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Abstract

By harvesting low-intensity ambient light, indoor photovoltaics (PVs) could soon power countless
internet-of-things (IoT) devices and sensors. However, indoor illumination conditions vary from
room to room and even hour to hour, leading to inconsistent PV power generation. To overcome
this, energy-harvesting circuitry can be used alongside indoor PV modules to recharge batteries or
capacitors, forming energy-harvesting systems that enable consistent discharge into IoT devices.
The optimisation of such systems is a topic of intense research. In this work, we use thermodynamic
principles to model power generation in indoor PV modules based on inorganic, perovskite, and
organic semiconductors, before evaluating the efficiency of the whole energy-harvesting system. In
these investigations, we account for detailed device physics, including sub-gap absorption,
band-filling effects, point defects, and parasitic resistances, while also considering performance
under several different light sources. Ultimately, we find that the maximum power point voltage
(Vimpp) is pivotal in determining the optimal number of cells for an indoor PV module. Despite
some PV materials having a lower V},,,, due to narrower bandgaps or increased voltage losses, we
find that this can be compensated for by increasing the number of cells; though too many cells can
actually lead to inefficient energy harvesting. As a final case study, we evaluate the power generated
and stored in a typical day (where an interplay between daylight and artificial light is present) to
determine how stored energy translates to measurements made with an IoT device.

1. Introduction

As part of the Fourth Industrial Revolution that’s currently evolving the global technological landscape,
wireless devices and sensors are being widely deployed to form the Internet-of-Things (IoT) [1]. These IoT
devices include remote sensors for temperature, carbon dioxide levels, humidity, and more [2, 3]. However,
this accelerating deployment will bring a considerable demand for energy that must be met in a sustainable,
environmentally-friendly, and economically-viable manner. To this end, innovative approaches are required
to provide locally-generated, clean energy.

One technological advancement that could bring power to IoT devices deployed in internal spaces—such
as offices and homes—are indoor photovoltaics (PVs), which negate the need for disposable batteries [4].
Indoor PVs need not be as large as solar panels; with device areas on the order of just 30 cm? being ample for
powering most IoT devices [5]. However, powering IoT devices directly with indoor PVs is impractical due
the variability in available light resource throughout the day. To overcome this and extend operating periods,
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IoT systems commonly employ a ‘harvest-store-use’ architecture [6], wherein the indoor PVs recharge
batteries or supercapacitors in a process mediated by an energy-harvesting board (EHB). The stored power is
then discharged into the IoT device as and when required. However, the harvest-store-use process is not
100% efficient. Firstly, the PV device does not convert all the incident light to electricity; it instead generates
power at some power conversion efficiency (PCE). Following this, the EHB stores the generated power at
efficiency ngup —which can depend on both the voltage (V) and current (I) flowing through the circuit [7].
The net result of these processes is the system efficiency (7)), which quantifies how much of the incident
light power is stored by the energy-harvesting system and then made available to the IoT device; it is

defined as

nsys - [PCE X nEHB] X Ndis - (1)

Here, 14 is the efficiency of the discharging of power into the IoT device, which will depend on the exact
IoT device being used. In this work, we remain agnostic to any IoT device-specific discharge efficiency and
focus solely on the efficiency of the energy-harvesting system—shown in square brackets in equation (1)—by
effectively assuming 74is = 1. Setting the EHB aside for now, there are two main considerations for
optimising the system efficiency: (i) the available light resource and (ii) the intrinsic losses of the PV device.

To power IoT devices in indoor settings, indoor PVs harvest low-intensity, ambient light. As many
different light sources can be present indoors, the spectral lineshape and intensity of this light can vary from
one room to the next, and even between locations in the same room [8, 9]. This makes it challenging to
predict the real-world performance of indoor PVs. Compounding this is the difficulty in making
laboratory-scale comparisons in the absence of widely-adopted indoor PV testing standards. Different
laboratories commonly use different light sources, and the spectral lineshape of the light can also be
influenced by the attenuation method used to reduce it to a desired intensity, with neutral density filters and
prism attenuator approaches being particularly problematic [10]. Highly-engineered approaches are
required to overcome this, such as the use of digital-micromirror devices [11]. Complicating things further is
the use of photometric units of illuminance (lux) to measure light intensity, which in the context of different
light sources leads to variations in irradiance. In simpler terms, this means that sources that are perceived to
be equally bright can actually have different light intensities. Testing standards alleviate some of these
difficulties, with indoor PV testing standard IEC TS 62 607-7-2:2023 recently being published to this end
[12-14].

Under most sources of artificial, visible light, PV materials require optical gaps (Eqp;) between 1.7eV and
1.9eV to achieve high PCEs [15-17]. Next-generation semiconductor materials with wide, tuneable gaps are
therefore desirable for indoor PV applications, with the ever-improving perovskites and organic
semiconductors being of particular relevance [18-22]. These materials are solution-processible and flexible,
enabling the fabrication of large-area PVs using low-temperature, low embodied energy techniques like
roll-to-roll printing and blade coating [23-26]. Despite these advantages, perovskite and organic PVs have
limitations at both the material and the device level.

At the material level, the performance of next-generation semiconductors is limited by intrinsic loss
mechanisms. These include (radiative) losses in the open-circuit voltage (V) induced by sub-gap
absorption, manifested by so-called Urbach tails encountered in a wide range of semiconductor materials,
including inorganic systems like amorphous silicon and cadmium telluride (CdTe), as well as perovskites and
organic semiconductors [17, 27, 28]. Further losses to the open-circuit voltage arise from non-radiative
recombination. In organic PVs, this non-radiative open-circuit voltage loss has been observed to decrease
with increasing E,p via the energy-gap law [29]. Improvements in material combinations are constantly
reducing these losses, however, and thus gradually increasing device performance. A notable material-level
evolution for organic PVs has been the transition from fullerene to non-fullerene acceptor (NFA) molecules
boosting PCEs to 20% in recent years [21, 30-33].

Following the optimisation of materials, the next important question is how the performance of
laboratory-scale devices translates to large-area devices (>10 cm?). At such scales, the PCE can become
limited by parasitic shunt resistances, including the intrinsic, bulk shunt resistance of the material and the
shunt resistance of point defects that form during imperfect deposition procedures [5, 34]. At low light
intensities, Ohmic losses attributed to the series resistance of electrodes are small (due to the low current
densities), whereas shunt resistances play a more important role. To increase the effective shunt resistance of
the device while also increasing voltage, monolithic PV cells can be converted/singulated into PV modules
consisting of pixels interconnected in series using patterning techniques such as laser scribing [35-37].

