Open Access Article. Published on 28 October 2022. Downloaded on 4/4/2026 3:37:20 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & o

Environmental SC@Y?#ESN?STER
. L

Science

View Article Online

View Journal | View Issue

W) Cheok for updates Performance limitations imposed by the TCO
heterojunction in high efficiency perovskite solar

Cite this: Energy Environ. Sci.,

2022, 15, 5202 cellsT

Daniel Walter, @2 £*® Jun Peng, (2 +°°° Klaus Weber, (2@ Kylie R. Catchpole (2° and
Thomas P. White () *°

The power conversion efficiency of perovskite solar cells (PSCs) has risen rapidly, but continuing this trend
requires a clear view of all possible sources of power loss. Over the past decade in which we have
witnessed these remarkable improvements, the transparent conductive oxide (TCO) has been widely
treated as an extrinsic element. While it is recognised that the TCO contributes power loss due to finite
lateral resistance and optical losses, comparatively little attention has been paid to the influence of the
TCO on the electrostatics in other cell layers. However, a recent fill factor (FF) record on a centimetre-
scale PSC has refocused attention on how the TCO can play a significant role in the optoelectronic
properties across the entire TCO-transport layer-perovskite interface. Primarily, this is the consequence of
the Schottky-type heterojunction formed between the TL and TCO layers, which establishes a space-
charge region within the TL. Due to the extreme thinness of many TL layers, the space charge region can
extend the full width of the TL and even into the perovskite layer itself. In effect, the bulk properties of the
TL come to be dominated by the equilibrium conditions of this junction, with the consequence that the
TL can be markedly less conductive once in situ within a PSC. This in situ resistance can significantly
reduce FF, but without knowledge of this mechanism, the source of resistance and FF loss would be non-
obvious. In this contribution, we employ ionic—electronic device models to quantify the TCO-induced
in situ conductance of the transport layer and demonstrate its characteristic appearance in the JV curves
of high-performance PSCs. We posit that widely used titanium dioxide (TiO,) can be particularly

Received 1st June 2022, susceptible to a low in situ conductance, which explains the years-long plateau of FFs in TiO,-based PSCs
Accepted 24th October 2022 in the low 80%-range. By comparison to inverted PSCs, we illustrate how the TCO influence can explain
DOI: 10.1039/d2ee01742¢ comparative underperformance of FF relative to open-circuit voltage and photocurrent in state-of-the-art

n—i—p PSCs. We hope that by refocusing attention on this factor of PSC design, this work can provide a
rsc.li/ees facile path to plausibly lifting single junction PSCs beyond 26% efficiency.

Broader context

Single junction, small area perovskite solar cell (PSC) efficiency now sits at a remarkable 25.7%, close to the record for crystalline silicon at 26.6%, and closing in
on the theoretical limit of circa 30-31%. Further efficiency gains will be increasingly difficult, motivating a close, careful look at possible sources of power loss in
state-of-the-art PSCs. A notable limitation in n-i-p PSCs is fill factor (FF), which has historically lagged improvements in open-circuit voltage and photocurrent. In
this work, we draw upon our group’s recent FF record >86% to argue that the electrostatics of the transparent conductive oxide (TCO)-transport layer-perovskite
interface plays a critical role in determining resistive power losses in the TL, and hence FF. These losses can be much larger than predictions based on TL
conductivity alone. Thus, we provide explanations for the generally disappointing fill factors achieved with TiO,-based PSCs and the high FFs achieved in inverted
(p-i-n) PSCs. In doing so, we identify transport layer properties that mitigate this performance limit. Ultimately, we argue that future theoretical and experimental
work in PSCs must account for the interactions between all layers of the PSC electrodes to push efficiencies to 26% and beyond.
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Introduction

The transparent conductive oxide (TCO) constitutes the sunward-
facing electrode of a perovskite solar cell (PSC) in single-junction
or tandem configurations and conducts electric charge between
the active cell layers and an external circuit. To date, the TCO has
been widely treated as a passive cell component that has no direct
bearing on charge conductivity within the PSC itself. In theoretical
treatments (Z.e. numerical device simulations) the influence of the
TCO is rarely considered. However, a recent result from our group
presents strong evidence that the TCO layer, through the hetero-
junction it forms with the sunward-facing transport layer (TL) can
be influential on both the conductivity of the TL and to a lesser
extent on non-radiative recombination within the perovskite layer
itself. This result was a certified fill factor (FF) of more than 86%
(PCE = 23.3%) on a 1 cm® n-i-p PSC." This FF was an average
improvement of ~6% absolute over a control structure, charac-
terised by a reduction in the series resistance component of the JV
curve and a small improvement in open circuit voltage (Fig. 1).
Remarkably, the control and high-efficiency devices were distin-
guished by a single structural change: substitution of a solution
processed, lowly doped TiO, film (Np ~ 5 x 10" em™) for
a heavily doped titanium oxy-nitride (TiON,) film (Np ~ 3 x
10" em™?) as the electron transport layer (ETL). Characterisation
of these ETL materials showed that the only conclusive difference
was the circa three order-of-magnitude increase in n-type ionized
dopant density, with no significant change in other relevant
properties such as electron affinity, bandgap, electron mobility
and the perovskite crystal structure."

A FF on the order of 86% cannot be achieved unless all other
factors of the PSC are highly performant. From this perspective,
the lowly-doped, solution-processed TiO, ETL was a significant
bottleneck to performance. The experimental JV characteristics
of the TiO, and TiO;N,, cells show that the FF difference is
predominantly the result of higher series resistance in the TiO,-
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based cell, with negligible changes in open-circuit voltage,
short-circuit current density or shunt resistance (Fig. 1). However,
Hall effect measurements on the TiO, film external to the PSC
quantified conductivity at ~10"* S em™*, for an Ohmic series
resistance of ~50 mQ cm? in a 50 nm thick film. At the maximum
power point current of approximately 20 mA cm™ >, the voltage
loss contributed by this resistance is only ~1 mV, while the
experimentally observed difference was ~ 80 mV. Thus, the ex situ
conductivity cannot explain the restriction placed on FF and PCE,
nor the gains realised with TiO,N,. Instead, an explanation that is
consistent with these observations is the influence of the TCO
layer on the electrostatics of the PSC itself, via a mechanism
referred to in the wider thin-film solar cell literature as a “parasitic
Schottky junction” (PS]).>”

A PSJ is the consequence of the work function difference,
Ag, between the TL and TCO. When in intimate contact, the
materials exchange electrons until their Fermi levels are in
equilibrium. Given the high dopant density of the TCO, the
heterojunction forms an asymmetric space charge region that
extends predominantly into the TL. Within the space charge
region, majority carriers are depleted up to several orders of
magnitude below the nominal density. With typical TL thickness
of 50 nm or less, this space charge region can extend the full width
of the TL and thus come to completely determine the conductivity
of the TL once in place within a PSC. For the following discussion,
we define the ex situ conductivity as the conductivity of the film
outside of the cell, without the influence of the PSJ space charge
region. Conversely, we define in situ conductivity as the conduc-
tivity when the TL is in place within the cell, with bulk properties
determined by the electrostatic equilibrium of the perovskite-TL-
TCO interface. In Fig. 2, we plot the simulated ex situ and in situ
conductivity of a 50 nm-thick ETL as a function of dopant density,
accounting for the influence of the TCO.

