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1. Introduction

A crucial element ensuring functionality of photovoltaic devices
is the existence of charge-selective junctions that ensure prefer-
ential extraction of electrons and holes at different contacts and
subsequently net current flow at short circuit.[1–5] While the p�n
junction is the prototypical charge-selective junction featured in
most introductory texts and courses on photovoltaics, it is by far
not the only charge-selective device geometry.[1,2,6,7] In fact, with

the transition of silicon photovoltaics from
diffused junction concepts to silicon heter-
ojunction solar cells,[8–10] the classical p�n
homojunction becomes less relevant for
current photovoltaic technologies. Instead,
a wide range of device geometries and junc-
tion types exist for inorganic and organic
solar cells, most of which rely mainly on
charge-selective layers of different work
functions, which are attached to the actual
absorber layer.[1]

The properties like work functions and
doping densities of the different layers of
a solar cell not only ensure efficient charge
separation but may also have a substantial
influence on the recombination rate at dif-
ferent working points and thereby on the
solar cell’s power conversion efficiency.[11]

Low-mobility absorber materials as used in
organic or amorphous silicon solar cells are
therefore always implemented in p�i�n-
type or metal-insulator-metal-type geome-
try, where an intrinsic absorber layer is
sandwiched between two highly conductive

semiconductors, metals, or metal oxide layers with different
work functions. The resulting carrier depletion in the absorber
layer results in an electric field extending throughout the
absorber layer that improves charge carrier collection. In con-
trast, for high-mobility semiconductors such as crystalline Si
or III/V semiconductors, a large field-free region is beneficial
to reduce strong recombination in the narrow depletion region,
where electron and hole concentrations are similar. Solar cell
geometries could therefore be classified by the extent of the
depletion region relative to the total absorber thickness,[11] and
the choice of device geometry would depend mostly on charge
carrier mobilities in the absorber layer as well as on technological
constraints such as the available doping range of certain materi-
als. In amorphous Si, for instance, doping would lead to high
defect densities and short charge carrier lifetimes thereby creat-
ing the necessity to keep any doped layers very thin.[12] In Cu(In,
Ga)Se2, p-type doping would exist without introducing additional
dopants but just as a consequence of the existence of intrinsic,
charged defects.[13–15]

So far, all frequently used photovoltaic device geometries use
the control over doping densities and work functions to define
the electrostatics of the device. With the recent advent of halide
perovskite solar cells, however, two additional aspects have
become crucial: 1) the existence of charged intrinsic defects that
may move inside the device and thereby create time-dependent
doping profiles[16–23] and 2) the combination of (relatively)

J. Hüpkes, U. Rau, T. Kirchartz
IEK5-Photovoltaik
Forschungszentrum Jülich
Wilhelm-Johnen-Str., 52425 Jülich, Germany
E-mail: t.kirchartz@fz-juelich.de

T. Kirchartz
Faculty of Engineering and CENIDE
University of Duisburg-Essen
Carl-Benz-Str. 199, Duisburg 47057, Germany

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/solr.202100720.

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH. This is an
open access article under the terms of the Creative Commons Attribution
License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.

DOI: 10.1002/solr.202100720

Conventional solar cells typically use doping of the involved semiconducting
layers and work function differences between highly conductive contacts for the
electrostatic design and the charge selectivity of the junction. In some halide
perovskite solar cells, however, substantial variations in the permittivity of dif-
ferent organic and inorganic semiconducting layers strongly affect the electro-
static potential and thereby indirectly also the carrier concentrations,
recombination rates, and eventually efficiencies of the device. Here, numerical
simulations are used to study the implications of electrostatics on device per-
formance for classical p�n junctions and p�i�n junctions, and for device
geometries as observed in perovskite photovoltaics, where high-permittivity
absorber layers are surrounded by low-permittivity and often also low-conduc-
tivity charge transport layers. The key principle of device design in materials with
sufficiently high mobilities that are still dominated by defect-assisted recombi-
nation is the minimization of volume with similar densities of electrons and
holes. In classical solar cells this is achieved by doping. For perovskites, the
concept of a dielectric junction is proposed by the selection of charge transport
layers with adapted permittivity if doping is not sufficient.
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high-mobility[24–26] and high-permittivity[27,28] absorber materials
combined with low-permittivity and low-conductivity charge
transport layers (CTL).[29]

