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The Thermodynamic Limit of Indoor Photovoltaics Based
on Energetically-Disordered Molecular Semiconductors

Austin M. Kay, Maura E. Fitzsimons, Gregory Burwell, Paul Meredith, Ardalan Armin,*

and Oskar J. Sandberg*

Due to their tailorable optical properties, organic semiconductors show
considerable promise for use in indoor photovoltaics (IPVs), which present a
sustainable route for powering ubiquitous “Internet-of-Things” devices in the
coming decades. However, owing to their excitonic and energetically disordered
nature, organic semiconductors generally display considerable sub-gap
absorption and relatively large non-radiative losses in solar cells. To optimize
organic semiconductor-based photovoltaics, it is therefore vital to understand
how energetic disorder and non-radiative recombination limit the performance of
these devices under indoor light sources. In this work, we explore how energetic
disorder, sub-optical gap absorption, and non-radiative open-circuit voltage
losses detrimentally affect the upper performance limits of organic semicon-
ductor-based IPVs. Based on these considerations, we provide realistic upper
estimates for the power conversion efficiency. Energetic disorder, inherently
present in molecular semiconductors, is generally found to shift the optimal
optical gap from 1.83 to ~~1.9 eV for devices operating under light emitting diode
spectra. Finally, we also describe a methodology (accompanied by a computa-
tional tool with a graphical user interface) for predicting IPV performance under
arbitrary illumination conditions. Using this methodology, we estimate the indoor
power conversion efficiencies of several photovoltaic materials, including the

revolutionize almost all sectors of the
global economy.? While many of these
devices may consume less than a microwatt
of power, their aggregate energy consump-
tion and environmental footprint must be
carefully considered as they become ubig-
uitous in our homes and workspaces.*”)
In this regard, indoor photovoltaics
(IPVs) have emerged as a very attractive
alternative for powering IoT devices.®!
The development of IPVs is propelled by
progress in efficient charge controllers
and supercapacitors, extending their viabil-
ity for powering IoT devices to situations
where illumination is not continuous.
Additionally, the lower light intensities
and milder environments usually present
indoors also provide less challenges for
developing ~ IPVs  with  enhanced
longevities.[®1°!

From a material optimization perspec-
tive, the criteria that IPVs are benchmarked
against differ in several ways from those

state-of-the-art systems PM6:Y6 and PM6:BTP-eC9.

1. Introduction

A recent coalescence of several technological trends has led to
rapid developments in low-power networked devices, collectively
referred to as the “Internet-of-Things” (IoT), which are poised to
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used for conventional photovoltaics. These

differences stem from the fact that the

emission spectra and irradiances of sources

of artificial light, such as light-emitting
diodes (LEDs), are quite unlike the standard AM1.5G spectrum
of sunlight. In general, the spectral emission peaks of artificial
light sources are narrower and centered at higher photon ener-
gies than the sunlight spectrum, and their integrated irradiances
are usually at least three orders of magnitude lower. Because of
these differing spectral characteristics, the optimal semiconduc-
tor energy gap needed for IPV applications is generally between
1.7 and 1.9 eV, which is considerably wider than the bandgaps of
conventional materials like crystalline silicon (1.1eV), gallium
arsenide (1.42eV), and cadmium telluride (1.44eV)."" For a
given spectrum, the optimal gap and power conversion efficiency
(PCE) is commonly estimated using the Shockley-Queisser (SQ)
model. Under typical indoor conditions, the SQ model predicts
PCEs surpassing 50% in single-junction devices with optimal
energy gaps — significantly larger than the predicted PCE of
33.7% for AM1.5G sunlight."*"*! To achieve such theoretically-
high PCEs, alternative wide-gap semiconductors are urgently
needed for use in indoor applications. Next-generation, molecu-
lar semiconductors exhibit several attributes that make them
desirable for such applications, including mechanical and form
factor flexibility, low embodied energy manufacturing, and the
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fact that they are amenable to solution-based fabrication techni-
ques like spin-coating and roll-to-roll printing.****! Of these,
organic semiconductors are of particular technological-relevance
for indoor applications because of the vast palette of materials
available and the tunability afforded by synthetic organic
chemistry.[719]

In recent years, the performance of organic photovoltaics
(OPVs) based on combinations of polymeric donors and low-
offset, non-fullerene (small molecule) acceptors (NFAs) has
advanced considerably.?*~*%! OPV materials and device architec-
tures, however, are not yet optimized for indoor applications, due
in part to the relative infancy of the field and the lack of estab-
lished measurement standards.**™*®) Furthermore, the maxi-
mum, experimentally-determined PCE reported for an IPV
device based upon conventional OPV principles is currently
around 31%, whereas typical PCEs are on the order of 20% —
considerably lower than the thermodynamic limit calculated
via the SQ model.”?**% A thorough investigation of the realistic
thermodynamic limits of existing OPVs for indoor applications is
therefore required for two reasons. Firstly, such an investigation
would provide a roadmap for next-generation I[PV development,
including which routes for device optimization should be pur-
sued. Secondly, it would provide a benchmark for IPV device
characterization — until relevant standards are established,
inter-laboratory comparisons are complicated by sources of
uncertainty and error.”*® These include variations in the spectra
and irradiances used to simulate indoor illuminations — all too
common problems encountered in the early days of organic solar
cells designed for outdoor power generation, but re-emerging
now for IPVs.