Herein, we extend prior work on the thermodynamic limits of indoor PV performance while accounting
for different loss mechanisms in photovoltaic devices [17], including transport losses, sub-gap absorption,
and parasitic resistances induced by point defects. In these investigations, we utilize light-emitting diode
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(LED)-B4 as a light source, as specified in indoor PV testing standard IEC TS 62 607-7-2:2023 [12—14].
Following this, we use the PV external quantum efficiency (EQEpy) spectra of real devices to demonstrate
how the design of PV modules can influence the performance of energy-harvesting systems. In these
investigations, we consider the e-peas® AEM 13920 EHB (a popular choice for IoT systems) [7]. We find that
the optimal number of cells in a PV module will closely depend on both the material type and operational
light intensity range. We probe the sensitivity of these devices to changes in light source, before presenting a
case study on the power stored by energy-harvesting systems based on different PV devices, using irradiance
spectra for a typical day [9]. To support these findings, we have upgraded our open-source computational
tool, PV-Simulator [38], with capabilities for simulating energy-harvesting systems while expanding its
database to include more than 300 state-of-the-art PV devices [39], including inorganic, perovskite, and
organic PVs.

2. Single-cell photovoltaics

Before focussing on the optimisation of indoor PV modules for indoor energy-harvesting applications, we
first establish concepts relevant to the optimisation of the individual PV cells that form a module. We start by
exploring the diverse illumination conditions that indoor PVs may encounter, which can impact power
generation and have far-reaching implications for module optimisation. Following this, we present

idealised limits for power generation in common PV materials—including inorganics, perovskites, and
organics—thereby conveying what performance is achievable despite intrinsic loss mechanisms. We then
apply PV-Simulator’s open-source database—which contains the spectral responses of hundreds of
state-of-the-art devices—to predict realistic device performance, before probing the detrimental effects of
shunt resistance. Finally, we investigate how versatile devices can be with respect to the many different light
sources present in typical indoor environments.

2.1. Light resource availability for energy-harvesting systems

To provide locally generated power for consumer electronics and IoT devices, energy-harvesting systems
based on PV modules harvest low-intensity ambient light. As previously indicated, such systems typically
employ the harvest-store-use architecture illustrated in figure 1(a), with the output of the PV device (beita
cell or module) being stored in a battery/capacitor by an intermediary EHB [6, 40]. As we explore in

section 3 using the e-peas® AEM 13920 as an exemplar EHB [7], the efficiency of this energy-harvesting
process depends on the PV device’s maximum power point voltage (Vipp) and current (Iypp). In turn, these
parameters depend on the intensity and spectral distribution of the incident light [17], meaning that the
optimisation of PV devices for energy-harvesting applications requires some foresight of possible
deployment locations and their associated lighting conditions.

In practice, indoor energy-harvesting systems could encounter light emitted by all manner of sources
including LEDs, fluorescent lamps (FL), the Sun, or some superposition of multiple sources [9]. Without the
widespread adoption of a robust indoor PV testing standard, this multitude of light sources makes
meaningful comparisons between different laboratories a challenge. Recently, indoor PV testing standard
IEC TS 62 607-7-2:2023 was introduced to alleviate some of these issues [12—14]. Figure 1(b) shows the
spectral irradiances (Isource) Of the International Commission on Illumination’s (CIE’s) LED-B4 and FL-10
light sources specified in this testing standard, which are plotted against the photon energy (E). Note that
these spectra were plotted at an illuminance Lyyyce = 1000 lux, with the conversion from the radiometric
units of irradiance (physical light intensity) to the photometric units of illuminance (perceived brightness)
made using

3.35
Lsource = Lo / v (E) Lsource (E) dE7 (2)

1.77

with v (E) being the luminous efficiency of photopic vision and Ly = 6830lux/ (mW cm™2) [42, 43]. A full
list of symbols and abbreviations is provided in supplementary note 1. For reference, figure 1(b) also
contains the AM1.5 G solar spectrum scaled down to 1000 lux using the overlap integral in equation (2),
illustrating how the Sun’s irradiance spectrum is broader and red-shifted compared to the LED-B4 and FL-10
spectra. From this figure, it is clear that different light sources can have vastly different spectral irradiances
while having the same illuminance,

Of course, focussing on just one or two light sources neglects the diverse illumination conditions
encountered in real deployment locations. For example, the irradiance spectra of incandescent lights
(modelled as black-body emitters at a given colour temperature) and typical LED light sources are illustrated
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Figure 1. Light resource considerations for energy-harvesting systems. (a) Illustration of a typical energy-harvesting system,
including a photovoltaic module that converts ambient light to electrical power, which is stored in a battery/supercapacitor by an
energy-harvesting board (EHB) at efficiency ngus. (b) Spectral irradiance (Isource) versus photon energy (E) for two light sources
specified in indoor PV standard IEC TS 62 607-7-2:2023 [12—14]. Namely, these are the LED-B4 and FL-10 spectra, which are
here scaled to an illuminance Lyource = 10001lux. Included for reference is the AM1.5 G solar spectrum scaled to Lyource = 1000lux
according to the overlap integral given in equation (2). Additionally, the spectral irradiances of (c) incandescent light bulbs
(modelled as black-body emitters) and (d) LEDs of a variety of colour temperatures are indicated at Lyource = 10001ux [41]. (e)
Corresponding irradiances (Psource = f0°° Isource (E) dE) of a variety of visible light sources, with all having illuminance

Lsource = 10001ux.

in figures 1(c) and (d) [41], respectively, where all spectra hold the same illuminance (Lsource = 10001ux).
From these graphs, it is clear that spectral irradiance can differ greatly with apparent colour temperature;
with the peak at high (low) photon energies increasing (decreasing) as colour temperature increases. For
example, if one measured the PCE of a device with bandgap Ep; = 2.2V under a (warm white) 2700 K LED
at a given illuminance and then measured the same device under a (cool white) 5700 K LED at the same
illuminance, then the two measurements would be made at very different irradiances. This is clarified in
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figure 1(e), wherein the integrated irradiances (Psource) 0f different sources scaled to an illuminance
Lyource = 10001ux have been quantified from the spectral irradiances and compared using

00
Psource = /Isource (E) dE. (3)
0

From this figure, it is clear that Py varies by more than 33% for different LEDs and FL despite the
sources having the same Lgoyrce- These variations are up to two orders-of-magnitude for conventional
incandescent lights. Consequently, while permissible in the context of a singular light source, photometric
units of illuminance are not reliable when considering the performance of physical systems under different
sources, and they might ultimately lead to inaccuracies in PV device characterisation. We note that similar
conclusions on the unreliability of lux measurements have been drawn in the past [16, 44, 45]. In the
remainder of this work, we therefore use the radiometric units of irradiance and spectral irradiance, with the
photometric units of illuminance only provided for comparison where necessary.

