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The main losses in perovskite solar cells (PSCs) are often related to their charge-transport layers (CTLs).
While it has been shown how losses related to charge extraction and recombination at the CTL interfaces
can be minimized individually, a comprehensive picture is still lacking. In this work, we describe how
recombination at interfaces is related to the distribution of electric potential within the device based on
drift-diﬀusion simulations. Our results show that interface recombination in PSCs can only be fully understood when the whole device is considered. We ﬁnd that devices with poor conductivity in the CTLs or
small built-in potential will suﬀer from fast recombination at interfaces and that the interface recombination can be avoided by improving these. To illustrate our results, we present a framework that provides an
intuitive way to understand electrical potential and compare losses in PSCs. We show that the simulation
data can be well understood within the framework for the whole range of parameters studied.
DOI: 10.1103/PhysRevApplied.16.014041

I. INTRODUCTION
The eﬃciency of perovskite solar cells (PSCs) is rapidly
approaching the theoretical maximum, with a record eﬃciency of over 25% [1]. As the eﬃciency is now comparable to that of well-established technologies such as
silicon-based solar cells, the key issues are now stability and scalability. State-of-the-art PSCs have the
light-absorbing perovskite layer sandwiched between two
charge-transport layers (CTLs), to help extract photogenerated charge carriers. Currently, the eﬃciency is often limited by nonradiative recombination at the CTL interfaces
in the device [2–4] and reduction of this loss mechanism
has been the goal of numerous studies.
Despite acting as a major loss channel, the two CTLs
play a crucial role in PSCs by ensuring that photogenerated
charge carriers are extracted at the appropriate electrode.
More speciﬁcally, the hole-transport layer (HTL) extracts
holes from the perovskite layer and blocks electrons, and
vice versa for the electron-transport layer (ETL).
The most important property of a CTL is its ability to
extract majority charge carriers, referring to holes (electrons) for the HTL (ETL). To extract majority charge
carriers with minimal losses, the CTL should have a large
enough conductivity [5–7] and no energetic barrier to
transfer majority charge carriers from the perovskite layer
to the CTL [8,9]. In devices with thick CTLs, doping is
*
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often needed to avoid a poor ﬁll factor. Recently, Le Corre
et al. [5] suggested that if the mobility of the CTL μCTL is
too low, the doping concentration ND should be chosen as
ND ≥

lCTL JSC
,
kTμCTL

(1)

where lCTL is the thickness of the CTL, JSC the shortcircuit current, k is the Boltzmann constant, and T is the
temperature, in order to retain good device performance.
In addition, CTLs should prevent minority charge carriers, referring to electrons (holes) for the HTL (ETL), from
being extracted or recombining at the CTL-perovskite
interface. The former is usually achieved by selecting
CTLs with a suitable energetic barrier for minority charge
carriers. The latter can be mitigated to some extent
via interface engineering [10–13], where nanometer-thick
interfacial layers are inserted between the perovskite layer
and the CTL to decrease the recombination rate.
The CTLs, in combination with the electrodes, also
determine the value of the built-in potential. The role
of the built-in potential is still under discussion. It has
been suggested that a large built-in potential can prevent minority-charge-carrier recombination [4,14] and that
a small built-in potential can cause poor ﬁll factors and
S-shaped I -V curves [15,16]. In a device with undoped
CTLs, the built-in potential is determined by the workfunction diﬀerence between the anode and cathode. If the
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CTLs are doped, the built-in potential is instead determined by the work function of these layers due to Fermilevel alignment. By using p to denote the work function
of the anode or HTL and n for the cathode or ETL,
depending on whether the CTLs are undoped or doped, the
built-in potential can be expressed as [17]
VBI =


1
p − n ,
e

(2)