To obtain realistic predictions for the maximum PCEs and
optimal gaps of IPVs based on organic semiconductors, the asso-
ciated loss mechanisms of OPV devices must be audited.””’ This
includes accounting for the excitonic nature of OPVs, as well as
the associated static disorder that correlates with a broadened
absorption onset and increased sub-gap absorption.*’* In gen-
eral, absorption well below the optical gap induces radiative
losses in the open-circuit voltage. Sub-gap absorption is typically
correlated with the so-called Urbach energy (Ey) — a measure of
the exponential decay in absorption with decreasing photon
energy (E).>** As a result, OPVs with lower energetic disorder
and smaller Ey; are likely to have reduced open-circuit voltage
losses and, consequently, higher PCEs.?>**7®! n addition to
the radiative open-circuit voltage losses induced by sub-gap
absorption, further non-radiative open-circuit voltage losses are
present in OPVs due to the intrinsic prevalence of non-radiative
recombination.**~*"! The electroluminescent external quantum
efficiency (EQEg;) is commonly used to estimate these non-
radiative open-circuit voltage losses.*? While numerous
processes can contribute to the non-radiative recombination in
OPVs, the associated voltage loss has been found to generally
correlate with the energy gap.*?*!

In this work, we step beyond the rudimentary SQ model to
make realistic predictions for the PCEs of existing OPVs in
indoor settings. We explore the effects of the optical gap and
energetic disorder on the optimal PCE. In addition, we investi-
gate the role of non-radiative open-circuit voltage losses, while
accounting for the energy gap-dependence of non-radiative
recombination using an optimistic-yet-realistic empirical model
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guided by literature OPV data. Following this, we present a meth-
odology and an accompanying computational tool (with an acces-
sible graphical user interface) for recontextualizing a given
photovoltaic system’s existing measurements under one-Sun
conditions to predict how it might perform under arbitrary
illumination conditions. Utilizing this methodology, which
employs measurements of a device’s photovoltaic external
quantum efficiency spectrum and its open-circuit voltage under
AM1.5G conditions, we predict the indoor performance of doz-
ens of emerging OPV systems. Finally, we demonstrate that the
“fruit fly” systems PM6:Y6 and PM6:BTP-eC9 are likely limited
to PCEs below 20% in indoor settings.

2. Results and Discussion

2.1. Photovoltaic Figures-of-Merit

The spectral fingerprints of sources of artificial light generally
differ from source to source, displaying variations in intensity
and separation of emission peaks. In Figure 1a, the spectral pho-
ton flux densities (@) Of typical indoor light sources, includ-
ing the ‘warm white’ 2700 K LED and ‘cool white’ 4000 K LED,
are illustrated alongside the International Commission
on [lumination’s (CIE’s) standard illuminant LED-B4.
Therein, the integrated power density of each source,
Poource = [ EDgource(E)dE, is scaled to a total illuminance of
500 lux (see Section S1 of the Supporting Information). The cor-
responding scaled AM1.5G spectrum has been included for com-
parison. In this work, we primarily consider the CIE LED-B4
standard as the indoor light source since as LEDs are becoming
more commonplace in most indoor settings. However, it should
be noted that the obtained findings are largely independent of the
used LED source; similar results are found for the 2700 K LED
and 4000K LED spectra (see Supporting Information).
Additional discussions for other standard indoor light sources,
including the CIE FL-2, CIE FL-7, and CIE FL-11 spectra, are also
available in the Supporting Information.*>*%

Under illumination, a photovoltaic device will generate power
at efficiency™

1)
source

Here, V. is the open-circuit voltage, J.. is the short-circuit
current density, and FF is the fill factor. In general, the open-
circuit voltage and the short-circuit current density relate to the
device’s photovoltaic external quantum efficiency EQEpy(E) (the
ratio of the number of collected charge carriers to the number
of incident photons at a given photon energy E) via"!

kT ]SC :|
V. =—In|1 2
o q n|: +]0(Voc) ( )
Je=14 / EQEpy () Pyunce (E)AE o)
0

Wherein k denotes the Boltzmann constant, g the elementary
charge, and T the temperature. The quantity J,, on the other hand,
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Figure 1. a) The scaled AM1.5G spectrum for sunlight (green), the 2700 K LED spectrum (red), the 4000 K LED spectrum (blue), and the CIE LED-B4
spectrum (black), all plotted against the photon energy at an illuminance of 500 lux. In b—d), the short-circuit current density, the open-circuit voltage,
and the power conversion efficiency in the radiative limit under the LED-B4 spectrum at 500 lux, are plotted against the optical gap for varied EQE 4, assuming
the step-function model for EQEpy given by Equation (7). The effect of increasing EQE . is illustrated for an optical gap E,p: = 1.5 €V in the inset graph in (c).

is the dark saturation current density. It is calculated using
Jo(V) = J24(V)/EQEg, where the radiative dark saturation
current density (J224) is defined by!*?