2.2. Thermodynamic limits of single cells in idealised device models

To provide context for results presented using real PV devices in the next section, we now summarise an
investigation on the thermodynamic performance limits of idealised PV cells based on different material
classes [17]. In this investigation, the PV figures-of-merit were evaluated by relating the current density (J)
generated by a PV cell to the voltage bias (V) across it using the diode equation [17, 46]

quro Viro
N

_]ph- (4)

Here, q is the elementary charge, kg is the Boltzmann constant, and T is the temperature. The effective
voltage drop across the device (Virop) relates to the voltage bias via Vgrop = V — AcellRs J (V), with Ac and Ry
being the cell’s cross-sectional area and total external series resistance (induced by electrodes, wires, etc.),
respectively. On the other hand, R, denotes the parallel (total shunt) resistance of the cell, which can include
contributions from point defects [34]. The spectral response of the PV cell enters equation (4) via the
calculation of the photocurrent density (J,n) and dark saturation current density (Jo), which can be written
in terms of the EQEpy as [17, 27, 47]

oo

E—qV. o
Joh (Vdrop) = Q/EQEPV (E) tanh (LIZB;P) D source (E) dE, (5)
0
and
Jo (Varop) = ﬁ / EQEpy (E) w (E, Varop) ® planck (E) dE, (6)
0

respectively. Therein, @ souree (E) = Isource (E) /E is the spectral photon flux of the light source, while

P planck (E) = 25 5 x [exp (kBLT) - 1} is the spectral photon flux of thermal radiation for a cell at

temperature T. In equation (6), EQEg is the cell’s electroluminescent external quantum efficiency (equal to
unity in the radiative limit), whereas w (E, Virop) denotes a voltage-dependent correction factor that
accounts for band-filling effects and the chemical potential of radiation [17, 27, 48]; it is defined by

1
qVarop—E 2
e ()|

In idealised models, these equations can be solved analytically to yield the PV figures-of-merit [17].
Though in general, these equations are solved numerically to identify V},,,, and the maximum power point
current density (Jypp) of a PV cell, with its PCE ultimately being calculated using

w (E, Varop) = (7)

PCE = M (8)

source

Using equations (4)—(8), the PV figures-of-merit can be modelled for any PV cell using its EQEpy
spectrum, EQEg value, and parasitic resistances.
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The technique outlined above is used throughout this work to model power generation per unit area of a
PV device, and we first apply it in three idealised models. In these models, parasitic resistances are assumed
to have no effect (R; = 0 and R, — 00), such that other intrinsic losses present in the PV cells in the
thermodynamic limit can be audited. The first of these models is the Shockley-Queisser (SQ) model—a valid
upper limit for PV device performance where transport and non-radiative losses are assumed negligible,
while the material has perfectly-defined band edges (i.e. no sub-gap absorption) [49]. In the SQ model,
EQEpy is a step function about a threshold optical gap (Eqp):

la if E Z Eopt7
0, otherwise

EQEp (E) { ©)

An example EQEpy spectrum in the SQ model is illustrated by the black curve in figure 2(a), with a
discontinuous step in absorption at Eop = 1.5€V.

While the SQ model can provide an upper limit and identify optimal bandgaps, its underlying
assumption of perfectly-defined band edges neglects subtleties present in real devices. This includes the
effects of thermal broadening and energetic disorder, which in most materials lead to an exponential decay in
EQEpy below the gap known as a ‘sub-gap’ or “‘Urbach’ tail [28, 50-56]. Such Urbach tails are important as
they detrimentally affect device performance by inducing losses in the radiative open-circuit voltage (V1)
[17]. To account for this effect, EQEpy can be modelled as

15 if E Z Eopt7
EQEPV (E> = EQEmax X E—Eqpt . . (10)
exp (=g ™ ), otherwise

Here, Ey is the characteristic Urbach energy of the sub-gap tail, whereas EQE,,y is the above-gap
quantum efficiency, with EQE .« < 1 indicating losses due to reflection/transmission of light or incomplete
charge collection. Using equation (10), idealised models for perovskites and organics were defined, with each
having an optimistic EQEpax = 0.9. The resultant EQEpy spectra are plotted for devices with E,, = 1.5eV in
figure 2(a). In the idealised perovskite model a reasonable Ey = 15meV was assumed [52], while in the
idealised organic PV model Ey = kgT ~ 25.26 meV was assumed as a reasonable minimum (with
T = 293.15K) [28]. We note that in these idealised models there is a discontinuous jump in EQEpy that is
not present in real devices, with the transition between the exponential growth and saturation regimes
generally being broadened by static energetic disorder [28, 57].

Using the three idealised models outlined above, the PCE was determined in the radiative,
thermodynamic limit (EQEg;, = 1, Ry = 0, and R, —+ 00) under LED-B4 illumination at Pyoyree
=0.3132mWcm ™2 (corresponding to Lgouree = 1000 lux in photometric units), with the results illustrated as
a function of optical bandgap (E,p,) in figure 2(b). From this figure, it is clear that a maximum PCE of 54% is
predicted by the SQ model when E,,; = 1.83 V. This maximum PCE decreases after accounting for losses in
EQEnax and incorporating sub-gap absorption using equation (10); the former causes a 10% decrease in
both J,,;, and Jj that reduces the maximum PCE down to 49%, while the latter induces additional losses in the
open-circuit voltage that causes further loss in PCE [17]. In the perovskite model, a maximum PCE of
around 48% is predicted. Whereas the maximum PCE is around 46% in the organic PV model (due to its
larger Urbach energy). We stress that, as all these values were determined in the radiative limit, they will be
further reduced by non-radiative losses in real devices.