The present article focuses on the implication of the second
observation, that is, the impact that mostly organic CTLs can have
on the electrostatics and subsequently on the performance of a
solar cell. Especially, in inverted halide perovskite solar cells,
undoped organic transport layers such as PTAA as hole transport
material and a variety of fullerenes such as C60, PCBM or ICBA
are frequently used as electron transport material.[29–31] Given
that the permittivity of lead halide perovskites is fairly high
(εr� 30),[27] while that of organic semiconductors is approxi-
mately one order of magnitude smaller (εr� 3),[32] a substantial
part of the built-in voltage of a halide perovskite solar cell will
drop over the low-permittivity contact layers.[29,33] The thickness,
permittivity, and conductivity of these layers will thereby
affect the electron and hole concentration in the absorber layer
and subsequently the recombination rate and the device
performance.[34]

At first, we give a very general introduction to the effect of
electrostatics on device performance and present the common
doped p�i�n and p�n junctions as examples. We explain the
link between electrostatics, electron and hole densities, and sub-
sequently the recombination rate. To reduce the recombination
rate under illumination at a given external voltage, we need ide-
ally two things to happen: First, the excess charge carrier density
from irradiation at, for example, the maximum power point
should be as close as possible to the charge carrier density at
the same voltage in the dark. Whether there is a difference
between the two mostly depends on the mobility of the different
layers and the electric field distribution. The second criterium is
that for a given product np of electron and hole density, the
recombination rate should be minimized. This can be achieved
by having a large asymmetry between electron and hole densities.
This means that recombination rates can be minimized by
slowing down the slower of the two capture processes (i.e., either
electron and hole capture by the defect).[35]

Both of these guiding principles for device design depend on
the depth-dependent electrostatic potential, which should be a
key design element for efficient solar cells. We highlight that,
in addition to the well-known concept of doping, the permittivity
affects how the electrostatic potential difference between two
contacts will drop over layers with relatively low conductivity.
Especially in halide perovskite solar cells, large permittivity var-
iations between absorber and charge transport layers occur and
may thereby affect photovoltaic performance. Depending on the
mobility, we then arrive at different design principles that can
help to better understand performance differences in solar cells
and also define directions in designing solar cell layer stacks for
high efficiency.

The solar cells are simulated using the device simulator ASA,
which solves three coupled differential equations on a 1D grid in
a steady-state situation (no variations over time).[36] These differ-
ential equations are the two continuity (drift-diffusion) equations
describing the generation, transport, and recombination of elec-
trons and holes as well as the Poisson equation describing the
connection between space�charge and electrostatic potential.
The equations are solved with appropriate boundary conditions
that describe the injection and extraction of electrons and holes

at either contact in case of the continuity equations. In case
of the Poisson equation, the work functions of anode and cathode
set the boundary conditions for the electrostatic potential.
ASA does not include the transport of mobile ions. More details
on the modeling approach are provided in Supporting
Information.

2. Basic Theory

2.1. Electrostatics and Recombination Rates

The article deals with the overarching question of how electro-
statics affects the photovoltaic device performance via its influ-
ence on recombination rates. Recombination rates are relevant
for all working points of a solar cell. At short circuit, the balance
between carrier extraction and recombination determines the
efficiency of charge carrier collection. At open circuit, it is like-
wise the balance between photogeneration and recombination of
charge carriers that determines the open-circuit voltage Voc. In
most solar cell technologies, there are three relevant recombina-
tion mechanisms, namely, radiative recombination, Auger
recombination, and Shockley–Read–Hall (SRH) recombination,
each of which has a different dependence of the rate of recom-
bination on the concentration of charge carriers. Radiative
recombination is always present given that it is the inverse pro-
cess of photogeneration.[37,38]

However, for most practical solar cell technologies other than
GaAs,[39,40] radiative recombination is not the dominant
recombination mechanism. This is due to the fact that most
thin-film solar cell technologies are based on the use of polycrys-
talline or amorphous layers, where various lattice defects
in the bulk, at surfaces and interfaces, or at grain boundaries
cause nonradiative recombination to be substantially accelerated
relative to the case of a perfect lattice. This acceleration of
charge recombination by defects is mathematically described
mostly using the Shockley–Read–Hall[41,42] formalism and is a
consequence of the increased probability of phonon-assisted
processes in the presence of deep localized states caused by
defects.[43]