where e is the elementary charge.
This work aims to provide an intuitive way to understand the role of the electric potential in PSCs, under
illumination, and how it relates to recombination in the
device. We tie losses due to recombination at interfaces and
charge extraction directly to device performance, so that
this work can help guide the optimization of new devices.
A better understanding of losses is particularly important
when the improvement of stability and scalability may
require rethinking of the current design of CTLs and their
interfaces.
Charge transport in PSCs is a complex process that can
only be fully understood by considering quasi-Fermi levels. However, these are diﬃcult to predict based on the
device architecture alone. Instead, we choose to consider
the distribution of the electric potential over the various
layers in the device, which is directly related to the applied
voltage and, therefore, changes during an I -V scan. We
explicitly focus on charge transport at the maximum power
point (MPP), to relate our results directly to the device
performance.
It is possible to gain some insights into the role of the
electric potential by considering the typical I -V curve of a
PSC. At short circuit, when no voltage is applied over the
device, the internal potential diﬀerence over the device is
given by the built-in potential VBI . Assuming good charge
extraction, all photogenerated charge carriers are extracted
by the built-in potential and the short-circuit current JSC
is equal to the photocurrent. When a small voltage, U, is
applied in forward bias, the internal potential decreases
as VBI − U but the current remains roughly constant at
J (U) ≈ JSC . As U is increased, at some point signiﬁcant
recombination commences and the maximum-power-point
voltage VMPP is reached. At this point, the internal potential
is too small to extract all charge carriers before they recombine. If U is increased further, recombination increases
rapidly and the open-circuit voltage VOC is found when all
photogenerated charge carriers recombine.
Looking more closely at the MPP, where the total potential drop over the device VBI − VMPP is distributed between
the HTL, the perovskite layer, and the ETL, it then follows
that, provided that the vacuum level Evac is continuous
throughout the device,
VBI − VHTL − VETL − Vpvsk = VMPP ,

(3)

where VHTL , Vpvsk and VETL are the potential drops over
the respective layers. Here, VHTL and VETL help transport
charge carriers through the transport layers. No potential
drop is needed to extract charge carriers from the perovskite layer due to the long diﬀusion lengths of both carriers. Instead, Vpvsk prevents electrons (holes) from reaching
the HTL (ETL) interface and recombining. Figure 1 illustrates the terms in Eq. (3), as well as the charge transport
in a typical PSC.
Equation (3) can be seen as a budget for the electric
potential in the device. The built-in potential determines
the size of the budget and costs (losses) for transporting
charge carriers through the CTLs (VHTL and VETL ) and
avoiding recombination (Vpvsk ) are subtracted from it. The
remainder sets the value for VMPP , which can be increased
by reducing costs (losses) or increasing the budget (builtin potential). Note that the budget is a consequence of and
depends on the device structure and can only be changed
by redesigning the device.
We utilize drift-diﬀusion simulations to show how the
voltage losses in Eq. (3) can be tied to device properties.
Drift-diﬀusion simulations have been used extensively to
model and predict the performance of perovskite solar cells
[2,4,15,16,18–22]. The drift-diﬀusion simulation assumes
that charge transport is a combination of drift and diffusion currents and solves the continuity equations for
holes and electrons, combined with the Poisson equation.
The solution gives charge-carrier concentrations and the
electric potential as a function of position in the device,
which lets us determine the potential drop over the diﬀerent
layers. Figure 1 can be seen as an illustration of the simulations, although we stress that the distribution of charge
carriers and the shape of the vacuum level Evac are outputs from the simulation while the material properties are
inputs.
II. RESULTS
In the simulation, we assume that the electrontransport layer is ideal, so that it blocks holes essentially
perfectly while extracting electrons without any losses and
has a work function 0.2 eV below the perovskite conduction band. This is done for simplicity, and as a result
of electrons being transported through the ETL without
losses, VETL = 0. Also, because the ETL blocks holes from
recombining, Vpvsk only aﬀects the recombination rate of
electrons at the HTL-perovskite interface. We choose the
recombination at the HTL-perovskite interface to be purely
trap assisted, with a recombination lifetime much shorter
than that in the bulk of the perovskite layer. Although
recombination at interfaces in PSCs is still not well understood, purely trap-assisted recombination is commonly
assumed [4,16,18,20,21]. Furthermore, we use recombination lifetimes that are independent of the doping concentration for the majority of the work, as it is not clear how
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FIG. 1. A schematic drawing illustrating the terms in Eq. (3) and the energy diagram of a typical device, as well as charge transport
and recombination at the maximum power point. The size of the potential drops is exaggerated compared to the energy levels for
clarity.

the two are linked. At the end, we examine how the results
change under other assumptions.
We look at doped HTLs with a thickness lHTL of 150 nm,
mobility μHTL = 10−3 cm2 V−1 s−1 and doping concentrations Np in the range 1015 cm−3 to 1019 cm−3 . It should be
noted that the lower end of the values used for Np corresponds to essentially undoped organic materials. With the
set of parameters that we use, the maximum short-circuit
current JSC is 22.5 mA cm−2 while the bulk recombination
limits for the MPP voltage VMPP and the open-circuit voltage VOC are 1.07 V and 1.18 V, respectively. The details of
the simulation and the full set of simulation parameters are
found in the Supplemental Material [23].