(o)

(V) =g / EQEp(E) Py (E)w(E, V)AE @

0

where @y, (E) = 25 exp(— ) is the spectral photon flux density
of the ambient black-body radiation at thermal equilibrium (h is the
Planck constant and ¢ is the speed of light). Here, w(E, V) is a
degeneracy factor accounting for state-filling effects;** in the ther-
modynamic limit, w(E, V) can be approximated as (see Section S3
of the Supporting Information)
w(E,V)=+———"F—"5 5
T e () ¥
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For above-gap states (E>qV) the
limit, w(E, V) =1, typically applies and J¢ is independent
of the voltage. For the general case, however, Ji*¢ depends on
the voltage and an iterative approach must be used to evaluate
Equation (2) (again, see Section S3 of the Supporting
Information). Note that the device’s EQEg; equals one in the radi-
ative limit, giving J, = Ji*¢ while V,. = Vi (V2 is the corre-
sponding radiative V). Photovoltaic devices are generally far
from the radiative limit; non-radiative recombination increases
Jo which, in turn, reduces the open-circuit voltage as
Voo = Vi _ AV wwhere AV™ is the associated non-radiative
open-circuit voltage loss given by AVEE = f%Tln(EQEEL) for
Voo > kT/q.4

Finally, we assume that the current density is approximated by

J="J« +]{)ad(V)exp(%) [exp(4¥) — 1], where J. is given by

Equation (3) and J2¢

non-degenerate

(V) by Equation (4), corresponding to the
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case of ideal charge collection. Subsequently, the FF and the PCE
are determined numerically using the iterative approach outlined
in Section S3 of the Supporting Information. However, we note
that for w = 1 (and assuming V. larger than 0.5 V), the fill factor
is well-approximated by!**!

i —In(1+ %)
3 L 6)
1+43

This suggests that, in the case of ideal charge transport, the
leading-order behavior of the fill factor is primarily determined
by the open-circuit voltage. Consequently, minimizing open-
circuit voltage losses is of paramount importance for realizing
high-PCE IPVs based on organic semiconductors. We note,
however, that in reality the FF is influenced further by several
additional factors; most notably the shunt resistance plays
a crucial role in limiting the FF under low light indoor
conditions.®

2.2. Effect of Radiative Open-Circuit Voltage Losses

We now consider the influence of radiative open-circuit voltage
losses on the performance of IPVs by first discussing the ideal-
ized case of a sharp optical gap and no sub-gap absorption. In this
case, EQEpy can be modelled using a step function, where all
photons of energy greater than or equal to a threshold optical
gap (E,y) generate a collected electron-hole pair at efficiency
EQE,,.., Whereas photons of energy less than the optical gap
do not

EQE, axr if E > Eopt
0, otherwise

EQEPV(E) = { (7)

The photovoltaic external quantum efficiency in the SQ model
is defined by this equation in the ideal case that EQE,,,, = 1."*
For an EQEpy spectrum modeled using Equation (7), the short-
circuit current density, radiative open-circuit voltage, and resul-
tant PCE under the CIE LED-B4 spectrum at 500 lux are shown
for varying EQE,,.,in Figure 1b-d, respectively. As shown, at a
particular optical gap, the short-circuit current density is directly
proportional to EQE,_ ... The open-circuit voltage, however, is
independent of EQE,,., and so the V. curves are perfectly
aligned and equal to the open-circuit voltage predicted by the

SQ model (Vg?), which can be approximated as!**!

2nq EX kT
q@z%rm%””t} (8)

W

for qVid < Eopt, where R—y [ B Dyource(E)dE. Note that
since the FF is determined by the V.. in this case, the PCE,
similar to J, scales linearly with EQE,,,; while the E, depen-
dence of the PCE below the optimal gap is entirely determined by
the V..

From Figure 1d, it is evident that in the SQ model, the maxi-
mum PCE under the CIE LED-B4 spectrum at 500 lux is 53%,

obtained at an optical gap E,y = 1.83eV, with Vi =141V
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and J R =621 pAcm~2. However, for current state-of-the-art
OPVs, the empirical upper limit of the EQEpy is closer to
0.85. Therefore, to realistically estimate the PCEs of IPVs based
on organic semiconductors, an above-gap photovoltaic quantum
efficiency of EQE,,,, = 0.85 is herein assumed — unless explicitly
stated otherwise — as this value describes realistically-high perfor-
mance. The corresponding maximum PCE for EQE, ., = 0.85 is
reduced to 45.3%, which is still obtained at E,y = 1.83eV
(for CIE LED-B4 at 500 lux).