In the case of crystalline Si, another important factor is the
reduction of radiative recombination as a consequence of the
indirect nature of the bandgap.[44] This leads to the consequence
that three-particle Auger processes are substantially more impor-
tant in Si[45,46] as compared with direct semiconductors.[47] Thus,
with the exception of GaAs, it is SRH and Auger recombination
that have to be minimized by an appropriate choice of the device
electrostatics. For Auger recombination, where the recombina-
tion rate scales with the square of the majority carrier concentra-
tion, this requirement implies to minimize the volume of the
absorber that has a very high doping density. This is a well-
known fact and is partly responsible for the success of silicon
heterojunction concepts relative to diffused emitter geometries,
because the amorphous Si layers used to form the p�n junction
in the former design feature the high doping density only in a
very thin, high-bandgap region of the cell where minority carrier
concentrations are extremely small and therefore recombination
is of much reduced relevance.[8,48]
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For SRH recombination, the recombination rate has a more
complicated dependence on carrier density than for the other two
recombination mechanisms, and the consequences are slightly
less obvious. The SRH recombination rate can be expressed as

RSRH ¼ ðnp� n2i Þ
ðnþ n1Þτp þ ðpþ p1Þτn

(1)

with electron and hole carrier density n and p, their capture
lifetimes τn and τp, and the equilibrium carrier density ni.
The abbreviations n1 ¼ NC exp½ðET � ECÞ=kT � and p1 ¼
NV exp½ðEV � ETÞ=kT � have the unit of a carrier density and
become relevant if a trap level ET is close to either of the band
edges (EC and EV for conduction and valence band edge, respec-
tively). In this case, the detrapping of charge carriers becomes
relevant, while for deep defects, the carrier densities n1 and p1
can be neglected relative to either n or p or both.

The most likely scenario for SRH recombination is a relatively
deep defect, which dominates the total recombination rate. This
is due to the fact that the slower of the two capture processes
limits the total rate and that a single transition from one band
to a localized state in the gap usually requires the emission of
several phonons.[49,50] For instance, in crystalline Si, a midgap
defect would be about 560meV away from either band.
Optical phonon energies are around 58meV, which implies that
ten phonons each would be necessary for both transitions (con-
duction band to defect and defect to valence band). Given that
higher numbers of phonons necessary for a single transition
slow down the rate of this transition substantially (in the low-
temperature limit, the recombination rate goes approximately
with 1/l!, where l is the number of phonons involved in the
transition),[49,50] shallow defects have a high likelihood that
the transition of the opposite band edge is quite slow and hence
the whole recombination rate is small. Therefore, the SRH
recombination rate is often shown for the case of a deep defect
where it simplifies to

RSRH ¼ ðnp� n2i Þ
nτp þ pτn

(2)

Equation (2) is a crucial equation for understanding the effect
of electrostatics and different distributions of nðxÞ and pðxÞ as a
function of position x. Let us assume for the moment that the cell
is at open circuit. Then we know that generation rate and recom-
bination rate integrated up over the volume of the cell must be
equal to ensure zero net current flow. This also implies that for a
given generation rate, we do not want to minimize the recombi-
nation rate (its average value is set by the generation rate), but we
want to achieve the highest possible voltage or quasi-Fermi-level
(QFL) splitting ΔEf ¼ kT lnðnp=n2i Þ for a given generation or
recombination rate.[51] It can be shown mathematically that
Equation (2) leads to a maximum value of RSRH for the case
nτp¼ pτn (see Supporting Information). Thus, maximizing pho-
tovoltaic power conversion efficiency in particular in high-mobil-
ity materials requires minimizing the volume where the
condition nτp� pτn is valid. In practice this means that for
high-mobility absorber materials, it is useful to avoid a large vol-
ume taken up by a space�charge region.[52]

The consequence so far is that the optimization criteria may
differ depending on whether an electric field is beneficial for
charge extraction in low-mobility absorber layers or an electric
field is detrimental because it coincides with a large volume
where the condition nτp� pτn is fulfilled. The latter leads to sig-
nificant recombination and reduces the photovoltage that is built
up at a certain irradiation.