over the layer is required to extract photogenerated charge
carriers. For an HTL with thickness lHTL and conductivity
σHTL , the potential drop is given by V = RJ (U) according
to Ohm’s law, where R = lHTL /σHTL is the resistance. By
doping the HTL, the conductivity can be increased as per
σHTL = eμp Np for a uniformly doped layer, where Np is
the concentration of dopants that have contributed one free
hole. Then the potential drop over the doped HTL can be
expressed as
VHTL =

J (U)lHTL
.
eμHTL Np

(4)

For a device with a good ﬁll factor, the current at the MPP
is close to that at short circuit, J (VMPP ) ≈ JSC , so that
A. Doping
VHTL ≈

Losses related to hole extraction arise when the conductivity of the HTL, σ , is low and a large potential drop
(a)

JSC lHTL
.
eμHTL Np

(5)

(b)

FIG. 2. Simulation data for diﬀerent values of doping concentration in the HTL Np . (a) The current j as a function of the applied
voltage U. (b) The vacuum level Evac as a function of the position in the device x at the maximum power point. The eﬀect of a
decreasing potential drop over the HTL and an increasing built-in potential with increasing Np are shown by the arrows in both parts.
In (b), the electric potential of the anode is used as the zero level.
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By stipulating that VHTL ≤ kT/e, we would arrive at
Eq. (1). Thus, by reducing VHTL , according to Eq. (3), we
would expect to see a corresponding increase in VMPP .
Figure 2 shows the I -V curves of and the electric potential in the device for diﬀerent doping concentrations in
the HTL, with the eﬀect of decreasing VHTL marked. For
the lowest doping concentration, holes start to accumulate in the HTL and Eq. (5) does not apply, but for
Np = 1016 cm−3 and Np = 1017 cm−3 it gives VHTL ≈ 0.2
V and VHTL ≈ 0.02 V, which is in good agreement with
the simulation results in Fig. 2(b). The The criterion in
Eq. (1) is fullﬁlled for Np = 1017 cm−3 and since VHTL is
already negligible at this point, increasing Np further gives
no noticeable reduction in costs.
B. Built-in potential
The improvement in VMPP at Np ≥ 1017 cm−3 , as shown
in Fig 2, is instead the result of an increase of the budget. The built-in potential VBI can be related to the doping

concentration Np as [17]


eVBI =

−EvHTL

Np
+ kT ln
NvHTL


− n ,

(6)

where EvHTL is the hole-transport level in the HTL and
NvHTL the eﬀective density of states for that level. According to Eq. (6), an increase in Np by one order of magnitude
should increase VBI by 0.06 V, which is in good agreement
with the simulation results. This corresponds to the diﬀerence between the curves in Fig. 2(b) at the position of the
arrow. Thus we show that VMPP can be improved either by
reducing costs or increasing the budget.
While it proves straightforward to determine how VHTL
relates to charge transport, the role of Vpvsk is more complex. In order to clarify how the recombination rate at the
HTL-perovskite interface is aﬀected by Vpvsk , we choose
to increase VBI by changing EvHTL and Np , past the bulk
recombination limit for VMPP . Because VMPP does not
increase further, the additional potential instead drops over

(a)

(b)

(c)

(d)