Despite being rudimentary, the step-function model given by
Equation (7) is a good approximation for EQEpy in semiconduc-
tors with well-defined band edges, such as crystalline, inorganic
semiconductors. Many photovoltaic materials, however, are not
well-described by the highly-idealized step-function model. A
more realistic prediction for the PCEs of IPVs based on
energetically-disordered materials, including OPVs, must
account for the inherent, static energetic disorder associated with
the density of states. As increased static energetic disorder
broadens the effective band edges and leads to increased
sub-gap absorption, it will increase radiative open-circuit voltage
losses and reduce the PCE.

Sub-gap absorption in disordered materials is commonly
described by a tail that decays exponentially with decreasing pho-
ton energy below the gap. This tail may be designated a charac-
teristic energy — the aforementioned Urbach energy (Ey).*”
Consequently, a more realistic model for EQEpy in many
photovoltaics is given by

1, if E > Eoy

EQEpy (E) = EQE E—Eyp ©)
o),

otherwise

U

The Urbach energy correlates with the level of disorder in a
system and, as illustrated in Figure 2a, it determines the gradient
of the exponential decay of the sub-gap tail. A reasonable
minimum value for the Urbach energy of OPVs is the
thermal energy (kT); throughout the remainder of this
work we assume kT =25.3meV (corresponding to
T=20°C=293.15 K).!

The presence of sub-gap Urbach tails gives rise to a decrease in
vid as shown in Figure 2b. In Figure 2¢, it is shown that these
losses, in turn, reduce the maximum power conversion efficiency
from 45% to around 33% (in the Ey; = 50 meV case), while con-
currently blue-shifting the best-performing E, from 1.83 to
1.91 eV. Material systems with high Ey; therefore require larger
optical gaps to achieve high performance. We note that the short-
circuit current density is found to be largely independent of Ey.
The loss in PCE shown in Figure 2c is therefore a result of the

radiative open-circuit voltage loss (A V™4 ) induced by sup-

oc,sub—gap
gap tails. This voltage loss is quantified by the deviation between

V52 (determined in the SQ model) and the V¢ obtained in case

rad

_ vSQ _ yrad : :
ocsub—gap = Voc Viad, For the open-circuit

of a sub-gap tail, AV
voltage curves of Figure 2b, these deviations were determined
then plotted in Figure 2d. For Ey > kT, the optical gap-
dependent behavior of these curves can be described by the fol-

lowing analytical approximations (see Supporting Information)
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Figure 2. Investigating the effect of sub-gap tails of varying Urbach energy on the open-circuit voltage and the power conversion efficiency. a) Photovoltaic
external quantum efficiency spectra centered at an optical gap Eqpe= 1.5 eV, with EQE .= 0.85 and Ey varied from 0 (step function) to 50 meV. b) The
resultant open-circuit voltages in the radiative limit, plotted as a function of the optical gap. c) The PCE under the CIE LED-B4 spectrum at 500 lux, plotted
as a function of the optical gap for a variety of Urbach energies. d) The solid curves indicate the numerically-calculated deviations between the open-circuit
voltage in the SQ model and the sub-gap Urbach tail model. The dashed lines indicate the corresponding analytical approximation given by Equation (10).

2
4Voc
(5 — 1) (Eop — aV32) + Euln (1_) , if By > kT
U
qA Vgif,lsub—gap ~ (10)
erin 22 1] a1 - (1Y)’ if Ey = kT
M3kt 2 g ) | if By =

Equation (10) describes the behavior of AV&‘?Sub_ gp for Ey > kT
at typical optical gaps, as shown by the dashed curves in
Figure 2d. We note that, in accordance with Equation (10),
for Ey > kT the associated radiative open-circuit voltage

displays a V24 f—% Va2 type dependence. This translates to a
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radiative ideality factor above unity, consistent with previous
reports.[46‘47]

In the past, the static energetic disorder in organic semicon-
ductors has also been frequently modelled in terms of a Gaussian
distribution of states. Consistent with this, the EQE,y associated
with excitonic sub-gap absorption in several low-offset NFA OPV
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Figure 3. Investigating the effect of energetic disorder on the open-circuit voltage and the power conversion efficiency. a) Photovoltaic external quantum
efficiency spectra centered at an optical gap Eqpe = 1.5 €V, with EQE .= 0.85 and o; varied from 0 to 100 meV, plotted alongside the step function model
for EQEpy (in black). b) The resultant open-circuit voltages in the radiative limit, plotted as a function of the optical gap. c) The PCE under the CIE LED-B4
spectrum at 500 lux, plotted as a function of the optical gap for varying os. d) The solid curves indicate the numerically-calculated deviations between the
open-circuit voltage in the SQ model and the OPV model, where EQEpy is modelled in the latter using Equation (11). The dashed lines indicate the

analytical approximation given by Equation (12).