A prominent source of voltage loss in some PV materials is the non-radiative recombination of excited
charge carriers. In organic PVs the associated non-radiative open-circuit voltage (AV 55) loss has been
observed to decrease with increasing E,p; via the so-called energy-gap law [58, 60, 61]. Figure 2(c) illustrates
this trend using AV 0t data determined experimentally for state-of-the-art systems, including data compiled
by Ullbrich et al [58] alongside data previously compiled by the Authors [17, 59]. More recent AV % data are
shown by the more opaque data points in figure 2(c) (see supplementary note 2 for details) [31, 32, 62-92].
From this figure, it is clear that NFA organic PV blends typically have lower AV 2 compared to FA blends,
though such losses grow with decreasing E, in either case. To account for these intrinsic losses in the
idealised organic PV model, AV 7! is expressed empirically in terms of the optical gap as [59]

C

5_Eopt
1 —exp (—r [5 — Eopt])

AV (Eopt) = AV + K (11)

where E,p,¢ has units of eV, AV, = 0.57VeV™!, e =1.49¢eV,r=10eV~!, and k = 0.16eV. We emphasise
that equation (11) is simply an empirical model that captures trends observed in state-of-the-art devices.
Models obtained using robust theoretical frameworks are available elsewhere [61, 93]. Using equation (11),
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Figure 2. Comparing photovoltaic performance of different in different device models in the thermodynamic limit (R, = 0;

R, — 00). (a) Photovoltaic external quantum efficiency (EQEpv) spectra plotted as a function of photon energy (E) in three
idealised device models, all with optical gap Epe = 1.50eV. Namely, these are the SQ model (black), the perovskite PV model
(purple) with EQEmax = 0.9 and Ey = 15meV, and the organic PV model (blue) with EQEmax = 0.9 and Ey = kgT = 25.26
meV. (b) Power conversion efficiencies (PCEs) in the different device models under illumination by LED-B4 at irradiance

Psource = 0.3132mW cm~2 (corresponding to illuminance Lsource = 10001ux), where the radiative (non-radiative) limit of the
organic PV model is indicated by the solid (dashed) blue curve. (c) Non-radiative open-circuit voltage losses (AV (%) in organic
PVs, plotted against the energy of the charge-transfer state (Ecr), which is approximately equal to Eop in low-offset organic PV
blends such as those containing non-fullerene acceptors (NFAs). The lighter symbols indicate previously compiled data [17, 58,
59], while the darker blue triangles and green squares indicate additional, contemporary AV 2t data for organic PV devices based
on NFAs and fullerene acceptor (FA) systems, respectively (see supplementary note 2). The dashed black curve indicates the
empirical model for AV 2! defined in equation (11).

non-radiative open-circuit voltage losses were accounted for through the principle of reciprocity [47], with

the electroluminescent external quantum efficiency (EQEgy ) written as

Ay nr
EQEEL = exp (_qoc> .

kT
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Using equations (11) and (12), a non-radiative limit of the idealised organic PV model can be defined,
with the resultant PCE under LED-B4 illumination indicated by the dashed blue curve in figure 2(b). From
this figure, it is clear that incorporating non-radiative open-circuit voltage losses leads to further reduction in
device performance, with a maximum PCE of 43% predicted in this model.

Of course, while the idealised, thermodynamic models considered in this section teach us what might be
possible with fully-optimised devices, they teach us little about what real devices could currently achieve.
Moreover, they do not account for other subtleties present in real, large-area PV devices, including geometric
losses, point defects, and more. In the next section, we build on the findings presented here by considering
the absorption properties of real devices.

2.3. Predicting indoor photovoltaic performance of devices measured under one-Sun conditions

To describe how real PV devices perform under indoor illumination conditions, we recently presented a
technique for extrapolating measurements of devices made under one-Sun conditions to any set of
illumination conditions [17]. This approach allows devices published in the literature to be recontextualised
for indoor PV applications, without the additional expense of fabrication and/or the complexities of testing
under several light sources. The technique utilises a device’s EQEpy spectrum and open-circuit voltage under
one-Sun conditions (V &) to determine AV ™ in the thermodynamic limit.

In figure 3 ultra-sensitive EQEpy spectra are shown for a PM6:Y6 organic PV device [94] and a
Cso.15FA 85Pbls perovskite PV device [95] in (a) and (b), respectively. An Urbach tail is present immediately
below the gap in both systems, as indicated by the dashed blue lines, with Ey ~ kg T = 25meV for the
PM6:Y6 device and Ey =~ 13meV for the Csg 15FAq gsPbl; device. We note that subtle deviations from
perfectly exponential Urbach tails are likely the result of optical interference, due the thin-film PV devices
acting as optical cavities [57, 96, 97]. Also indicated are the Gaussian absorption features of deep traps in the
organic PV [28, 98, 99]. In the perovskite device, however, these sub-gap features appear exponential or like a
broad Gaussian in nature, though the measurement becomes limited by thermal noise before the exact
lineshape can be revealed [100].

A subtlety that must be accounted for when estimating AV [ from EQEpy spectra is the weakly-
absorbing features of deep trap states not obeying the standard reciprocity relation and generally not
contributing to the thermodynamic limit [51, 94]. These features can in practice be truncated off the EQEpy
spectrum by introducing a lower limit (Ejower > 0) into the integrals of equations (5) and (6). The result of
this analysis is indicated for the PM6:Y6 device in figure 3(c) and for the Csg 15FA( ssPbl; device in
figure 3(d), with the open-circuit voltage in the radiative limit (V' 2%) being simulated under AM1.5 G
(one-Sun) conditions and plotted against Ejoye,. Note that EQEg; = 1 is assumed in equation (6) to give the
radiative limit, while a cell temperature T = 293.15K is assumed throughout this work. For comparison, the
open-circuit voltage determined experimentally under one-Sun conditions (V' &) is indicated by the dashed
lines, with ngc = 0.82V for the PM6:Y6 device and V?C = 1.02V for the Csg 15FA g5Pbl; device [94, 95]. As
Ejower decreases, more of the incident irradiance and device response is captured until V' reaches a plateau.
AS Ejoyer is further reduced, the apparent V ' decreases again due to the presence of trap state absorption.
For the Csg 15FA( 35Pbls device, Vf,acd ultimately drops below V & —a non-physical result that is an artifact of
the deep trap states [94]. The device’s non-radiative open-circuit voltage loss may be estimated from the
difference between V% and V & at the plateau, giving AV = Vd — v © ~ 0.27V for the PM6:Y6 device,
and AV [T 2 0.23V for the Csg15FA( 35Pbl; device. Assuming these values hold as a realistic lower limit of
the non-radiative loss under any set of illumination conditions [17], then EQEg; can be determined from the
estimated AV I using equation (12). Using this technique, a more accurate simulation of PV devices can be
made in the non-radiative limit under indoor illumination conditions.

To demonstrate how the technique described above can be used to recontextualise measurements made
under one-Sun conditions, the performance of several inorganic, perovskite, and organic devices stored in
the PV-Simulator database were considered [38]. For reference, the reported performance of these systems
under AM1.5 G conditions is indicated in figure 3(e) [39], with the highest PCE of 29.1% belonging to a
gallium arsenide (GaAs) device [101]. Figure 3(f) shows the performance of the same systems simulated
under LED-B4 illumination at irradiance Psource = 0.3132mW cm ™2, with many of the wider gap perovskite
and organic PVs achieving higher PCEs than under AM1.5 G conditions. Through in silico analyses such as
these, optimal PV materials for high performance under a variety of illumination conditions can be
identified without needing to independently test every device under every light source.