FIG. 3. Simulation data for diﬀerent values of VBI , which is changed by varying EvHTL and Np and calculated using Eq. (6). The
current j as a function of (a) the applied voltage U and (b) U − VBI . (c) The interface and bulk recombination currents as a function
of Vpvsk , as determined from the simulation data. (d) The electron concentration as a function of position in the perovskite layer x,
with the HTL-perovskite interface located at x = 150 nm and the ETL-perovskite interface at x = 550 nm, as determined from the
simulation data.
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the layers in the device. It turns out that this additional
potential drops over the perovskite layer instead of the
HTL, so that we can see the eﬀect of increasing Vpvsk at
maximum-power-point conditions.
Figure 3(a) shows simulated I -V curves for diﬀerent values of VBI , as calculated from EvHTL and Np using Eq. (6),
with Np ≥ 1018 cm−3 so that VHTL ≈ 0 V. Here, we see that
the I -V curves essentially shift to the right with increasing
VBI up until the bulk recombination limit is reached. By
plotting the current as a function of U − VBI in Fig. 3(b),
it becomes clear that the shift is equal to the improvement
in VBI . Looking at the maximum power point, this is what
Eq. (3) predicts: when we increase VBI , we get an equal
improvement in the maximum-power-point voltage (up to
the bulk recombination limit), provided that the other terms
remain the same.
In Fig. 3(c), we show the recombination current Jrec =
JSC − JMPP at the HTL-perovskite interface and in the bulk
of the perovskite at the MPP as a function of Vpvsk , determined from the simulation data shown in the I -V curves.
We see that, far from the bulk recombination limit, Vpvsk
is small and the recombination current is dominated by
recombination at the HTL interface. As Vpvsk increases
(VMPP approaches the bulk recombination limit), the interface recombination drops rapidly. Because the total recombination current at the MPP is essentially constant, the bulk
recombination increases, compensating for this decrease.
The decrease in recombination at the HTL interface is a
result of fewer electrons reaching the HTL interface, as
seen in Fig. 3(d), showing the distribution of electrons in
the perovskite layer. In fact, it is possible to derive the
following expression for the electron concentration at the
HTL interface, assuming a constant quasi-Fermi level in

(a)

the bulk of the perovskite [24]:

nHTL = nETL exp

eVpvsk
kT


,

(7)

where nHTL and nETL are the concentrations of electrons in
the perovskite layer at the HTL and ETL interface, respectively. We ﬁnd that Eq. (7) matches our simulations well
for Vpvsk ≤ 0.2 V. At larger values for Vpvsk , the assumption of constant quasi-Fermi levels breaks down. Later, we
will show that for most interface recombination lifetimes,
Vpvsk takes a value well below 0.2 V.
Thus we conclude that the role of Vpvsk is to prevent
electrons (holes) from reaching the HTL (ETL) interface,
where they would recombine. Interestingly, according to
Eq. (7), the shape of the potential in the perovskite layer
does not aﬀect the number of electrons that reach the HTL:
it is only the total potential drop over the layer, Vpvsk , that
has an eﬀect. This supports our simplistic approach of only
considering the total potential drop over the perovskite
layer and neglecting its shape. Typically, Vpvsk does not
drop linearly over the perovskite layer, as can be seen in
Fig. 2(b).
C. Interface recombination lifetime
If the role of Vpvsk is to prevent electrons from reaching the CTL interfaces, the value it takes should depend on
how quickly charge carriers recombine at the HTL interface. When the electron lifetime τn at the HTL interface is
short, electrons that reach the interface recombine immediately and therefore Vpvsk takes a large value. When the
lifetime is long, electrons can linger at the HTL interface
for a while before recombining, meaning that Vpvsk can
(b)

FIG. 4. Simulation data for diﬀerent values of τn and the corresponding surface recombination velocity for electrons SRn . (a) The
current j as a function of the applied voltage U. (b) The potential drop over the perovskite layer Vpvsk as a function of the electron
lifetime at the HTL-perovskite interface.
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(a)

(b)

FIG. 5. Simulation data for two diﬀerent models of interface recombination. Solid lines: (a) the recombination lifetime proportional
to Np when larger than 1017 cm−3 and (b) with direct recombination across the interface. The dashed lines show the data from Fig. 2
for comparison.

take a smaller value. Thus, a device with a very long τn
should function well with a smaller VBI .
Figure 4(a) shows I -V curves for a range of electron lifetimes for a device with VBI = 0.88 V. Here, we see the
same characteristic shift of the I -V curves toward the right
as in Fig. 3(a), although this time the reason is a steady
decrease in Vpvsk , as shown in Fig. 4(b). The logarithmic dependence of Vpvsk on τn can be understood based
on Eq. (7), as Vpvsk is tied to the recombination rate at
the HTL interface R = nHTL /τn . For the longest lifetime,
τn = 10 μs, bulk recombination dominates over interfacial
recombination and therefore it deviates from the trend.
Here, we see that Vpvsk switches sign at τn ≈ 50 ns,
meaning that electrons are driven toward the HTL, instead
of away from it. Looking at the I -V curves, charge
extraction seems not to have suﬀered noticeably and electrons are instead extracted from the perovskite layer via
diﬀusion. From the budget-picture point of view, the sign
change means that instead of spending potential on avoiding recombination, extra potential is gained and therefore
VMPP can exceed VBI , as is the case for the I -V curves with
τn ≥ 100 ns.
D. Other recombination models
Finally, we examine how two other models for interface recombination would change the above results. It
is possible that the recombination lifetime depends on
the doping concentration, for example, if the addition of
dopants increases the number of interface states. The lifetime might scale linearly with the doping concentration,
with a minimum value corresponding to the lifetime for an
undoped HTL. To model this, we choose to use τn = 10 ns
for Np ≤ 1017 cm−3 , 1 ns for Np = 1018 cm−3 and 0.1 ns