material systems was recently found to be well-described
by1:33)

EQE

max

EQEpy(E) =—

-2 11)
E_Eopt+2k_5T EOpt_ (
{exp [ T er +erfc o2

where E,p is the centre of a Gaussian distribution of exciton

e E—Eop+5
65\V/2

states with static disorder parameter o,. Here, erfc(x) denotes
the complementary error function. The spectral behavior of
Equation (11) at different oy is illustrated in Figure 3a for
EQE, .« = 0.85 and an optical gap of 1.5eV. For energies well
below the gap (E < Ep), Equation (11) reduces to a sub-gap
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Urbach tail with Ey = kT. Above the gap, on the other hand,
a saturation is reached wherein EQEpy(E) — EQE,,.,.
Between these two regimes lies a transition regime with a shape
and spectral broadness determined by o.

Figure 3b,c show the V24 and PCE as a function of the optical

gap, obtained using the EQE,y spectra from Figure 3a. The cor-
rad

responding radiative open-circuit voltage losses AVES \
induced by the sub-gap EQE,y, are shown in Figure 3d. As illus-
trated throughout Figure 3, a higher static energetic disorder
gives rise to increased radiative open-circuit voltage loss, thereby
reducing the power conversion efficiency from 45% in the step
function model to 37% in the 6, = 100 meV case. In addition, the
best-performing optical gap is once again blue-shifted from 1.83

to 1.88 €V in this case.

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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As with the varied Urbach energy case, an analytical approxi-
rad for the case of a sub-gap EQE,y given by

oc,sub—gap
Equation (11) can be obtained assuming that the short-circuit
current density is invariant of o, and solely determined by the
contribution from the above-gap EQEpy (see Section S5 of the

Supporting Information). Under such conditions, AV;‘fmbigap

mation for AV

can be obtained from

Avrad ~ % prin|F (12 3
q oc,sub—gap "~ 2kT 3kT EoptkT

3
4 kTln {1 - (qV)
Eopt

where the last term on the right-hand-side is a correction
accounting for state filling effects (w # 1). Equation (12) is
indicated by the dashed lines in Figure 3d. As shown, the approx-
imation agrees well with the numerically-calculated results for
typical optical gaps.

(12)

2.3. Effect of Non-Radiative Open-Circuit Voltage Losses

In real photovoltaic devices, the open-circuit voltage is further
reduced by non-radiative recombination, which reduces EQEg;
below unity and gives rise to a non-zero non-radiative open-
circuit voltage loss AVZLB*248 [n OPVs, the non-radiative
open-circuit voltage loss measured under one Sun has been
observed to increase with decreasing energy gap, consistent with
the energy-gap law.>**#%*8! This is demonstrated in Figure 4a,
where experimental A V2 data compiled by Ullbrich et al.*” are
plotted against the energy of the CT state (Ecr), which we take as
a proxy for Ey (valid for low-offset, NFA OPV blends).
Additional AVY data for systems with fullerene acceptors and
NFAs are plotted as blue squares and green triangles, respec-
tively. We note that at light intensities representative of indoor
settings, the non-radiative loss may, in general, be larger (due
to additional trap-assisted recombination); as such, the data in

www.solar-rrl.com

Figure 4a could be considered as an optimistic estimate of
AVye in organic semiconductor-based IPVs.

To obtain a realistic estimate of non-radiative open-circuit volt-
age losses in state-of-the-art OPVs, we have designed an empiri-
cal, qualitative model for AV based on the experimental data in
Figure 4a. In this empirical model, AV} is modelled as a
quadratic of the form

Ay {Aﬂgpt + BEqy + C,if Eqpy < 2.6016V 3

o 0.0945V, otherwise

where the optical gap has units of eV, and the coefficients are
A=0.123V (eV) 2, B=—0.64V (eV) !, and C=0.927V The
transition at 2.601 eV prevents AV from growing again after
the parabola reaches its minimum. We stress that this optimistic-
yet-realistic model (illustrated by the red curve in Figure 4a) has
no underlying theoretical framework and should not be taken as
a lower limit for AVt in OPVs — it is just a means for encapsu-
lating the general trend shown by the experimental data in
Figure 4a. For comparison, another semi-empirical model for
AVD based on the work of Benduhn et al. is included in
Figure 4a.1*¥! In this model, where a negligibly-small reorganiza-
tion energy has been assumed, AV relates to Ecr via

AV = C— DEcy ~ C — DE,y (14)
where C=0.574V and D=0.184VeV~'. We note that more
complex models have been detailed in the literature, including
the work of Azzouzi et al. and Chen et al.l*"*"!