The device modelling behind Fig. 2 we will describe in detail
in the next section. For now, the key observations are that (1)
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Fig. 1 Comparison between simulated (a) and experimental (b) JV curves illustrating the performance improvement following the substitution of TiO,
for TiON, In the simulated curves of (a) only ETL doping is varied, taking ionised dopant densities from Hall effect measurements. Reduction in FF and
increase in Ohmic series resistance is due to electron depletion in the ETL layer, a consequence of the space charge region of the ETL/TCO

heterojunction. Reproduced from ref. 1.
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(a) Ex situ conductivity, calculated based on nominal doping density, and in situ conductivity calculated from the equilibrium carrier density at the

maximum power point for each cell. At worst, the in situ conductivity is almost four orders of magnitude below the ex situ value. (b) Taking the in situ

conductivity calculated in (a), the theoretical maximum fill factor for a 50 nm thick ETL with an electron mobility of 0.5 cm? V™

1571 compared to a device

where the ex situ conductivity is maintained once the ETL is in place in the PSC.

for all TL dopant densities (Np) conductivity is reduced by the
space charge region of the TL/TCO heterojunction, and (2) at
lower values of Np, which for the set of parameters in this
example is <10 ecm™®, conductivity is pinned at a very low
level. This has two consequences. Firstly, if the ex situ conduc-
tivity of the TL is only marginally sufficient for a high FF solar
cell, even a heavily doped transport layer (N, = 10" cm™*) may
be sufficiently depleted to have a measurable impact on FF. This
would occur along the range of dopant densities for which the
in situ conductivity decreases rapidly as illustrated in Fig. 2b.
Secondly, at low Np, the resistance of the TL once in intimate
contact with the TCO can place an upper limit on FF. To
compute this limit, we used an idealised one-diode equivalent
circuit model, which presumes there are no other sources of
(non-ideal) power loss in the cell. This computes an upper limit
of FF of <83% (Fig. 2b). In other words, the in situ conductance
of the 50 nm-thick TL is on its own sufficient to reduce FF
by ~7%, corresponding to an absolute efficiency loss of ~2%.
Critically, the cause would not be obvious based on ex situ
measurements of the TL conductivity, which would suggest
negligible resistance losses.

The influence of the Schottky junction, also referred to as
the Schottky barrier, is a known loss mechanism in thin film
solar cells and in the last two decades has received attention in
the thin film and silicon heterojunction PV literature. Often,
this work has focused on the impact of the energy barrier to
charge transport, an energy penalty that must be surmounted
for charge to flow, with a characteristic ‘S-shape’ to the JV curve.
For example, in 2006 the TL/TCO Schottky barrier was called

5204 | Energy Environ. Sci., 2022,15, 5202-5216

upon by Snaith and Grétzel to explain a low FF, S-shaped jV
curve under monochromatic illumination in a dye-sensitized
solar cell.’ In an early 2014 review, Green et al. computed an
energy band diagram of a complete PSC, identifying an energy
barrier to electron flow at the TiO,/FTO interface. However, it
was suggested that the absence of obvious characteristics of an
energy barrier indicated a smaller barrier in practice than
predicted by idealised theory.® Motivated by the observations
of Snaith and Gritzel, one of the first PSC efficiency milestones
from Zhou et al. in 20147 explicitly aimed to reduce the energy
barrier with an ITO surface treatment prior to depositing TiO,.
In 2014, Wojciechowski et al. proposed a low temperature
fabrication process that maximised TiO, doping, again with
the intention of addressing in situ resistance.® In 2015, Chen
et al® doped a TiO, layer with Nb to achieve a then record
efficiency of 16.2%, recognising also the advantages for mini-
mising PSJ losses. Beyond perovskite photovoltaics, simula-
tions of the TCO heterojunctions in silicon heterojunction
solar cells by Zhao et al.’ and Bivour et al.* demonstrated that
the space charge region of the TL/TCO structure could be
detrimental to PCE via a reduction in FF.

Yet despite early attention in the PSC literature, in the years
that followed only a small number of works explicitly refer-
enced the PSJ and engineered PSC architectures to minimise
associated losses.”'°* Furthermore, the theory of charge con-
duction in PSCs, exemplified by numerical device modelling,
has almost completely ignored the TCO."*"*® One exception is a
study from Sherkar et al, who observed a fill factor dependence
on the energy barrier at the TL/TCO interface, but beyond the

This journal is © The Royal Society of Chemistry 2022
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importance of the TL/TCO work function difference, did not
consider the impact on bulk conductivity of the TL and how it
may be mitigated.'” The fact that the impact of the PS] in PSCs
has hitherto not been rigorously quantified and characterised
may explain why the phenomenon has faded from view,
demonstrated by recent record PCEs that approach and exceed
25% but make no mention of this mechanism or explicitly
attempt to address it.*”™*°

We develop a quantitative understanding of the PSJ in PSCs
in the following section. One key observation from our analysis
of the PSJ—which to our knowledge has not been quantified
before in the perovskite literature—is the added influence the
TCO can have on electrostatics and recombination within the
perovskite layer itself. Where the TL contains insufficient space
charge to fully screen the work function of the TCO, the
accumulation of electric charge at the near-interface region of
the perovskite is influenced by the TCO work function. Several
theoretical studies, including our own, have shown that altering
the distribution of ionic charge, and concurrently the distribu-
tion of electrons and holes, can influence rates of non-radiative
recombination, which ultimately explains many manifestations
of hysteresis in PSCs."">?%*! In our theoretical exploration of
the TCO’s influence, we observed that the greater the influence
of the TCO on the perovskite layer, the higher the rate of
nonradiative recombination at any given defect density due to
increased accumulation of minority charge carriers at the
TL-TCO interface. This was consistent with our experimental
observations in the substitution between TiO, and TiOxNy,1
which showed an ~8 mvV increase in open circuit voltage.
However, the magnitude of this voltage loss is conditional on
the perovskite layer’s ionic, dopant and recombination-active
trap properties. Furthermore, this effect is diminished via bulk
and interface passivation, while the TL conductivity loss is not.
As a result, in this work we focus on the in situ conductivity
losses. This is because the in situ resistance is particularly
relevant for the highest performance cells to date, the perfor-
mance of which suggests strong suppression of non-radiative
recombination, exemplified by a recent 24.6% PCE with an open
circuit voltage to band gap deficit of ~300 mV described by
Jeong et al."” Nonetheless, the TCO work function can exacerbate
non-radiative recombination in PSCs, and thus should be routi-
nely included in device theory and modelling going forward,
especially as TLs become increasingly thin and thus less able to
screen the TCO from the perovskite layer.