for Np = 1019 cm−3 . The resulting I -V curves are shown in
Fig. 5(a), with the I -V from Fig. 2 for comparison. In this
case, there is no longer an improvement in device performance at high doping concentrations, as the increase in VBI
is compensated for by a larger Vpvsk . In other words, while
the budget increases with increasing doping concentration,
so does the cost of avoiding recombination.
We also examine how the results change if direct recombination across the interface between a hole in the HTL
and an electron in the perovskite is allowed. As direct
recombination is proportional to the concentration of both
carriers, it would have little impact at low doping concentrations but it would dominate over trap-assisted recombination at high doping concentrations. Figure 5(b) shows
I -V curves with a direct recombination coeﬃcient of β =
10−9 cm3 s−1 compared with the data from Fig. 2. Similarly to the previous case, the device performance no
longer increases at high doping concentrations. The explanation is also similar: both VBI and Vpvsk increase at high
doping concentrations at about the same rate.
We stress that a microscopic description of recombination processes at interfaces in PSCs and the relation
between recombination lifetimes and material properties
are still under debate. These models act only as examples
of how a dependence between the doping concentration
and the recombination rate aﬀects our results. In both
models, the recombination rate becomes proportional to
the doping concentration, which explains why the I -V
curves of the two models are similar. The linear dependence of the recombination rate on doping concentration is
also why the I -V curves start to overlap at higher doping
concentrations in both models. As such, this is a coincidence and a diﬀerent behavior would emerge for a diﬀerent
dependence.
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III. DISCUSSION
In summary, we show how the electric potential is
related to recombination at the HTL interface in PSCs
based on drift-diﬀusion simulations. We are able to tie
extraction and interface recombination losses to potential
diﬀerences over the individual layers, meaning that we can
think of these as voltage losses. To understand the results,
we ﬁnd it helpful to think about the built-in potential as
a budget, which is spent on transporting charge carriers
through the transport layers and avoiding recombination
at interfaces in the perovskite layer. Based on this way of
thinking, it is possible to determine the best way to optimize the transport layers in PSCs by estimating the costs
in the potential budget.
In our simulations and theoretical description, the role
of the built-in potential is clear and is tied to the
eﬃciency of the device. We ﬁnd that a large built-in
potential is essential for obtaining good device performance in devices where costs are large (i.e., large VHTL ,
Vpvsk and VETL ) while devices with no expenses (VHTL =
VETL = 0 V, Vpvsk ≤ 0 V) can function well with a comparatively small built-in potential. This result could explain
some of the confusion regarding how important the built-in
potential is in PSCs, as our results show that it is important
in some devices and not in others.
In the simulations where VHTL is negligible (at large
Np ), we observe a characteristic shift of the I -V curves
toward higher applied voltages. Similar shifts of the I V curves have also been observed experimentally when
introducing interfacial layers between the perovskite layer
and a CTL [10–13,25] and when adding dopants to or
changing the doping concentration in CTLs [6,26–29]. The
purpose of the former is typically to reduce the recombination rate (increasing the lifetime) for minority charge
carriers at this interface, which in turn reduces Vpvsk . The
improvement in performance with increasing doping concentration is often tied to an increase in conductivity and
change in work function of the doped layer [27–29], corresponding to a reduction of VHTL and an increase in VBI .
In all the studies where the doping concentration was varied, the device performance dropped drastically at very
high doping concentrations, which our simulations do not
reproduce.
The reason could be that too high doping concentrations
harm the electric properties of the CTL, such as aggregation of dopants, or cause the perovskite layer to degrade,
neither of which our simulations take into account. However, it could also be related to how we treat recombination
in the simulations. In the simulations with a recombination
lifetime proportional to the doping concentration (Fig. 5),
we observe no additional improvement in device performance past some value of Np . While limited in scope,
these results suggest that, past a certain point, the addition of more dopants will no longer have a positive eﬀect