2.2. Efficiency of Classical p�n and p�i�n Junction Solar Cells

There are two classical device geometries that are based on com-
bining semiconductor layers with different doping densities. The
first one is the (asymmetric) p�n junction that usually combines
one thin highly doped layer (emitter) with one much thicker layer
with reduced doping (base), where the terms of emitter and base
originate from transistor terminology. The second is the p�i�n
junction consisting of a thick intrinsic layer sandwiched between
two thin p- and n-type layers. The difference between the two
geometries could be summarized by the attempt to minimize
(p�n junction) or maximize (p�i�n junction) the volume of
the cell that is depleted of charge carriers and therefore has a
nonzero electric field. Whether one or the other is more benefi-
cial for photovoltaic performance depends on the mobility life-
time product of the absorber material.

Figure 1 illustrates the difference in photovoltaic efficiency
between p�n (black solid) and p–i–n junctions (red dashed)
as a function of mobility lifetimeμτ product using the parameters
shown in Table 1. For both junctions, the efficiency is highly
improved by better material quality of the absorber. However,
if we compare the efficiency for the same μτ values, two cases
are to be distinguished for device-relevant efficiencies.
Low-to-moderate μτ values lead to diffusion lengths that are
below or of the order of the absorber layer thickness. Here,
the p�i�n junction with an extended space�charge region
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Figure 1. Efficiency η as a function of mobility lifetime product μτ for p�n
and p�i�n junctions. Efficiency increases with electronic quality of the
absorber. For diffusions lengths of the order of the absorber layer thick-
ness, the electric field in the absorber from the wide space�charge region
in the p�i�n device structure enhances the extraction of charge carriers.
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and a significant electric field in the total volume of the absorber
yield better performance than the p�n junction. For large diffu-
sion lengths, given by μτ ≥ 10�5 cm2 V�1 for an assumed
absorber thickness dabs ¼ 500 nm, the efficiency is maximized
and is not limited anymore by charge carrier collection. Thus,
the enhanced recombination in the wide depletion region limits
the efficiency in p�i�n junctions. Note that at very low values of
μτ the diffusion length gets larger than the drift length of charge
carriers,[11] so the p�n junction is slightly favored for very low μτ
values. However, given the overall low efficiency for diffusion
lengths Ldiff ≲ 0.1dabs, this is without technological relevance.

To support these statements, Figure 2 shows band diagrams,
charge carrier densities n and p, and charge carrier recombina-
tion rate Rrec of (left) p�i�n and (right) p�n junctions with high
μτ product at their respective maximum power points. In the
p�i�n junction, the depletion zone extends over the entire
absorber. This results in an electric field across the bulk with
charge carrier densities n � p and thus high recombination rates.
In contrast, in the p�n junction, the minority carrier density in
the bulk is strongly reduced due to p-type doping in the absorber
and the depletion zone shrinks to a narrow volume close to the
electron contact.

In p�n junction solar cells, the bigger part of the absorber
is field free. Thus, in case of low-mobility absorber materials,
the electrons and holes are prone to recombination before

Table 1. If not otherwise stated, these parameters have been used for the
simulations using ASA. The bold values have been kept constant in all
simulations. More details on the device simulation are given in
Supporting Information.

Parameter Symbol Default values

Active layer thickness dabs 500 nm

Thickness of CTLs (ETL, HTL) dCTL 50 nm

Effective density of states
conduction/valence band

NCB, NVB 1019 cm�3

Bandgap energy of the absorber Eg, abs 1.6 eV

Bandgap energy of the CTLs Eg, CTL 2.0 eV

Electron/hole mobility in
the absorber

μn=p, abs Low: 0.01 cm2V�1 s�1

High: 100 cm2V�1 s�1

Electron/hole mobility in CTLs μn=p, CTL 10 cm2V�1 s�1

Effective SRH lifetime τn,p 1 μs (absorber)
0.1 μs (CTL)

Doping density in doped CTLs ND, NA 1018 cm�3

Doping density in absorber
for doped junctions

ND, NA 0, 1017 cm�3

Relative dielectric permittivity
of absorber and CTL

εr 3, 30, 104 (dielectric)
10 (doped junctions)

Auger coefficient in absorber[58] CAuger 5.4� 10�28 cm6 s�1
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Figure 2. a,d) Band diagrams, b,e) electrons and holes densities n, p, and c,f ) recombination rates Rrec for doped (a�c) p�i�n and (d�f ) p�n junctions.
The gray area represents the volume in which 0.1 < n

p < 10. All data are shown for the respective maximum power point. The mobility lifetime product μτ

was set to 10�4 cm2 V�1 corresponding to μabs ¼ 100 cm2 V�1s�1. In the p�i�n junction, the space�charge region with an electric field and similar
electron and hole density extend over a large absorber volume, while these regions are very narrow in case of the p�n junction.
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being extracted. In the former case, the electric field in the
absorber of the p�i�n junction supports extraction of charge
carriers.