Finally, PSJ theory suggests that the use of TiO, transport
layers in n-i-p cells may fundamentally limit FF in otherwise
ideal PSCs. This is not the consequence of intrinsically low
conductivity in TiO,. Early analysis of TiO, films suggested that
their amorphous structure severely limited conductivity, to
levels as low as 107% S cm™.° However, higher conductivities,
in the range of 107 °-10"* S cm ™ are now regularly reported in
TiO, films with and without additives.” ®**"*” According to the
idealised calculations using equivalent circuit modelling
(Fig. S1, ESI¥), conductivity >3 x 107° S em ™" predicts negligible
series-resistance losses in 50 nm-thick layers. This then begs the
question as to why the highest certified FF on solution-processed

This journal is © The Royal Society of Chemistry 2022
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or spray pyrolysis TiO, is still only 81.8% as recently reported by
Jeong et al.,'® despite significant optimisations in all other
aspects of the PSC structure. Indeed, breakthroughs in certified
FF have only occurred in n-i-p PSC structures following the
move away from TiO, ETLs. From the perspective of PS] theory
this may be the consequence of a low intrinsic ionised dopant
density (<10' ecm™) in some TiO, layers, as suggested by
several studies,'***?*? for which electron depletion due to the
PSJ will be enough to reduce in situ conductivity by several
orders of magnitude (Fig. 2). Continued use of such TiO, films
would then require thicknesses <20 nm to ensure negligible
FF losses, which can be challenging to achieve with high
conformality.

This study therefore emphasizes that by ignoring the elec-
trostatics of the TL/TCO structure, relatively facile efficiency
gains—primarily through reduced series resistance and
improved FF—may be going unrealised even in state-of-the-
art PSC devices. In addition, where structural changes may have
mitigated the PSJ to some extent this factor is not recognised,
which may lead to misdirected efforts in optimisation. In the
following sections, we begin by describing the physics of the
PSJ, its characteristic manifestation in the current-voltage (JV)
curves of PSCs, and the key material properties that influence
the magnitude of the in situ conductance. With reference to
original numerical, electronic-ionic device simulations and
treatments elsewhere in the thin-film solar cell literature, we
discuss relatively straight-forward methods for mitigating PSJ
power loss. Subsequently, we consider three groups of experi-
mental data that suggest that PS] losses may be more prevalent
than is fully appreciated: (1) the correlation between ETL mate-
rial and certified FF records in n-i-p PSCs, (2) a direct compar-
ison between two recent certified small area device records
~25%, and (3) evidence of ETL depletion from cross-sectional
KPFM profiles. To broaden the scope of our analysis, we will
conclude by discussing the implications of the PSJ for inverted
PSC structures, for which the HTL is the sunward transport layer
in contact with the TCO. We consider the extent to which this
may explain the generally higher FFs reported on these struc-
tures coupled with low open circuit voltages. Ultimately, we
make the case that minimising in situ resistance due to the PSJ
will be essential to raise single junction PCEs beyond 26%.

Physics of the TL-TCO heterojunction

The influence of mobile ionic defects and hysteresis

The simulations of this work were performed in COMSOL
Multiphysics, which simulate all device layers in bulk, including
the TCO, using an ionic-electronic semiconductor drift diffusion
model as previously described.’®?° These simulations include
two mobile ions (anions and cations) of equal concentration.
The JV simulations are transient in the reverse direction, with a
voltage scan rate of 0.1 mV s~ ', chosen to reflect a quasi-steady
state (QSS) measurement protocol in which the ions are at steady
state at each point in the JV curve. This avoids the influence
of JV hysteresis on FF but does capture the influence of the

Energy Environ. Sci., 2022, 15, 5202-5216 | 5205
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rearrangement of the mobile ion population as the cell moves
along the jV curve. In addition, it reflects both the standardized
QSS measurement protocol for PSC certification, and practical
operating conditions, which stabilize about the maximum
power point.

We observed that ion concentration in the perovskite absor-
ber had a small influence on PSJ loss in the ETL and the
resultant FF, relative to key factors such as ETL dopant density,
and the TL/TCO work function difference as we will describe in
the next section. The influence of ion concentration and ETL
dopant density on FF is presented in the contour plot of Fig. S2
(ESIt). A greater ion concentration (>10"7 cm™?) can improve
FF by up to approx. 2-3% abs. at any given ETL dopant density.
However, in the same device, an increase in ETL dopant
density, which reduces PSJ losses, can increase FF by up to
12% abs. at any given mobile ion concentration. Any practical
quantity of mobile ions is thus unable to explain, or fully
recover, the FF losses due to the PS]J.

Beyond the influence of ions on PSJ FF losses, the rate of
non-radiative recombination in a PSC is affected by ion migra-
tion in the perovskite absorber."*"*?° In effect, recombination
‘sensitizes’ the JV characteristics to the movement of ions
during the JV scan (among other measurements). However,
our device simulations set a low concentration of non-
radiative recombination active defects in the perovskite bulk
and at the perovskite-transport layer interfaces in order to
simulate a high-performance PSC (i.e. Vo &~ 1.24 V with
perovskite bandgap of 1.60 eV). Therefore, our simulations do
not predict FF loss due to the influence of ion migration on
non-radiative recombination. Instead, our simulations repre-
sent high performance, low-hysteresis PSCs and isolate the
impact of the PSJ on an otherwise near-lossless device. Given
these factors, the following analysis does not consider the
influence of mobile ions further, and all simulations use a
consistent ion concentration.

The electrostatics of the TL-TCO heterojunction

An in situ reduction in TL conductivity induced by the parasitic
Schottky junction (PSJ) is driven foremost by the work function
difference between the TL and the TCO, Ag. For this discussion
we refer to the resistivity introduced by the space charge region
of the PSJ as the in situ resistivity (ISR). For clarity, and for its
relevance to our analysis of the efficacy of TiO, as an electron
transport layer (ETL) we will focus on a “standard” n-i-p
perovskite/ETL/TCO structure and will return to inverted
structures later.