and any negative side eﬀects of adding more dopants will
therefore bring about a decrease in device performance.
Additionally, these simulations reveal that increasing doping increases both VBI and Vpvsk with a net-zero eﬀect
on device performance. If the interdependence between
recombination lifetime and doping concentration could
be eliminated, for example by insertion of an interfacial
layer, it might again be beneﬁcial to increase the doping
concentration in order to increase VBI .
In some devices, interface dipoles, seen as abrupt
changes in the vacuum level Evac , can have a large inﬂuence on the charge transport. In some cases, dipoles are
deliberately inserted to alter the potential landscape of the
device [14,30]. However, they can also arise unintentionally; for example, in devices with large concentrations
of mobile ions. If the value of Evac is known and is
independent of the applied voltage U, it can be added
to or subtracted from Eq. (3), depending on the sign.
Sometimes, for example, in the case of large concentrations of mobile ions, Evac will instead depend on U,
making it diﬃcult to add up potential drops such as the
ones we present.
The eﬀect of ion motion has been studied by Courtier
et al. [18], who have performed drift-diﬀusion simulations
that included mobile ions and has found that the minoritycharge-carrier concentrations at CTL interfaces could be
described by expressions like Eq. (7). They also suggest
that a signiﬁcant potential drop inside the perovskite layer
is required to avoid interface recombination. Yang et al.
have arrived at similar conclusions [19]. This lends further
strength to our simplistic approach of only considering the
total potential drop over the perovskite layer. In fact, the
derivation of Eq. (7) only assumes constant quasi-Fermi
levels throughout the perovskite layer and would apply
even to a p-n junction [17].
A few experimental studies of the potential landscape in
perovskites have been done but due to surface eﬀects, the
build-in potential may not show up in these studies [31].
Therefore, it is diﬃcult to directly compare our results
to these experiments but some general features are worth
mentioning. The vacuum level generally varies slowly as a
function of position and potential drops over all layers are
visible [31–33], in line with Eq. (3). Signiﬁcant potential
drops over the HTL and ETL are present in some devices
but in others these are negligible. The net potential drop
over the perovskite layer is typically between −0.1 and
0.1 V, although it is rarely a uniform drop over the whole
perovskite layer. Devices with thick perovskite layers or
an excess of ions show p-n–junction-like vacuum levels at
one of the CTL-perovskite interfaces, similar to those seen
by Courtier et al. [18].
This work can help guide the future design of stable and
scalable PSCs. Thinking about losses in terms of potential drops has two big advantages: it is possible to (1)
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estimate how much device performance can be improved
by reducing a certain loss mechanism and (2) compare
diﬀerent losses to each other to decide the best way to optimize a certain device. It may be diﬃcult to calculate exact
values using Eq. (4) but even order-of-magnitude estimations can provide important information while Vpvsk can
be estimated from Fig. 4 if the recombination lifetimes are
known. By estimating or setting goals for each term in the
potential budget, it is possible to calculate the expected
eﬃciency when designing new devices. Our results also
imply that if losses cannot be mitigated in other ways, a
large built-in potential can still make it possible to reach a
high eﬃciency.
IV. CONCLUSIONS
We perform drift-diﬀusion simulations for an extensive
range of diﬀerent HTLs to describe how electric potential, charge extraction, and interface recombination relate.
We show that it is possible to describe losses due to both
charge extraction and recombination in terms of potential
drops over the diﬀerent layers in the device. To understand
the complex behavior, we ﬁnd that the built-in potential can be thought about as a budget that is spent on
preventing the diﬀerent losses, with the remainder determining the maximum-power-point voltage and in turn the
device performance. Based on our results, we explain the
role of the built-in potential and show how devices with
minor voltage losses can achieve good performance with a
small built-in potential, while those with signiﬁcant voltage losses cannot. This can explain the confusion about
the importance of the built-in potential in PSCs—simply
being important in some devices but not (necessarily) in
others. Our work also highlights the importance of thinking
about voltage losses in terms of the whole device and not
individual layers or interfaces. The same layer can cause a
signiﬁcant drop in performance in one device (with a small
budget) without hampering another (with a large budget).
The data published herein are openly available in the
Etsin database [34].
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