In the remainder of this work, we focus our investigation on three PV devices: (i) a selenium-doped
CdTe (cadmium telluride inorganic) device [102], (ii) a MAPbI; (perovskite) device [103]; and (iii) a
PBDTTT-EFT:EH-IDTBR (organic) device [104]. To simplify notation, these three systems are herein
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Figure 3. Extrapolating performance of devices measured under one-sun to indoor illumination conditions. Ultra-sensitive
photovoltaic external quantum efficiency spectra for a PM6:Y6 (organic) [94] and a Cso.15FA¢.g5Pbls (perovskite) [95] PV device
are plotted versus photon energy (E) in (a) and (b), respectively. The regions where EQEpy increases exponentially are indicated
by dashed blue lines, with the Urbach energy being Ey = kg T for PM6:Y6 and Ey = 13meV for Csg.15FA¢.g5Pbls. In both panels,
the absorption of deep trap states are indicated by the dotted lines with a Gaussian feature being present in (a) and an
exponential/broad Gaussian feature being present in (b). (c) and (d) show the radiative open-circuit voltages (ij‘cd) determined
under AM1.5 G conditions for PM6:Y6 and Cso.15FAg g5 Pbls, respectively, with the corresponding experimental open-circuit
voltages (V Q) indicated by the dashed lines. (e) The reported performance of several inorganic (grey squares), perovskite (purple
circles), and organic (blue triangles) devices under AM1.5 G illumination, with the SQ limit included for reference [39]. (f) The
performance of the systems in (e) simulated under LED-B4 illumination at irradiance Psoyrce = 0.3132mW cm ™2 (corresponding
to illuminance Lyource = 10001ux in photometric units). In (e) and (f) the systems I 39, P1.61, and O ¢s are indicated by the larger,
more opaque symbols.

labelled according to their optical gap as I 39, P1.61, and Oy ¢, respectively, where ‘I, ‘P, and ‘O’ denote
‘Inorganic), ‘Perovskite’ and ‘Organic), respectively. These systems—which are illustrated by the darker
symbols in figure 3(f)—were selected as they have similar predicted PCEs under LED-B4. However, as we
will see shortly, PCE is not the sole figure-of-merit when considering PV modules for energy-harvesting
applications, with parameters such as Vi, having far-reaching implications when optimising module
design.
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Figure 4. Power conversion efficiencies (PCEs) versus irradiance (Psource) under LED-B4 illumination for (a) the SQ model (with
Eqopt = 1.83¢V) and (b) inorganic I 39, where each curve was simulated using a different parallel (shunt) resistance (R;). Note
that similar PCEs to I} 39 are obtained for perovskite P ¢, and organic O ¢s. In both panels, the vertical dotted lines correspond to
the 50, 200, and 1000 lux illuminances specified in indoor PV testing standard IEC TS 62 607-7-2:2023 [12]. Corresponding
curves for Vinpp and Jmpp are provided in supplementary note 3.

2.4. Sensitivity to changes in illumination conditions

As previously highlighted, indoor PVs encounter a variety of illumination conditions, including different
sources and light intensities. For example, order-of-magnitude variations in light intensities—from
0.01mW cm ™2 to I mW cm ™% —can usually be encountered in most indoor spaces [8]. To show how this
affects device performance, PCEs were simulated under LED-B4 illumination for a variety of shunt
resistances, with the results plotted against the irradiance in figure 4. Note that the corresponding
illuminances are indicated for reference, while additional curves indicating the irradiance-dependent
behaviour of V5, and Jipp are provided in supplementary note 3. Figure 4(a) shows the PCE in the SQ
model (with Eqp; = 1.83 €V, i.e. the highest-PCE bandgap under LED-B4), whereas the PCE for I 39 is
indicated in figure 4(b). Note that very similar PCE s are obtained for P ¢; and O g3, as expected from
figure 3(d). For reference, the 50, 200 and 1000 lux values specified in indoor PV testing standard IEC TS
62 607-7-2:2023 are indicated by the vertical dotted lines [12]. From this figure, it is clear that PCE grows
logarithmically with irradiance in the case of infinite parallel (shunt) resistance (R, — 00). A finite parallel
resistance reduces PCE, with R, < 10°Q2cm? (turquoise curves) limiting PV performance under typical
indoor conditions. In all device models, PCE drops to near zero for R, < 10*Qcm? (red curves), indicating
how a single cell’s parallel resistance impacts its performance—a point we will return to in the context of PV
modules in the next section.

As previously mentioned, the performance of indoor PVs needs to be considered under a variety of light
sources. In figure 5, the thermodynamic-limit PCE, Viypp, and Jipp of the same three devices (I 39, Py 61, and
O 68) are compared under LED, FL lamp (FL), and standard solar light sources (where the typical
irradiances have been used for the latter). For reference, the same figures-of-merit are indicated in the SQ
model (with E,pe = 1.83 eV). In this investigation, the physical irradiance of each light source was fixed at
Pgource = 0.3132mW cm 2 (corresponding to illuminance Lgoyree = 10001lux under LED-B4), meaning the
perceived illuminance of each source would differ. While V;,,,,, is impervious to changes in light source, Jiypp
is more sensitive and changes by up to 20% (for O, ¢s), which in turn leads to variations in PCE of up to 8%.
Consequently, indoor PVs optimised using a standard light source will likely perform differently under other
light sources (and across different deployment locations).

3. Photovoltaic modules for energy-harvesting systems

With the performance of single-cell PVs based on real materials explored under a variety of indoor
illumination conditions, we next focus on the integration of indoor PV modules into energy-harvesting
systems. In the following discussions, we consider only the popular and often used e-peas® AEM13920 as an
exemplar EHB. However, the method is universal and can be repeated for any EHB. Generally, the optimal
number (N) of cells in a PV module for energy-harvesting systems will depend on its material composition,
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Figure 5. (a) PCE, (b) Vinpp, and (c) Jmpp of the SQ model (with Eope = 1.83€V) and three example systems under a variety of
indoor light sources in the thermodynamic limit (Ry = 0; R, — 00), where each has irradiance Psouree = 0.3132mW cm™?
(equivalent to illuminance Lyource = 10001lux under LED-B4). The standard solar spectra, on the other hand, have their usual
irradiances, which are Pyource = 135.3mW cm ™2 for AMO, Psource = 104.0mW cm ™2 for AM1.0, and Psouree = 100.3mW cm ™2
for AM1.5 G. Data simulated for I 39, P1.61, and O; ¢s are indicated by black squares, purple circles, and blue triangles,
respectively. The corresponding performance in the SQ model (with Eqpe = 1.83¢eV) is indicated by the white diamonds.

the associated current-voltage characteristics, the scaling of point defects and shunt resistance with device
area, the operational range of light intensities, and the chosen EHB.