In a standard structure, the TCO and the ETL form a
heterojunction due to the difference in their work functions,
A¢@. The magnitude of Ag depends on the TL-TCO materials
and the chemistry of the interface formed between them.
Although a function of the dopant density, TiO, ETLs have
work functions on the order of 4.0-4.4 eV,>?°*! and for SnO,
approximately 4.5 eV,***? while fluorine-doped tin oxide (FTO)
and indium-doped tin oxide (ITO) materials have work func-
tions that span the range of 4.4-4.8 eV.>*** Consequently, we
can expect A to range up to 800 meV, although the plausible

5206 | Energy Environ. Sci., 2022, 15, 5202-5216
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range is constrained by practical requirements for effective
charge transport. As we will see, magnitudes of Ap < 250 mV
can be sufficient to introduce significant ISR. If the TCO work
function exceeds that of the ETL, electrons flow from the ETL to
the TCO to reach equilibrium, depleting majority charge car-
riers within the space-charge region of the ETL. In a Schottky-
type heterojunction, the high electron density of the TCO
means that it cannot sustain net charge in its bulk, resulting
in an asymmetric junction in which the space charge falls
entirely on the ETL side. Under many configurations of the
junction, the space charge region will extend the full width of
the ETL. The thickness of this region in the ETL, w, is
approximated by

The width of the space-charge region (and hence total depletion)
is proportional to A@?, and inversely proportional to square
root of the ETL dopant density, Np. Thus, reducing A¢ or
increasing Np can reduce the magnitude of electron depletion
and the ISR. To understand the targets of these parameters in
practice, we simulated JV curves using an ionic-electronic device
model that incorporates all layers of the PSC, including the TCO,
for a range of values of Ap, from 0 to 360 meV (as defined for an
ETL work function where Np, grp, = 10" em ™) for a 50 nm-thick
ETL (Fig. 3a). These simulations illustrate both the change in FF
and, as importantly, the characteristic appearance of the jV
curves.

At a fixed ETL dopant density, as A¢ increases from zero
(and w expands), the series resistance component of the jV
curve increases, and FF and PCE decrease. Then, above a
threshold value, which in this example is approximately Ap =
250 meV, the energy barrier at the TL/TCO interface is sufficient
to introduce a clear s-shape to the JV curve. Clearly, we do not
see s-shaped curves in well-performing devices. However, the
critical observation is that below the ‘“s-shape threshold” there
is an intermediate range of A¢ where the JV curves simply
exhibit non-zero levels of series resistance, but there is no
direct evidence that ISR losses are responsible. Suboptimal
TCO/ITO junction properties are therefore not a binary condi-
tion, revealed by the presence or absence of an S-shaped jV
curve. That ISR losses can occur in this manner may explain
why focus on the PSJ has faded in recent years. There are, after
all, many possible sources of series resistance in a solar cell.

Because we are interested in cells with resistance losses
within the intermediate range below the s-shape threshold, we
now take a closer look at a cell in which A¢ = 220 meV (blue
curve, Fig. 3a). To illustrate how increasing Ny, mitigates ISR in
the TL, we plot simulated JV curves for a range of Ny, in Fig. 3b,
holding TCO work function constant. The quasi-steady state
electron density at the maximum power point of these curves is
presented in Fig. 3c. The corresponding equilibrium electric
potential profiles, or the relative position of the electron Fermi
level, are plotted in Fig. 3d. The relevance of the latter data will

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) Simulated JV curves as a function of the work function difference between the ETL and ITO layers, Ap, where Np gt = 10Y cm ™. (b) Simulated
JV curves as a function of ETL doping when Ag = 220 meV (defined when Np g1 = 107 cm ™). Heavier doping mitigates against electron depletion from
the ETL, recovering both voltage and FF. Note truncated x-axis range in (a) and (b), to emphasize differences in the JV curves. (c) Simulated electron
density as a function of ETL doping at the maximum power point of the JV curves plotted in (b). Dashed lines show nominal electron density based on ETL
dopant density/conductivities calculated from these profiles are presented in Fig. 2a. (d) Simulated electric potential profile across the ETL layer as a
function of ETL doping under semiconductor equilibrium conditions, i.e. without illumination or applied bias.

be revealed when we consider experimental contact potential
difference profiles as evidence of ISR in the next section.

As shown in Fig. 3b and ¢, Ny, is a critical factor because it
determines the density of ionized dopant defects, which
constitute the space charge that screens the ETL bulk (and
ultimately, the perovskite) from the work function of the TCO.
For Ag = 220 meV, it is only when Np = 10" em ™ that there is

This journal is © The Royal Society of Chemistry 2022

sufficient space charge density in the ETL to completely screen
the ETL bulk from the TCO, such that the ETL bulk carrier
density is unchanged from the nominal value. We note that as
Np increases, the Fermi level in the TL rises toward the
conduction band minimum, which will increase A¢. However,
our simulations demonstrate that the net change in conductiv-
ity is positive with increasing doping. That is, within a limited

Energy Environ. Sci., 2022, 15, 5202-5216 | 5207


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ee01742c

Open Access Article. Published on 28 October 2022. Downloaded on 4/4/2026 3:37:20 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

range of Ag, the increased TL/TCO energy barrier from increasing
Np does not introduce significant resistance to electron flow.

Below Np = 10" cm 3, the space charge region extends
deeper into the TL and the magnitude of electron depletion
increases. In this example, for Np > 10" em 3, although the
free electron density falls below Np, there is still sufficient
equilibrium concentration that ISR losses are small, and FF
reductions modest. Below 10"” ¢cm™?, however, the low equili-
brium electron concentration reduces fill factor significantly, as
illustrated in Fig. 2. The ISR thus introduces a disproportio-
nately large performance penalty on ETL materials with low
dopant density for any given value of A¢. The aggregate effect
on PCE is captured in Fig. 3b. Electron depletion substantially
increases resistance in the ETL and as previously observed,
increases rates of non-radiative recombination in the perovskite
layer by altering charge accumulation at the perovskite/TL inter-
face. The sum of these effects predicts that across an ETL dopant
density of 10" to 10"° cm™® FF and PCE can rise by up to approx.
11.5% and 3% absolute, respectively. Although the ex situ con-
ductivity of the TL predicts a small contribution to series
resistance, the ISR can lead to a ‘hidden’ source of FF loss that
only manifests once the ETL is integrated into the device.

As per the preceding discussion, there are three clear
approaches to mitigating ISR: (1) reduce A, (2) increase ETL
dopant density, (3) reduce ETL thickness or (4) employ ETL
materials with high mobility. The work function difference, Ao,
may be the most difficult to control. The energy barrier that
forms in practice between two materials is often determined by
interface states that are a product of the two materials and the
method of preparation, and are difficult to predict or control
a priori.*® Nonetheless, transport layer materials with work
functions that are closer to that of ITO or FTO are more likely
to exhibit smaller work function differences. As we will discuss
in more detail in the next section, this favours for example SnO,
as an ETL material, relatively to TiO,. On the other hand, TCO
materials with shallower work functions could reduce A¢. One
example is Zr-Doped Indium Oxide (IZRO), with a reported
work function of 4.2 ev.*’

Increasing dopant density will also maintain lower ISR for
any given value of Ag, and high doping density TL materials
with suitable band alignment vis-a-vis the perovskite absorber,
such as SnO, and TiO,N,, have already been demonstrated in
the literature.”®® As evidence for the efficacy of increasing Np
in silicon heterojunction solar cells, Bivour et al. found that
increased boron doping of a p-type amorphous silicon trans-
port layer improved FF up to 4% absolute.” ISR losses have not
received ongoing attention in silicon heterojunction photovol-
taics, which may be explained by the naturally heavy doping of
amorphous and poly silicon, which is typically at the solid
solubility limit >10%° em™3.%°