The effect of the two non-radiative open-circuit voltage loss
models on the open-circuit voltage and PCE are illustrated in
Figure 4b,c, respectively. To simulate these curves, a step-
function EQEpy was used with EQE,,, = 0.85. It is evident from
these curves that accounting for realistic non-radiative open-
circuit voltage losses reduces the maximum PCE from 45% to
around 40%, while blue-shifting the highest-performing optical
gap from 1.83 to 1.88eV. Comparable results are produced
by both the semi-empirical energy gap law model given by
Equation (14) and the optimistic, empirical model given by

(a) . , . . (b) 25 ; - : ; (c)os - ; ; -
06| e® p =+ = Radiative Limit
J‘- o . 5oL =~ With AV from Equation (13) P osh gEslcgoEltl)J-xm ]
0.5 o,"..:. on 1 T With AV from Benduhn etal. - 777 P
n ,' 2/ /' .
> 04 . L\ 1
_ 04l . - ] R ] RS~ XN
S & by Benduhn et al. S 15 /.’," w Va4 ‘}
£3 T Py O03f s L0 o ]
> 03¢ o] N - o VA 2
< 1.0 P~ 1 . 4 Ny
02 Ry 02 7 qesevi 1ssev N ]
T T 7 4 R B 3
e Ulibrich et al. . osk 2 2 4 %%&%}B“ 1 7 S
0.1 rm  Fullerene Acceptor >~ L ’ oty / ]
4 NFA Equation (13) s~ '
00 1 1 1 1 00 2, 1 1 1 1 00 =1 1 i 1 1
1.0 15 2.0 25 1.0 1.5 2.0 2.5 1.0 15 2.0 25
Egpor By (6V) E,nt (€V) Eqp (eV)

Figure 4. The effect of non-radiative open-circuit voltage losses on the PCE of indoor photovoltaics. a) Non-radiative open-circuit losses as a function of
the energy of the CT state, Ecy, with experimental data compiled by Ullbrich et al. plotted as black squares.’¥) Additional data points for OPV blends with
fullerene acceptors and NFAs are plotted as blue squares and green triangles, respectively. The empirical model for AV3 given by Equation (13) is
indicated by the solid red curve, while Benduhn et al.’s empirical model given in Equation (14) is indicated by the purple curve.*® b) The open-circuit
voltage against the optical gap in the radiative limit (black dash-dot curve) and in two non-radiative open-circuit voltage loss models (red dashed curve for
Equation (13) and solid purple curve for Equation (14)) calculated using the step function model for EQEpy with EQE,,,, = 0.85. c) The resultant power
conversion efficiencies under the CIE LED-B4 spectrum at 500 lux.

Sol. RRL 2023, 2300277 2300277 (7 of 11)

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH

85U9017 SLOWIWIOD SAII8.D) 8|qedi[dde au Aq peusenob ae so e YO 9Sn JO Sa|n 10} A%eug1Taul|UO A8]1M UO (SUONIPUOD-PUE-SWLBI W0 AB| 1M ALeIq 1 pulUO//:SANy) SUONIPUOD pue SIS 1 8y} 89S *[£202/60/50] U0 Akeid18uluo A8]IM ‘JUeWuA0D Ajqwessy UspM Ad £/Z00£202 110S/200T OT/10p/wod A8 | Afelq 1jeuljuo//sdny Wwou) pspeojumod ‘0 *X86T.9EZ


http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

; ‘RRL

www.solar-rrl.com

m— SQ Model === Step Func. (EQE,,, = 85%) === Rad. OPV Model, o, =0
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Figure 5. Power conversion efficiencies simulated under the CIE LED-B4 spectrum as a function of the optical gap in (a), and as a function of the
illuminance in (b). In both panels, five curves are present. The black curves illustrate the PCE in the radiative SQ Model, while the red curves indicate
the PCE when EQEpy is modelled as a step function with EQE,,,,, = 0.85. The grey shaded regions illustrate the PCE losses induced by non-unity EQE,,,.
The blue, yellow, and green curves, on the other hand, were simulated with modelled using Equation (11) and EQE,,, = 0.85; the blue and yellow curves
indicate the o, = 0 case in the radiative and non-radiative limit, respectively, such that the red and blue shaded regions correspond to the losses induced
by sub-gap absorption with E;; = kT, and non-radiative losses, respectively. In the non-radiative limit, AVJ is assigned for a given optical gap using
Equation (13). Finally, the green curves indicate the non-radiative limit for o, = 50meV, with the yellow shaded region indicating the additional loss

induced by this disorder. In (b), the highest-performing optical gaps used to simulate the curves are inset.

Equation (13). However, as the PCE differs by just a few percent
between the models, we herein utilize Equation (13) to model
non-radiative losses to make an optimistic prediction for IPV
performance.