3.1. Varying cell number in the thermodynamic limit

To increase the voltage generated by a PV device, a monolithic cell can be divided into several serially-
connected cells to form a PV module. For inorganic semiconductor-based PVs this patterning can be done
using photolithography. Whereas, for solution-processed PVs such as perovskites and organics, this is
commonly done by fabricating a large-area device and singulating it into N cells. Assuming the final module
has side lengths L, and L,, as illustrated in figure 6(a), then its total area is Amoqule = LxLy.

As the singulation process forms breaks in the top and bottom electrodes (labelled as P1 and P3 in
figure 6(b), respectively), and also connects the top electrode of one cell to the bottom electrode of the next
(P2), then ‘interconnect’ regions or ‘dead areas’ are formed between cells. These regions reduce the active
area (or geometric fill factor) of the module, meaning less incident light is absorbed. The width of the
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Figure 6. Considerations for optimising PV modules for energy-harvesting systems. (a) Top—down view of an energy-harvesting
system, with the width and length (L, and L, respectively) of a PV module with N = 5 cells and interconnect region width (&)
indicated. (b) Side-on view of the interconnect region, illustrating how the interconnect width (dead area) § is a sum of the P1,
P2, and P3 regions. (c). Power-storing efficiency (ngug) of the e-peas® AEM 13920 energy-harvesting board [7], plotted against
the maximum power point voltage (Vinpp) for a variety of maximum power point currents (Impp). Efficiencies below

Vimpp ~ 0.18V and above Vinpp ~ 4.30V were extrapolated (see supplementary note 4) from experimental data (solid lines), with
the extrapolated regions indicated by dashed lines.

interconnect region (§)—being the sum of P1, P2, and P3—therefore needs to be as thin as possible. In this
work, we assume § = 100 um as a reasonable value for modules singulated using state-of-the-art laser
scribing methods [35-37]. Assuming these interconnect regions run the entire length L, of the PV module,
the area of each cell (A ) can be written as

Amodule — (N* 1) X X LY
N )

Acell = ( 1 3)
where the maximum number of cells for a given § is constrained by Ny.x < 1+ %. If each of the N cells is
identical and operates under the same illumination conditions (with no partial shading), then the total
current of the module (Iymodute) is equal to the current of a single cell (I), giving

Iodule (Vmodule) = I(V) = Acell](v) y (14)

where the current density J (V) was defined in equation (4). On the other hand, the total voltage of the
module is given by Vinodule = NVeen- The product of this voltage and current yields the power generated by
the module, which accounts for geometric losses via equation (13). By identifying the maximum power point
of the module, its PCE can be determined.

In practice, not all of the power generated by the PV module will be stored by the energy-harvesting
system. EHBs have some characteristic efficiency (ngup) that depends on the voltage and current output by
the PV device. As previously stated, the efficiency of the energy-harvesting process is given by 7, = PCE
X Neup, where PCE is that of the PV module. The efficiency of the exemplar EHB (e-peas® AEM13920) is
illustrated in figure 6(c) [7]. While this particular EHB is quite resilient to orders-of-magnitude
change in current (for Iodue > 0.1 mA), it is more sensitive to changes in voltage and operates best when the
PV device produces between 3 V and 4 V. Beyond 4 V, this EHB goes over-voltage and can no longer store
power efficiently. To describe the energy-harvesting system across a wider voltage range, the EHB efficiency
was extrapolated (see supplementary note 4), with the result indicated by the dashed lines in figure 6(c). For
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Figure 7. Photovoltaic figures-of-merit under LED-B4 illumination at irradiance Psource = 0.3132mW cm~2, simulated for

5cm X 5cm PV modules as a function of the number of cells (N) using interconnect region width § = 100 pm. (a) Open-circuit
voltage (Vo) and maximum power point voltage (Vimpp) for four different device models, including the SQ model with

Eopt = 1.83eV (black squares), and the three devices considered in section 2: I1.39, P1.61, and Oi.6s, which are shown by the blue
circles, green triangles, and yellow pentagons, respectively. The empty symbols connected by dotted lines indicate Vipp. The grey
shaded region indicates voltages at which nens > 90%. (b) Corresponding maximum power point current (Iypp) of the same
devices as a function of N. (c) Resultant PCEs and system efficiency (1)), which are shown by the filled-in and empty symbols

(connected by dotted lines), respectively.

very small currents (Imodule < 0.1mA), the efficiency of this EHB may decrease considerably. Consequently, if
at Pyouree = 0.3132mW cm ™2 a monolithic (N = 1) PV cell produces current density I ~ 0.1 mA per square

centimetre (cf figure 5), then a reduction in light intensity must be matched by an equivalent increase in area
to ensure efficient energy storing. Though, as previously mentioned, considerations such as these will closely

depend on the chosen EHB.

With geometrical considerations established for scaling a single PV cell up to a PV module, we next
considered the performance of the three state-of-the-art systems described in section 2 (I 39, P; 61, and Oy ¢3).
Figure 7 shows the results of the analysis for a 5cm x 5c¢cm PV module with interconnect width § = 100 um
under LED-B4 illumination, where an irradiance Psouree = 0.3132mW cm~2 was assumed (corresponding to
illuminance Lgyyrce = 10001lux) while the number of cells N was varied. For reference, the simulated result in
the SQ model (at the optimal bandgap E,, = 1.83eV) is also included. Figure 7(a) shows the open-circuit
voltage (Vo) and maximum power point voltage (Vinpp), which grow linearly with N as expected, with the
exact values depending on the chosen PV material, its bandgap, and its associated loss mechanisms.
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Figure 8. Effect of point defects on the parallel (shunt) resistance (Rp) of a PV device. (a) Scaling of point defects with device area.
(b) Number of defects (Np) simulated versus module area (Apodule) using the empirical formula given in equation (16), where the
defect propensity factor (f. = f,) has been varied to increase the number of point defects. (c) The corresponding parallel

resistances, simulated with each point defect having specific shunt resistance rp = 107 2cm? and the bulk having shunt resistance

Ry, = 10° Qcm?. (d) Effect of singulation on the parallel resistance of each cell in the module, for the case that fy = f, =

0.1cm™!.