Reducing thickness of the TL will reduce the total resistance
for any given conductivity, hence mitigating FF losses. The
idealised equivalent circuit simulations of Fig. S1 (ESIt) show
that for an ETL layer with an in situ conductivity of 107° S em™,
reducing thickness from 50 nm to 20 nm improves the FF potential
of the cell from ~81% to ~87%, for a gain of approximately 2%
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(abs) per 10 nm reduction in thickness. However, it is challenging
to reduce thickness in solution-processed films such as TiO,
while avoiding pinholes that increase interface recombination
and introduce shunts via direct contact between the perovskite
and TCO layer.*® This may favour materials or methods of deposi-
tion that can produce conformal coverage at very low thicknesses.
Furthermore, if using lowly doped ETLs and attempting to mitigate
series resistance via a thinner layer, control of thickness will be
critical. As previously observed, every 10 nm increase in thickness
reduces FF by 2% abs. or PCE by approx. 0.6% abs. This will reduce
the degrees of freedom in cell fabrication and may challenge high-
throughput industrial manufacturing. By comparison, these
fine tolerances will not be present for more heavily doped TLs.
Nonetheless, the proven track record of stability and easy integra-
tion of TiO, films into high efficiency PSCs suggests that deposition
methods suitable for sub-20 nm thick films may be worth
pursuing.

A sufficiently large majority carrier mobility can also over-
come low ISR. Our previous simulations used an ETL electron
mobility of 0.5 ecm® V' s, within the typical range quoted for
TiO,"' and equivalent to that measured in our TiO, and TiO,N,
films. Yet, as the critical property is the total in situ resistance of
the transport layer, a larger majority carrier mobility will reduce
the ISR for any given magnitude of TL depletion. As an
example, in Fig. S3 (ESIf) we plot the achievable fill factor as
a function of ETL dopant density and mobility using
the idealised equivalent circuit model of Fig. S1 (ESIt) (A =
220 meV). An ETL mobility >3 em® V™' s~ results in an upper
bound on FF of at least 88%—all other factors being equal—re-
lative to approx. 80.5% for a mobility of 0.5 cm® V' s,
However, the reduction in ISR due to higher mobility can be
partially undone by an increase in A, which results in a lower
equilibrium electron density (i.e. greater depletion). To quantify
this effect, Fig. S4 (ESIt) plots the JV curves and corresponding
fill factor for a device in which the ETL electron mobilities are 3
and 100 cm® V' s~ " and Np grp, = 10'” em . The latter mobility
is at the upper end of values measured for PSC-compatible ETL
materials.*” Yet even in this case, an increase in Ag to 320 meV
(the approximate threshold at which an s-shape characteristic
appears in the JV curve) still produces a fill factor loss of approx.
4% abs. A higher mobility reduces ISR FF loss but does not
eliminate the possibility entirely. The broader interdependence
of Ap and ETL mobility on FF is captured in the contour plot of
Fig. S5 (ESIt), which illustrates how larger values of A¢ can
partially reverse the FF gains of higher ETL mobility. None-
theless, higher transport layer majority carrier mobility is
desirable under any circumstances, which favours ETL materi-
als such as ZnO and SnO,, as we will discuss in the next section.

To conclude this discussion of the PS], we consider the other
side of the interface: the perovskite-ETL junction. At this
interface a heterojunction is formed that can also deplete
majority carriers from the ETL. This is a result of the (quasi-)-
Fermi level for electrons being below that of the ETL, particu-
larly if the perovskite is p-type. In our simulations, we found
that electron depletion in the perovskite layer had a smaller
impact, relative to the work function difference with the TCO.

This journal is © The Royal Society of Chemistry 2022
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The impact of the ETL-perovskite heterojunction alone is
implicitly demonstrated in the simulated jV curve for Ap =
0 meV (black curve) in Fig. 3a. This magnitude of A¢ results in
negligible electron depletion from the ETL to the TCO, and
total FF is predicted to be ~88%. However, the relative magni-
tude of these losses is conditional on the perovskite properties,
e.g. fixed dopant density, ion concentration, band gap and
electron affinity. It is also impacted by the injection level within
the perovskite, which determines the quasi-Fermi level for
electrons, the exploration of which are beyond the scope of
this study.

Evidence for ISR power loss

In the preceding section, we laid out the theoretical basis for
the parasitic Schottky junction (PS]) in a perovskite solar cell.
We identified an intermediate range of PSJ-induced TL deple-
tion that increases series resistance and reduces FF without the
characteristic s-shaped JV curve that is symptomatic of high
energy barriers to charge carrier flow. Now, we consider evi-
dence from the literature, both direct and circumstantial, that
ETL depletion may be occurring in even state-of-the-art n-i-p
PSC structures.

View Article Online

Energy & Environmental Science

Power losses due to ISR may be apparent in the historical
trend in certified FFs from state-of-the-art PSCs. In Fig. 6, we
plot the FF taken from both certified efficiency records reported
in the solar cell efficiency tables and other notable certified JV
measurements, all of which were recorded on an n-i—p
structure.*® Between 2017 and 2019 FF plateaued at approxi-
mately 80%, even as open circuit voltage continued to improve.
After 2019, FF increased stepwise by roughly 4% absolute and
has continued to improve by over 6% absolute with our result
in late 2021® (Fig. 4). Clearly, there are many structural and
compositional differences between these cells. However, one
change correlated with the step change in FF is a shift from
TiO, to tin oxide (SnO,) and eventually TiO,N,, as the ETL
material. This invites the question as to whether the improve-
ment in FF from TiO, to SnO, is due to the same reduction in
ISR we observed with the TiO, to TiO,N,, substitution. Measure-
ments of TiO, Np < 10"® cm—*"'%2%* could make TiO, highly
susceptible to ISR, limiting FF to the low 80 s in otherwise high-
performance cells (Fig. 2). This is consistent with the plateau in
certified fill factors around 80%. Indeed, if we consider pro-
gress in TiO,-based PSCs since 2019, certified FFs have still only
reached 81.8%, in this case in a device that currently matches
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Fig. 4 (a) Certified FFs taken from efficiency tables and other notable certified results, published according to the date of certification.*®7577° All cells are
n—i-p structures, and the transition from TiO, to SnO, and TiO N, ETL materials coincides with a step-change increase in FF. The certified result from
ANU, plotted independently, was fabricated on ALD TiO,, for which we have measured doping levels in the range of 10Y-10%° cm™35% Also plotted is the

current certified record FF for a PSC fabricated on non-ALD TiO,.*
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the world record in certified PCE of 25.2%,' indicative of
extremely high performance in all other factors of the cell.

