuum. Therefore, the CuSCN layer is likely to remain more intact, with fewer defects, compared to the
CuSCN/Au contact. A device physics analysis was conducted to elucidate the performance differences
between Spiro-OMeTAD- and CuSCN-based devices with either Au or carbon electrodes.

2.4. Device physics analysis

Figure 4(a) shows the V. vs. light intensity analysis of the Au and carbon electrode-based devices. Under
relatively higher light intensity, all the devices show the presence of trap-assisted recombination losses.
However, under low-intensity illumination, the carbon-based devices show a much steeper slope and much
stronger trap-assisted recombination losses compared to the Au-based devices. The transient current decay
experiments (figure 4(b)) show that the charge extraction is much faster for Spiro-MeOTAD/Au devices
compared to Spiro-MeOTAD/C electrode-based devices. This agrees with the much higher current density of
Spiro-MeOTAD/Au devices compared to Spiro-MeOTAD/C devices. This is evidenced in the comparison
between figures S3(a) and S4(a).

The interface properties of the corresponding devices were investigated using impedance spectroscopy
with a low intensity illumination of ~2 mW cm~2. The impedance spectra of the Spiro-MeOTAD/Au and
Spiro-MeOTAD/C electrode based devices are shown in figure 4(c). As the Nyquist plots clearly show, the
series resistance is much higher (250 2 vs 7.7 2) for the carbon electrode-based devices compared to the
Au-based one. This is in agreement with the higher series resistance observed from the J-V characteristics of
the carbon electrode and the relatively lower J, especially under one Sun, where the series resistance
influence is higher (figures S3(a) and S4(a)]). The Nyquist plots were fitted with an equivalent circuit with a
series resistance and two parallel RC components (as shown in figure 4(d)). Since the illumination is
relatively low (~2 mW cm™?2), the high-frequency resistance can be assigned as a combination of both the
transport resistance and recombination resistance (Ry.) and is higher for the carbon electrode devices
(table 2). The low-frequency component of the charge transfer resistance (R) is also found to be higher for
the carbon-based devices than the Au devices, implying charge accumulation at the interface. [55]

2.5. Sensor powering

The ability to power sensors for evaluating indoor air quality was initially demonstrated by powering a
tmp36g¢19z temperature sensor. Five cells were connected in series to obtain an output voltage of 3.0 V and
30 pA under indoor light illumination. These cells were then connected to the temperature sensor in a series
configuration, where the output from the temperature sensor was measured using an Arduino Mega and
converted to temperature units. The ambient temperature was then measured over 10 min to be

26.2°C £ 0.9 °C, as illustrated in figure 5(a). The temperature was then measured during a heating
procedure, by placing the sensor on a 100 °C hot plate for 5 min, where the temperature rose to
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Figure 4. (a) V. vs light intensity plots for carbon and Au electrode based devices (b) transient photocurrent decay of the
corresponding devices (c) Nyquist plots from the IS measurements (d) the equivalent circuit diagram used for the fitting of the
Nyquist plots.

Table 2. The fitting parameters used for the Nyquist plots in figure 4(c).

Series Resistance

Sample Ry (Ohm) Riec (Ohm)  Re (Ohm) Crec (nF) Ce (nF)
Spiro-MeOTAD/Au 7.73 4.31 328 378 64.3
Spiro-MeOTAD/C 250 30.3 1073 236 7.73

65.2 °C £ 0.9 °C. The sensor was then removed from the hotplate and observed to cool to 31 °C 0.9 °C
over a 5 min period. The response is comparable to that obtained when powering the sensor with a 5V
Arduino supply, demonstrating the suitability of C-PSCs to power the sensors.

2.6. Shelf-life stability
The shelf-life stability of the unencapsulated devices was investigated over a period of four months. During
this time, the devices were stored either in a desiccator or in a dry air box with a relative humidity below
10%. Figure 5(b) shows the overall performance (PCE) comparison of the pristine and aged devices.
Irrespective of the choice of Au or carbon electrode and the HSL of CuSCN or Spiro-MeOTAD, all aged
samples exhibit exacerbated J-V hysteresis. This effect is more pronounced in devices utilising
Spiro-OMeTAD compared to those based on CuSCN. This could be related to dopants such as Lithium (Li)
salt and tBP as discussed above in section (iii). Because of the poor performance of the CuSCN/Au devices,
we were not able to gather reliable shelf-life data for these samples.

From figure 5(b), it can be seen that the champion devices retained their PCEs for the
Spiro-OMeTAD-based devices for both Au and C electrodes despite their increase in the J-V hysteresis.
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and during the heating and cooling routine; (b) the shelf-life stability (4 month period) PCE comparison of different devices
involved in this study. The label ‘Spiro’ refers to the Spiro-OMeTAD HSL-based devices.

However, in the case of CuSCN based devices, the overall PCE decreased from a champion PCE of 17.2%
(RS) to 14.6% (RS). A detailed analysis of the different PV performance parameters (shown in figure S5)
indicates that the main factor affecting the -V hysteresis is FF and the series resistance. The increase in series
resistance is further reflected in the reduction of . (figure S5(c)). From the overall comparison of the
shelf-life stability of Au and C-based devices with different HSLs, the selection of HSL is found to be the
critical factor in determining both the PCE and shelf-life stability. Previous studies have shown that over
time, in addition to the Au™ ion migration to the perovskite active layer, the dopants such as tBP can reduce
the concentration of Spiro-OMeTAD™ and LiTFSi can get irreversibly distributed across the Spiro-OMeTAD
layer, respectively which can contribute to the enhanced J-V hysteresis over time [56]. The exact degradation
mechanism of CuSCN/C devices remains unclear at this stage, and further systematic investigation is
required to elucidate it.

3. Conclusion

Single-step blade-coated carbon is demonstrated as an effective back electrode for scaling up halide
perovskite indoor PV production. The choice of an appropriate HSL is found to be crucial for maximising
both the PCE and shelf-life stability of such devices. The CuSCN/C-based indoor PVs exhibited comparable
PCE to that of Spiro-MeOTAD/C devices. However, a significant efficiency gap was observed between
Spiro-MeOTAD/Carbon and Spiro-MeOTAD/Au devices under indoor illumination, primarily due to high
series resistance and interface charge transfer resistance, which remain key challenges to overcome.
Mini-modules of carbon electrode based indoor PVs were subsequently utilised to successfully power a
temperature sensor for monitoring indoor temperatures. The shelf-life stability of the unencapsulated
devices investigated over a period of four months revealed that, irrespective of the choice of Au or carbon
electrode and the HSL of CuSCN or Spiro-MeOTAD, all aged samples exhibit worsened J-V hysteresis with a
noticeable PCE loss by CuSCN/C devices. Thus, our study elucidated the reasons behind the performance
disparities between Spiro-OMeTAD and CuSCN HSL based devices paired with either Au or carbon
electrodes under both indoor and one Sun illumination. It also compared their shelf-life stability,
highlighting a promising pathway for their potential use in future IoT sensor powering applications
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