As the interconnect width is small relative to the width of the module, geometric losses in current are
likewise relatively small. As a result, the maximum power point current (In,p,) shown in figure 7(b) is
inversely proportional to N, which can be expected from equations (13) and (14) as A o 1/N. In addition,
the PCE of the module is mostly independent of N, as shown by the data points in figure 7(c). However, from
the system efficiencies (7,ys) shown by the data points connected by dotted lines in the same panel, it is clear
that while V., increases with N, the energy-harvesting system eventually goes over-voltage (for the
considered EHB) leading to a decrease in 7gyp and a resultant decrease in 7. Consequently, as the number
of cells in the PV module increases, some optimum N is reached before 7y, drops rapidly to zero. This
optimal N will depend on the type of material (and of course the type of EHB). For example, for inorganic
I 39 the optimal N appears to be 5, whereas the optimal N for perovskite Py 6, and organic O, g3 appears to
be 4 due to their wider-gaps and higher voltages. In other words, despite the three devices having similar
PCEs under LED-B4 illumination (cf figure 4(d)), differences in V},,;,, determine the optimal cell number. In
the next sections, we explore how point defects and changes in illumination conditions can further influence
the optimal cell number.

3.2. Scaling of point defects and parallel resistance in solution-processible photovoltaics

At the low light intensities characteristic of indoor settings, the parallel resistance (R, in 2cm?) is the
dominant parasitic resistance limiting the performance of indoor PVs [5]. This total parallel resistance can
be expressed in terms of the specific bulk shunt resistance of the PV material (Ry, in 2cm?) and the specific
shunt resistances of any point defects (rp in 2cm?) as [34]

Np
1 1
D (15)
Rp Rgn i TD,i,
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where Ny, is the total number of point defects. For solution-processed perovskite and organic PVs, Np
generally scales with increasing device area, as illustrated in figure 8(a) [5]. To capture this behaviour, we
have devised an empirical model to relate N to the module area; allowing us to probe the effect of point
defects on the parallel resistance and performance of large-area modules.

In the empirical model, Np has a linearly relationship with Apequle for laboratory-scale areas
(Amodule < 1 cm?). For practical-scale devices (Amodule > 10 cm?), however, this may not be the case. We
therefore account for any higher-order relationships by relating Np and Amodule Via

Amo ule
Np = {dl x el x erL"J , (16)

onset

where the floor operation has been used to ensure N, € Z. In this equation, the number of defects grows
exponentially with the width and length of the device at large areas, with f,(,) being a point defect propensity
factor along the width (length) of the PV module. These factors need not be equal, with fabrication
techniques such as blade coating likely forming point defects anisotropically. On the other hand, Agpset
quantifies the area at which point defects start to form. While equation (16) offers a convenient
parameterisation of the number of defects, it is important to note that it is not based on any experimental
observations. Instead, it is intended to connect Ry, to Apodule (Via Np). To better describe this relationship
and validate the model, defect mapping and scanning techniques could be employed, though this is out of
the scope of this work [105-107]. Generally, the parameters Ay, fx, and f, will generally depend on the
fabrication technique used to make the PV device and its associated variables. For solution-processible PVs,
such variables can include coating-speed, solution viscosity, and temperature.

Using equation (16), the number of point defects and corresponding parallel resistance (for a monolithic
cell) were simulated as a function of module area, assuming a reasonable Agper = 0.5cm?, with the results
illustrated in figures 8(b) and (c), respectively. From this figure, it is evident that the f, = f, = 0 case
corresponds to a linear growth in defect density with module area, while f; = f, > 0 indicates exponentially
more point defects forming for a given area. This in turn, lowers the total parallel shunt resistance of the
device calculated using the parallel resistor model given by equation (15). To increase the parallel resistance,
the effective number of point defects in a PV cell can be reduced by singulating a monolithic cell into a PV
module, where the point defects are distributed amongst the cells. Figure 8(d) demonstrates this for a PV
module of N cells in the case that f; = f, = 0.1cm ™! (assuming point defects are distributed evenly). By
doing this, the number of point defects in each cell is reduced, and so its effective parallel resistance increases,
which is vital for ensuring high performance under low light intensities. Singulation may also reduce Ohmic
losses due to the series resistance of the electrodes, though these are less prominent at low light intensities.

3.3. Intensity-dependent system efficiencies

To optimise the design of PV modules for energy-harvesting applications across the full range of operating
conditions, the behaviour of 7y, with changing light intensity must be considered. To this end, the system
efficiencies 5cm x 5 cm PV modules based on the three systems considered so far (I 39, P61, and Oy ¢3)
were simulated under LED-B4 illumination as a function of irradiance, with the results plotted against in
figure 9 alongside the system efficiency in the SQ model (with Eqp = 1.83¢V). In this figure, the number of
cells in the module (N) was varied alongside the light intensity, with each cell being separated by
interconnect width § = 100 wm. Furthermore, in all models the PV material has bulk shunt resistance

Ry, = 10° Qcm?, while the module has a total of N, = 100 point defects (each with shunt resistance

rp = 107 Qcm?) that are distributed evenly amongst multiple cells where applicable. We note that techniques
used to process inorganic PVs such as I 39 are less prone to point defect formation than solution processible
techniques (inorganic PVs are also generally thicker), and so the number of defects for this system would
likely be lower. Therefore, in each panel the N = 1, R, — oo case has been indicated by the dashed line,
which is more akin to the case for highly engineered commercial inorganic PV.