From the perspective of ISR, SnO, offers several advantages
over TiO,. Foremost, measured dopant densities, with and
without additives, are consistently in the range of 10" to
10'® em ™ ,>7*> of a similar magnitude to TiO,N;. In addition,
Sno, is often deposited at thicknesses <30 nm*** and electron
mobility is reported to be as high as ~200-400 cm?® v~ * 571,484
The larger work function of SnO, also reduces the possible
magnitude of A¢. Thus, in minimising ISR, SnO, is advantaged
along several dimensions: heavier doping results in a higher
in situ equilibrium electron concentration (Fig. 3c), while lower
thickness, higher electron mobility and a deeper work function
relative to TiO, greatly increases the likelihood of low in situ
resistances to a level that could pose no fundamental restriction
on overall FF.

An interpretation, therefore, of the global trend in certified
FF presented in Fig. 4 is an unrecognised mitigation of PS]J
resistive losses in the ETL of n-i-p PSC structures, achieved by
a transition from TiO, to SnO,. As further evidence, we consider
in detail two recent certified efficiencies on small area cells.
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In late 2020, Jeong et al. reported a PCE of 24.6%, on a low-
bandgap dual cation perovskite'” with a remarkable ~300 mV
bandgap to open-circuit voltage deficit. The reported voltage is
more than 98% of the Shockley-Queisser limit for the given
bandgap energy and indicates that non-radiative recombina-
tion in the device is extremely low, both in the perovskite bulk
and at the interfaces. Optimization of the HTL material max-
imised PCE primarily through improved FF. Despite this, the
certified FF, at 79.7%, is ~10% absolute below the theoretical
limit for the measured voltage. If non-radiative recombination
cannot explain this deficit, and HTL optimisation reduces the
likelihood that the positive terminal is contributing significant
FF loss, we are left to propose other sources. The characteristic
of the JV curve for this cell (Fig. 5) is consistent with significant
series resistance (compare with Fig. S1, ESIt). One candidate is
Ohmic resistance in the TCO. However, the cell area is approxi-
mately 3 x 3 mm?, which predicts a relative (not absolute) PCE
loss of at most 1% in the FTO layer, presuming a sheet
resistance of 10 Q [0~ using the analytical model of Jacobs
et al.>® We then consider the negative terminal: the cell was
fabricated on an FTO substrate with a spray pyrolysis deposited
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Fig. 5 Certified QSS JV data of champion cell from Jeong et al.° and Yoo et al.*® Data has been digitized and current density normalised for direct
comparison. The gradient of the voltage/current relationship between V5, and Vo (~1000-1180 mV) is indicative of non-ideal series resistance. The
cell of Jeong et al. is fabricated on an FTO/TiO, substrate, which our analysis suggests may be highly susceptible to power loss due to the TCO/ETL
parasitic Schottky junction. By comparison, the certified performance from Yoo et al. has achieved a FF 5% absolute greater on a structure based on a
FTO/SnO, interface.
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TiO, ETL. As we previously discussed, a low TL dopant density
and the predicted range of Ap may make this TCO/TL structure
susceptible to high ISR. Therefore, a plausible explanation for
the unusually low FF relative to the open circuit voltage is the ISR
of the TiO, layer, with maximum power point resistive voltage
losses exacerbated by the high (~26 mA cm™?) photocurrent.

A comparison to a more recent report by Yoo et al.'® illus-
trates the magnitude of the ISR power loss that may have
occurred in the cells of Jeong et al. Yoo et al. achieved a certified
small area efficiency of 25.2%, in which a key structural change
was SnO, as the ETL. This cell had a lower photocurrent
(25 mA cm™?), and a higher voltage to bandgap energy deficit
(389 mV with aperture mask) than Jeong et al. yet reported a
larger certified FF by 5.2% absolute. The improvement in PCE
was thus entirely a result of improved FF. A comparison of the
JV curves (Fig. 5) shows that this improvement was driven by a
reduction in series resistance. The SnO, layer—which was
optimised to maximise doping density as indicated by UPS
data—may therefore be the source of this gain through mini-
mizing ISR. Although Yoo et al. ascribed much of the perfor-
mance enhancement to improvement of the conductivity and
conformality of the SnO,, they did not consider the possibility
that PSJ losses were being mitigated. Conversely, Jeong et al.
may have fabricated a highly efficient device constrained by
resistance losses in the ETL, as with control samples in our
recent work before the incorporation of TiON,. If we just
consider the ex situ conductivity of TiO, compared to SnO,,
we do not predict the magnitude of FF increase between these
two structures. A straight-forward calculation shows that if a
more heavily doped ETL layer (>10"" cm™*) were incorporated
into the cell structure of Jeong et al. to achieve FF on par with
the certified value from our recent device (>86%), while
maintaining the outstanding open-circuit voltage and photo-
current, then PCE would comfortably exceed 26%. This would
put perovskite solar cell performance on the same level as the
current record in silicon solar cells.”® TL ISR may therefore be
one of the last major unrecognised sources of significant power
loss in state-of-the-art PSC structures.

Before we continue to our final line of evidence of ISR losses
in the PSCs, we note that Mott-Schottky measurements of TiO,
have suggested that the ionised dopant density may be on the
order of 10" em™3,>%* for which our theoretical treatment
predicts low ISR. The wide range of reported ionised dopant
densities in TiO, films may be a function of how the material is
fabricated.®® Notably, we have previously quantified via
Hall effect measurements an ionised dopant density in ALD-
processed TiO, in the range of 10"’-10" em 3. This material
we incorporated into a 1 ecm® PSC, which recorded a certified
FF of 83.9%.>> However, beyond direct measurements of
TiO, Np < 10 ecm™3,%1%%¢ there are indirect indications of
low ionised dopant density in TiO, materials used in PSCs. First
is a series of injection-dependent conductivity measurements
of TiO, performed by Leijtens et al.** using pulsed laser excitation.
These data showed a strong injection-level dependence of conduc-
tivity and mobility in TiO, across a carrier density range of ~2 x
10"-3 x 10" cm™*, which is inconsistent with an intrinsic dopant

This journal is © The Royal Society of Chemistry 2022
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density >10" em™>. This was observed for TiO, materials with and
without conductivity-enhancing additives.

The second line of evidence of low ionised dopant density in
TiO, comes from data that also suggest heavy electron deple-
tion and increased ISR in TiO, ETLs more generally. These data
are cross-sectional contact potential difference (CPD) profiles
measured using Kelvin force probe microscopy (KPFM) techni-
ques, which we interpret with the aid of the simulated electric
potential profiles of Fig. 3d. CPD measurements capture the
spatial distribution of the relative surface potential across a
perovskite solar cell with high spatial resolution. Cross section
KPFM measurements are technically challenging, but in recent
years several groups have published high resolution CPD
profiles of complete PSCs.*®®° These data provide arguably
the clearest view into charge distribution in PSCs, and as they
capture the potential profile across full devices can reveal the
equilibrium distribution of electric charge, and hence the
in situ space charge within the ETL.