The predicted PCEs of organic semiconductor-based IPVs,
accounting for both radiative losses and non-radiative losses,
are shown in Figure 5 for the CIE LED-B4 spectrum. The
OPV predictions (for both o, =0 and o4, = 50 meV) assume
sub-gap absorption calculated using Equation (11) and additional
AV loss given by Equation (13). Note that EQE,, ., = 0.85 was
used to predict an optimistic upper limit for OPVs. For compari-
son, the ideal radiative PCE limits based on the step-function
model (Equation (7)) with EQE_ ., =1 (i.e., the SQ model) and
the more realistic EQE,,,, = 0.85 have been included to indicate
the performance loss across all optical gaps. These five curves are
plotted against the optical gap at an illuminance of 500 lux in
Figure 5a, whereas, in Figure 5b, they are plotted against the illu-
minance of the incident light for the best-performing optical gap
(which has been inset into the graph for each curve).

By accounting for sub-gap absorption, energetic disorder, and
realistic non-radiative open-circuit voltage losses, we find that the
maximum PCE of OPVs under CIE LED-B4 at 500 lux is reduced
from its SQ model value of 53% to around 37%. Furthermore,
the highest-performing E,, is blue-shifted by around 90 meV.
Corresponding discussions for the 2700 K LED and 4000 K
LED sources are provided in Section S6 of the Supporting
Information. Additionally, similar figures for three standard
fluorescent sources (CIE FL-2, CIE FL-7, and CIE FL-11) are
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illustrated in Figure S8 of the Supporting Information. We note
again that the simulated results are mostly independent of the
source of artificial light.

Based on Figure 5, an OPV blend with the highest-performing
optical gap of Eq, = 1.92 eV and minimal energetic disorder will
likely have a PCE lower than 40% at typical indoor light intensi-
ties (up to 5000 lux). Accounting for energetic disorder (typically
on the order of 6, = 50 meV) further reduces the PCE. To esti-
mate the figures-of-merit of particular OPV materials in indoor
settings more accurately, we have devised a methodology and cre-
ated an associated computational tool with an accessible graphi-
cal user interface (available as Supporting Information)®®” that
takes an experimentally-determined EQEpy spectrum and mea-
sured open-circuit voltage under one Sun (V) as inputs. We
stress that similar approaches for predicting IPV performance
using EQEpy and current-voltage measurements have been
established in the past (see, e.g., the work of Liibke et al.'®).
In our case, however, we focus on predicting upper performance
limits using measured EQEpy spectra, which account for sub-gap
absorption in real OPV systems. Using a device’s EQEpy spec-
trum and V&, the non-radiative open-circuit voltage loss is esti-
mated through

rad

ks T ©
AVYE BTln(l + ]i) - Ve (15)
0

where J© is the short-circuit current density under one Sun
(determined using EQEpy). Assuming Equation (15) provides
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Figure 6. Power conversion efficiencies under indoor lighting conditions. a) A comparison of the predicted indoor performance of OPV systems (Almora
et al. systems in orange,’>>*! additional fullerene acceptor and NFA systems in green and purple, respectively), crystalline and amorphous silicon (black
data points) and a perovskite (blue star), with the PCE in the SQ model (black curve), and in the radiative and non-radiative OPV predictions in the limit of
o5 = 0 (shown by the blue and gold curves, respectively). The blue shaded region indicates a regime of optimal performance for materials with low
energetic disorder and low AVj:, whereas the gold shaded region indicates a realistic regime for disordered OPV systems with medium-to-high AV{L.
b) Experimental PCEs under LED sources from the literature (see Table S6 of the Supporting Information), compared with the non-radiative OPV model
as a function of the optical gap for the CIE LED-B4, 2700 K LED, and 4000 K LED sources, at both 500 lux and 2000 lux in the hypothetical o, = 0 case.

a realistic lower limit estimate of the device’s AV}:, optimistic
values for the photovoltaic figures-of-merit can then be estimated
under any spectrum at any intensity. A block diagram detailing
this methodology, including the identification of the true radia-
tive open-circuit voltage in the thermodynamic limit, is shown in
Figure S9 of the Supporting Information.

2.4. Comparative Analysis

In Figure 6a, the PCE is plotted in the SQ model and in both the
radiative limit (blue curve) and non-radiative limit (gold curve) of
the more realistic OPV model (in the case that o, = 0), where
EQE,y is modelled using Equation (11). For the non-radiative
case the AVY! is assumed to be given by Equation (13). Also
shown are the predicted PCEs of a wide range of
OPVs,B21317%¢) (rystalline and amorphous silicon,®*” and
perovskite®®> under CIE LED-B4 (see Table S5 in the Supporting
Information). These predictions were made using each system’s
EQEpy spectrum and V& from the literature, with the optical
gaps taken from the tables of Almora et al.®?*%) Where sensitive
EQEpy measurements were available, however, the optical gaps
were determined using Equation (11) via the technique summa-
rized in Section S8 of the Supporting Information.>*!