From figure 9, it is clear that at low light intensities the parallel resistance arising from the bulk shunt and
point defects leads to a reduction in PCE and consequently 7. In all models this effect is most prominent in
the case of a single monolithic cell (N = 1) as all point defects act in parallel. However, as the number of cells
is increased the effective parallel resistance increases, leading to a higher 7y, at low light intensities. On the
other hand, at high light intensities, modules with a large N go over-voltage, causing 7y, — 0. Consequently,
the optimal N for a PV module is dependent on the voltage-dependence of 7y, the exact range of
illumination conditions, the associated current-voltage characteristics of the PV module, and the
distribution and effective parallel resistance of any point defects. For example, between 0.0l mW c¢cm™* and
0.1mW cm™? (roughly 40lux and 2001ux) a module based on P; 5; with N = 5 cells will perform slightly
better than a module with N = 4 cells. However, at 0.3mW cm~? (or 10001ux), the P; ¢; module with N =5

2
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Figure 9. Irradiance-dependent system efficiency (7sys) of 5cm X 5cm PV modules based on (a) SQ model (Eqpe = 1.83¢eV), (b)
I1.39, (¢) Pi61,and (d) Oyes. In all models, Np = 100 point defects are assumed across the whole module with each having a shunt
resistance rp = 107 {2 cm?, while the bulk shunt resistance was assumed to be Ry, = 10° Q cm?. In all panels, the number of cells N
was varied, assuming an interconnect width 6 = 100 um. In all panels/models the N = 1, R, — oo case is indicated by the dashed
lines. Note that the vertical dotted lines indicate illuminances of 50, 200, and 1000 lux.

cells goes over-voltage and 7 begins to decrease, meaning that N = 4 is more ideal for higher light
intensities (again, for this specific EHB). Across the typical indoor range, I; 39 has an optimal cell number
N = 5 due to its narrower bandgap (and consequently lower V). Whereas for the wider-gap (and higher
Vimpp) P161> the optimal N = 4. Finally, despite having the widest gap, the various losses present in O 65
means that it requires N = 5 to achieve an optimal 7).

4. Case study: energy accumulated in a typical day

In our final investigation, the versatility of modules optimised in the previous section was probed using
real-world irradiance data measured by Seunarine et al [9]. As illustrated in figure 10(a), ambient light
conditions in internal spaces can fluctuate throughout the day, being characterised by daylight (or AM1.5 G
irradiance filtered through a glass window) near noon, and by artificial light in the evening. Note that the
original data was measured in August in a south-facing office. To consider a more arbitrary orientation and
time of year, the highest light intensity (at 12 noon) was scaled to an irradiance Psoyree = 0.3637mW cm ™2
(corresponding to illuminance Lsouree = 10001ux), with all other spectra being scaled appropriately. We note
that increasing or decreasing the light intensity will impact 7y, as explored in the previous section. Of
interest here is how the change in spectrum throughout the day impacts the efficiency of the
energy-harvesting system.

Using the spectral irradiances plotted in figure 10(a), the power generated by 5cm x 5cm PV modules
based on the three materials considered so far (and the SQ Model with E,,; = 1.83eV) was determined, using
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Figure 10. Accumulated energy generation and storage for an energy-harvesting system based on different PV materials, which
have been simulated for a 12-hour period in an office with a south-facing window. (a) Spectral irradiance measured at hourly
intervals, showing an interplay between daylight and artificial light throughout the day. Though the original spectra were
measured in August [9], these spectra are normalised such that the highest measured illuminance during the day (at 12 noon)
would be 1000 lux to better capture an average day. Using these irradiances, the (b) system efficiency and (c) accumulated energy
generated and stored by energy-harvesting systems based on 5cm x 5 cm PV modules was determined for the SQ model with
N =3 cells (and Eop = 1.83eV), I1.39 with N = 5 cells, P11 with N = 4 cells, and Oy.65 with N = 5 cells. Also indicated by the
second vertical scale in (c) is the maximum number of daily measurements, which is determined from the stored energy (see
supplementary note 5).

the optimal cell numbers identified in section 3; which were N = 5 for I 39 and O g3, and N = 4 for Py 4.
Note that interconnect width § = 100 pm was assumed, with each module having bulk Ry, = 10° 2cm? and
Np = 100 defects, each with specific shunt rp = 107 2 cm?. The system efficiency of the four device models
throughout the day is plotted in figure 10(b), where it has been assumed that the light intensity and spectrum
measured on the hour is representative of the light intensity across the whole hour as a simplifying
approximation. The total energy generated by the PV modules and stored by the EHB by the end of the day
are shown in figure 10(c).

From figure 10, it is clear that only a fraction of the 83.56 mW hr energy incident on the module is actually
stored, with the majority of power losses occurring in the PV cells (rather than through geometric fill factor
losses or power-storing losses). Some of these losses are due to unabsorbed light or thermalisation, which can
be mitigated using multi-junction approaches [46, 108], at the cost of higher fabrication expense likely not
justified for the economics of indoor light harvesting for IoT. Nevertheless, most of the energy generated by
the PV modules is stored by the EHBs, with I, 39 providing the most energy and O, ¢s providing the least.

To give some context as to how the energies stored by the different systems translate to real-world IoT
sensors, a second vertical scale representing maximum number of daily measurements was provided in
figure 10(c). Here a reasonable power consumption was assumed per duty cycle to determine the maximum
number of transmissions per day from the stored energy (see supplementary note 5). From this it is clear that
an extra few hundred measurements could be made in a typical day by selecting one PV module over another.
Thus, by considering the various illumination conditions real devices will encounter, including whether or
not some sunlight is present at a given location within a room, the choice of PV materials, module design,
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EHB, and required communication frequency can be optimised to achieve higher efficiency energy-
harvesting and communication systems.

5. Concluding remarks

In conclusion, we have explored the effects of singulation on the performance of PV modules based on
current and next-generation semiconductor materials. We have shown how various loss mechanisms present
in PV materials, including sub-gap absorption, non-radiative open-circuit voltage losses, parasitic
resistances, and point defects, can influence the optimal design of PV modules for energy-harvesting
applications. By considering a variety of light sources and intensities, we have probed the versatility of these
devices across many typical indoor lighting conditions while showing why the photometric units of lux are
unreliable for device characterisation. Despite some materials having a lower Vy,,, and PCE due to intrinsic
losses, we have shown that high energy-harvesting efficiencies can still be achieved by increasing the number
of cells in a PV module (with the caveat of increased fabrication cost and complexity). However, some
foresight of the deployment location is required to fully optimise the module design. In practice, this means
that the application of the IoT device and the associated illumination conditions must be considered when
designing the PV module.

To support the findings presented in this work, we have expanded our PV-Simulator tool to include
capabilities for simulating indoor PV module-based energy-harvesting systems [38]. Under any desired light
source and intensity, this tool and its associated database can be used to compare the performance of
hundreds of different material systems, encompassing thin-film inorganics, perovskites, and organics. Future
work could include optimising the design of energy-harvesting systems for particular lighting conditions,
whether that be a singular device that performs well across all light sources, or different devices tailored for
different categories of light sources—such as, e.g. a system optimised for 4000 K to 6000 K LEDs. Following
this, techno-economic analyses could be performed to determine which PV materials offer the cheapest and
most environmentally-friendly routes to realising a fully-fledged IoT.

Data availability statement

The data used to simulate the findings presented in this work are available online with the PV-Simulator tool
[38]. The data used to prepare the figures are available at the following URL: https://github.com/Austin-M-
Kay/Data.
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