CPD profiles taken from TiO,/perovskite/spiro PSCs are
presented in Fig. 6. These profiles show, in principle, the
relative position of the local work function (WF) as the Kelvin
probe scans across the cell cross-section, although we must
assume that the surface potentials are uniformly indicative of
the bulk potential across all layers. By comparing the gradient
of the CPD across the TiO, layer to the simulated profiles of
Fig. 3d, we see that the shallow (quasi-linear) curvature of the
profile across the TiO, layer in all measurements is consistent
with low space charge density, p, and hence low Ny, (as per
Gauss’ law, V>V = —p/¢). Per the simulated electric potential
profiles, if the TiO, were doped >10"® cm™*, we expect to see
an exposed space charge density capable of screening the TiO,
bulk from TCO work function, and hence a bulk potential in
the TiO, layer that lies closer to the intrinsic work function.
As presented, the CPD profiles are instead consistent with the
simulated profiles where N, < 10'® cm™®. In addition, the
measured profiles are consistent with the space charge region
extending the full width of the TiO, layer, with implications for
bulk non-radiative recombination as discussed in the previous
section.

Implications for inverted PSCs

The preceding discussion of n-i-p PSCs has suggested that
the PSJ in a TiO,/TCO layer structure may introduce series
resistance that places a fundamental limit on FF, which is
circumstantially consistent with historical trends in the certi-
fied state-of-the-art performance records in n-i-p PSCs. The
obvious comparison is inverted structures, which have repeat-
edly reported uncertified FF > 84%°'®* with at least two
reports of FF > 86%.°>°* As seen from the perspective of PS]
theory, a key difference between standard and inverted struc-
tures is the material that contacts the TCO.

In inverted structures, majority charge carriers can also be
depleted from the TCO-adjacent hole transport layer and con-
sequently there is the same dependence on doping density (N,),
Ag and thickness to mitigate ISR losses. A common HTL for
inverted PSCs with FF > 84% is PEDOT:PSS.**®* The doping
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Fig. 6 Contact potential difference profiles take from KPFM measurements of PSC cross sections. In both cases, the electric potential across the TiO,
layer is consistent with low ionised dopant density and significant depletion from the TiO, layer (compare to simulation results of Fig. 3d). (a) Reprinted
with permission from Hermes et al., J. Phys. Chem. Lett. 2018, 9 (21), 6249-6256. Copyright 2018 American Chemical Society,*® (b) Reprinted from Cai
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density, N,, of PEDOT:PSS typically exceeds >10" cm > °> and
thickness is approximately 40 nm. The work function of PED-
OT:PSS at 4.7-5.4 eV®® predicts a similar magnitude (although
opposite sign) of Ap as compared to TiO,/TCO structures, up to
1.0 eV. Beyond PEDOT:PSS, a notable recent FF of 86.2% is
described by Cao et al.®® on a 20 nm NiO, HTL. Although
dopant densities and hence work function vary with prepara-
tion method, NiO, has been reported with doping densities in
the range of 10'°-10"° cm*,*” and a work-function ~ 5.0 eV.%®
These HTL materials benefit from reduced thickness and
increased ionised dopant density, relative to the TiO,/TCO
structure in n-i-p PSCs. Consequently, inverted cells may have
generally achieved higher FF due to widely used HTL materials
being both comparatively thin and heavily doped relative to
TiO,, mitigating the ISR.

In this context, it is interesting to note that while inverted
cells have achieved FFs greater than n-i-p PSCs, the open
circuit voltage and hence PCE is typically lower. For example,
Chiang et al.* reported 86% FF with 1060 mV V,., Wu et al.®>
reported 85% FF and 1030 mV V,,, while the recent 86.2% FF of
Cao et al.®* achieved a comparatively modest 1120 mV V.. In
each case, low voltages reduced overall solar cell efficiency. An
explanation for the counter-intuitive correlation between FF
and open circuit voltage comes from PS]J theory. Firstly, how-
ever, we must recognise that FF is a function of both the open
circuit voltage and the short circuit current density and the
voltage and current density at the maximum power point. In
our simulations, we observed that if most non-radiative recom-
bination takes place at a TL interface, then the reduction in
maximum power point and open circuit voltage is approxi-
mately proportional over a wide range of interface defect
concentrations (Fig. 7). In addition, there is minimal influence
on the internal quantum efficiency and short circuit current.
Consequently, the open circuit and maximum power point

5212 | Energy Environ. Sci., 2022, 15, 5202-5216

voltages fall due to increased recombination, while fill factor
remains relatively unchanged.

However, for high FFs to be achieved under low voltages,
charge transport resistance across the whole device must be
very low. Resistance within the perovskite bulk is expected to be
minimal, owing to high perovskite diffusion lengths relative to
the absorber thickness, which is suggested by multiple mea-
surements of the electronic quality of perovskite films.%*%7°
Indeed the 86.2% FF of Cao et al. was supported by optimisa-
tion of electron and hole mobility in the perovskite layer. In
addition, resistance in the transport layers must also be very
low. Hence, meaningful ISR would make the combination of
low open circuit voltage and high FF extremely difficult to
achieve.

To test this notion, we simulated the JV characteristics of a
PSC in which high TL doping (Ny = 10"® em™®) and high
perovskite mobility (4. = pn, = 15 cm®> V' s~ " as per Cao
et al.) ensured negligible resistance losses in the cell, most
notably the absence of HTL ISR. We varied recombination at
the perovskite-HTL interface by adjusting the interfacial
recombination-active defect density. As recombination
increased and voltage fell, the theoretically achievable FF
remained relatively constant at = 87% across a range of V.
from 1000-1200 mV (Fig. 7). The nuances of the injection-
dependent recombination dynamics are beyond the scope of
our discussion, but these simulations nonetheless illustrate
that FF > 87% can be achieved in PSCs with voltages as low as
1000 mV, provided no other sources of resistive power loss are
present. Therefore, the combination of high FF and low voltage
in inverted cells is evidence that these structures are less
susceptible to TL ISR losses.

Finally, we must acknowledge that all the calculations in
this work have assumed that resistive power losses at the dark
side of the cell are very low. In principle, the Schottky junction

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Simulated FF potential for a PSC in which only non-radiative recombination is the limiting factor on performance (i.e. no majority carrier depletion
and increased ISR in TL). (a) Simulated JV curves vs. an increasing density of recombination-active (midgap) defects at the HTL interface. (b) FF as a
function of the open-circuit voltage, extracted from the simulated JV curves of (a). The FF varies by only 0.5% abs. between open circuit voltages of 1.0—
1.2 V due to the approximately proportional reduction in V. and Vi, as HTL interface defect density increases. The nuance of the relationship between
Voc and Vi, is beyond the scope of our discussion here. Instead, these results demonstrate that relatively low voltage is compatible with high FF so long
as there is high charge carrier collection efficiency, e.g. by avoiding TL series resistance induced by the PSJ. Literature data on V.-FF in inverted cells are
plotted alongside simulated data.®>~%% The relationship between voltage and FF are suggestive of very low resistance losses, including PSJ losses in these

inverted cell architectures.

that can lead to majority carrier depletion at the TL-TCO
interface can also occur at the metalized side of the PSC.
Referring to the FF gains from the incorporation of TiO,N,,
cell performance suggests that in this structure resistance
losses introduced by the HTL must be relatively small. It is
possible that the practical Ag of the TL-Au interface is negli-
gible, potentially a consequence of Fermi-level pinning as is
widely observed for metal contacts.*® Evidence for low Ap may
be observed in the CPD profile of Fig. 6a, which shows flat band
conditions across the interface between SPIRO:OMeTAD HTL
and the Au electrode.