From the estimated PCEs of Figure 6a, it is evident that the
state-of-the-art organic solar cell blends PM6:Y6 and PM6:BTP-
eC9 (with E,p~1.4eV) will likely not exceed PCEs of 20% in
indoor settings unless the non-radiative losses can be drastically
reduced. As previously discussed in Figure 5, this becomes more
evident when accounting for energetic disorder (around 43 meV
for both blends) as it further reduces the radiative limit. On the
other hand, other OPV systems such as PBDB-T:EH-IDTBR and
PM6:O-IDTBR, have a fair amount of room for improvement.
This is particularly clear when comparing with experimentally-
determined PCE values from the literature, as evidenced in
Figure 6b (see Table S5 of the Supporting Information; all plotted
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PCEs were measured at 2000 lux or less).l'*?**%%3 Alongside

this data, the PCE predicted by the realistic, non-radiative
OPV model (with 6, = 0) has been plotted for the CIE LED-
B4, 2700K LED, and 4000K LED spectra at both 500 and
20001lux. An envelope has then been plotted to encapsulate
the minimum and maximum PCE held by any of the spectra
at each optical gap, providing a realistic estimate for the PCE
of IPVs under any LED spectrum.

Based on Figure 6, we can see that many of the OPV blends
have room for improvement. We also note, however, that at least
one data point from the literature defies the realistic OPV limit
with reasonable non-radiative loss, despite the fact that the
simulations were conducted at a higher illuminance. Possible
reasons for this deviation might be related to 1) inaccuracies
in the estimated optical gap; 2) a very small non-radiative voltage
loss in this OPV system, especially as Equation (13) predicts a
larger AVy than some of the literature data in Figure 4a,
and/or iii) inaccuracies in the experimental set-up as previously
discussed by Liibke et al."® Case studies like this demonstrate
not only the challenging task of measuring indoor PCEs, but also
the dire need for a tried and tested standard for IPVs, including an
accepted experimental methodology for characterizing the devices.

3. Conclusion

IPVs are rapidly proving to be a very practical application for
organic semiconductors; they continue to be a promising
contender for powering for the IoT using energy-harvesting tech-
niques. There are, however, some inconsistencies in the litera-
ture regarding the PCEs of IPVs likely due to a lack of an
accepted testing standard for IPVs. By presenting a realistic limit
for the PCE of OPVs, which accounts for both radiative open-
circuit voltage losses induced by sub-gap absorption (including
Urbach tails and energetic disorder) and non-radiative
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open-circuit voltage losses, we aim to elucidate what PCEs could
reasonably be expected. In particular, we have shown that a com-
bination of realistic above-gap EQEpy and AVY, in combination
with a typical energetic disorder (o, = 50meV), can reduce the
maximum PCE of OPVs from a SQ model value of 53% to ~37%
under indoor lighting conditions. We have also shown that
the best-performing optical gap becomes blue-shifted from
Eopi=1.83 to 1.92eV for o, = 50meV, suggesting that the
high-performance OPV blends PM6:Y6 and PM6:BTP-eC9
may not exceed PCEs of 20% in indoor settings. To aid future
work on indoor applications of OPVs, we have presented a meth-
odology for estimating the performance of IPVs at typical illumi-
nances, using measurements of the photovoltaic external
quantum efficiency spectrum and the open-circuit voltage under
one Sun. Furthermore, to automate the estimation of IPV perfor-
mance under arbitrary illumination conditions using these quan-
tities, we have provided a computational tool (with a graphical
user interface) as Supporting Information.”>”’

4. The Computational Tool

To aid the estimation of the PCEs of particular photovoltaic mate-
rials, a computational tool was prepared in the open-source
Python interactive development environment, Jupyter, see
ref. [50]. While this is not the first computational tool for simu-
lating photovoltaic figures-of-merit under indoor illumination
conditions, it does have a few unique characteristics. Chief
among these, this tool includes a detailed graphical user interface
that can be used to control the simulations. To estimate IPV
device performance, the tool allows the use of both simulated and
experimentally-determined EQEpy spectra; it can simulate step-
functions, sub-gap Urbach tails, and OPV absorption using
Equation (11). Using these simulated EQEpy spectra, the tool
determines the photovoltaic figures-of-merit under a selected
spectrum (e.g., CIE LED-B4) at any desired illuminance. A variety
of non-radiative open-circuit voltage loss models are also avail-
able, including Equation (13). The photon flux spectra used by
the tool can be customized (and superimposed), and as many
EQEpy spectra as desired can be loaded in. These spectra may
be analyzed individually, or countless systems may be analyzed
at once in bulk — enabling a prediction of which device would
perform best out of a selection of hundreds under a given spec-
trum in a matter of seconds. The tool is applicable to any class of
semiconductor materials, including organics, inorganics, and
perovskites. Alongside the well-detailed tool, a manual has also
been prepared that describes how to install Jupyter and how to
navigate the user interface.”!

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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