Recommendations for future characterisation

Our theoretical treatment, as with all numerical perovskite
solar cell simulations to date, has assumed idealised alignment
of energy bands in the cell.”" However, interface states that are
unique to the combination of materials can lead to Fermi level
pinning, which result in a built-in potential that differs from
idealised predictions using data measured on films in
isolation.>® Furthermore, other effects such as ion migration
into the transport layers,”>”* interfacial dipoles” and surface
morphology®® can influence the energy landscape of the junc-
tion. Therefore, even with accurate quantification of the band
structure of the TL, reliable predictions of the TCO/TL interface
properties will be challenging a priori.

This journal is © The Royal Society of Chemistry 2022

Nonetheless, our simulations have shown that the predicted
range of work function differences between the TL and TCO
makes space charge in the TL highly probable, with uncertainty
existing only in the magnitude of the majority carrier depletion
and the corresponding increase in ISR. Therefore, in character-
ising TL materials intended for the TL/TCO interface, we
recommend routinely quantifying properties that minimise
the likelihood of significant ISR for any eventual potential
difference between the TCO and the TL, in addition to direct
quantification of the current-voltage properties of the TCO/TL
junction itself. For the TL, dopant density and majority carrier
mobility are two critical parameters as they determine the
susceptibility of the material to an in situ reduction in con-
ductivity at any given A¢. As the method of fabrication and the
inclusion of additives can have a significant influence of
dopant density, this may require measurements taken in-
house that reflect the specific composition employed, as
opposed to relying on literature data.

The work function difference, A, also plays an important
role. Consequently, it may be necessary to quantify the current-
voltage properties of the TL/TCO interface using dedicated test
structures. In Fig. S6 (ESIt) we plot simulated current-voltage
curves for a TL/TCO structure, where each interface is contacted
via an Ohmic electrode. These simulations demonstrate the
mild rectification predicted for conditions in which A¢ falls
within the sub s-shape range we previously identified,
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appearing as a resistance to current flow that is asymmetric
with polarity across the TL/TCO interface. To reiterate, where
A¢ is sufficiently large such that the TL/TCO is strongly
rectifying against current flow from the cell—a result of a large
built-in potential in the junction—the jV characteristics of the
cell will exhibit an s-shape that clearly identifies a structural
problem.

Conclusion

Achieving maximum efficiency in single junction or tandem
perovskite solar cells will require a clear view of all possible
sources of power loss. In this work, we considered the impact of
the Schottky-type heterojunction formed between the TCO and
the adjacent transport layer (TL) on the in situ conductivity
of the TL. Using numerical ionic-electronic device modelling,
we illustrated how majority carrier depletion of the transport
layer can result in increased series resistance that would be
unexpected based on an ex situ quantification of transport layer
conductivity. In addition, where the depletion region extends
the full width of the TL, the TCO work function can increase
non-radiative recombination rates within the perovskite itself,
reducing cell voltage. Critical is the observation that the resis-
tive power loss due to this junction does not need to have the
characteristic “s-shape” that is symptomatic of high energy
barriers to majority carrier flow at the TL-TCO interface. While
the intrinsic conductivity of a transport layer is clearly still an
important factor, it is ultimately the conductivity of the trans-
port layer once in electrostatic equilibrium with the TCO that
determines the achievable fill factor of a perovskite solar cell.

Factors that minimise the width of the depletion region
in the TL will reduce majority carrier depletion and in situ
resistance, namely an increase in TL doping and a decrease in
the work function difference between the two layers. In addi-
tion, significant reductions in thickness to <20 nm will reduce
overall resistance in otherwise heavily depleted layers but come
with practical challenges that may instead favour the use of
heavily doped or high mobility materials. As a case study, we
considered the widely used electrode structure fabricated from
TCO/TiO, layers. Hall effect measurements and CPD profiles of
PSCs taken from literature suggest that TiO, can have intrinsi-
cally low ionised dopant densities <10'® cm™>. Thus, majority
carrier depletion can reduce in situ conductivity and plausibly
restrict maximum FF to the low 80 s in cells with ETL films of
typical 50 nm thickness. This prediction is circumstantially
consistent with the years-long plateau of circa 80% in certified
FF on TiO, PSCs, with the highest certified FF of non-ALD TiO,-
based PSCs having only recently reached 81.8%."° A step
change in certified FFs in record n-i-p PSCs coincided with
the transition to Sn0O,'® and TiO,N,"' ETLs. From the perspec-
tive of the PSJ, SnO, and TiO,N, benefit from high ionised
dopant densities, while SnO, exhibits a higher majority carrier
mobility and a deeper work function relative to TiO,. Going
forward, the continued use of TiO, will likely require signifi-
cantly thinner layers <20 nm that do not compromise uniform
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coverage or exploration of deposition methods that can reliably
produce high ionised dopant densities, as may be the case for
ALD TiO,.>* By considering recent records in PSC performance,
we illustrate how mitigation of TCO-induced ETL depletion
could increase PCEs above 26%.

In the context of inverted PSCs, we suggest that repeated
reports of FFs > 84%, including two reports > 86%, may in part
be the result of reduced susceptibility of common HTL materials
to TCO-induced in situ resistance. A major factor distinguishing
inverted cell structures is the material that contacts the TCO,
with high performance HTLs such as PEDOT:PSS and NiO,
mitigating in situ resistance through generally higher ionised
dopant densities and thinner layers. This comparison further
emphasizes TiO, as a weak link in PSC design.

We conclude with three important points. Firstly, the mag-
nitude of the power loss introduced by the TCO/TL junction is
dependent on material properties—such as the ionised dopant
density of the TL—that are not routinely quantified. This work
has demonstrated the possible extent of these losses based on a
plausible range of material parameters. But given the potential
for significant resistance in non-ideal TL/TCO structures, we
suggest routine characterisation of TL dopant density, majority
carrier mobility and the current-voltage properties of the resul-
tant TL/TCO structure. Secondly, for device modelling to be
representative of the electrostatics of complete PSCs, the TCO
must be incorporated into PSC theory. Finally, mitigation of
in situ depletion of the TCO-adjacent transport layer is neces-
sary but not sufficient to achieve high PCEs. All other factors of
the cell must be highly performant. Our argument is that the
TL/TCO heterojunction can introduce significant and often
unrecognised sources of power loss in state-of-the-art PSCs,
constraining otherwise high-performance cells.
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