2.3. The Influence of Permittivity Variations on the Electrostatic
Potential

In the previous section, we utilized intentional doping for mani-
pulating the charge and electrostatic potential distribution. The
electrostatic potential Φ in the solar cell is described by the
Poisson equation

ΔΦðrÞ ¼ � ρðrÞ
εðrÞ (3)

using the charge distribution ρ and the permittivity ε of the
involvedmaterials. While in silicon the charge distribution is eas-
ily controlled via doping, in other materials effective doping is
more difficult.[53] If we consider hardly any doping, the carrier
density distribution is mainly given by the band offsets,
generation, recombination, and transport. In a situation where
we can neglect any change of charge within this stack (e.g., by
a space�charge, by carrier trapping, or accumulation of free
carriers due to transport effects), we may use what we denote
the “dielectric approximation,” and a solar cell consisting of
an absorber material sandwiched between electron and hole
transport layers (HTLs) can be considered as a series connection
of capacitors with the different layers being the dielectric.
That is, we assume that the electrostatic potential V tot across
the whole device is shared between the HTL, the absorber
(abs), and the electron transport layer (ETL) according to their
respective dielectric properties (thickness d and permittivity ε)
leading to

V tot ¼ VHTL þ Vabs þ VETL ¼
Q
A

dHTL

εHTL
þ dabs

εabs
þ dETL

εETL

� �
(4)

Note that Equation (4) describes how the equilibrium built-in
potential differenceVbi,0 as well as the externally applied
voltageVext is shared between the different layers. Any charge
Q=A (per unit area) shows up at the contacts outside the layer
stack only, which is a good approximation in particular for situa-
tions where the overall charge carrier densities in the absorber
and the CTLs are relatively low, that is, at low voltages in the dark.
At higher voltages and with irradiation, the concentration of
space�charge due to free charge carriers will lead (according
to Equation (3)) to band bending that cannot be explained any-
more by Equation (4). However, Equation (4) is useful to explain
the general idea on how permittivity will affect the drop of elec-
trostatic potential difference over a certain layer.

The combination of different materials in solar cells, for exam-
ple, organic charge transport materials (relative permittivity
εr ¼ 3) and halide perovskite absorbers (εr ¼ 30), will have a
strong influence on electrostatics and efficiency. The low permit-
tivity in lowly conductive CTL implies that a significant fraction
of the voltage drop occurs over the contact layers. Thus, the elec-
tric field in the absorber is reduced substantially relative to a sit-
uation where the CTLs were highly conductive and had high
permittivity.

3. Results and Discussion

3.1. Doped Junctions with Asymmetric Carrier Lifetimes

In the theory section we have compared p�i�n and p�n junc-
tions and explained the effect of the mobility lifetime product and
the electrostatics on the efficiency. In a second step we investi-
gate the transition from intrinsic to doped absorber materials in
conjunction with asymmetric charge carrier lifetimes. Figure 3
shows the J�V parameters as a function of doping density in
the absorber for low (dashed) and high mobility (solid lines)
in the absorber. In addition, the effect of asymmetric charge car-
rier lifetimes for electrons and holes is shown in different colors.
In all cases, the efficiency (Figure 3a) drops for very high doping
levels (>1017 cm�3) due to Auger recombination, as indicated by
the blue region. For intrinsic and lowly doped absorbers with
doping levels below 1015cm�3, the depletion zone extends over
the absorber and the electric field supports extraction at low
charge carrier mobility. Increasing the doping levels reduces
the depletion region width and a basically field-free absorber
is formed. While for low charge-carrier mobility in the absorber
the diffusion length of charge carriers is lower than the thickness
of this layer and poor charge extraction through the field-free
region limits JSC and efficiency (red area); in solar cells with high
mobilities of charge carriers in the absorber, the diffusion length
of charge carriers is sufficiently large for all generated carriers to
be extracted. In addition, the doped absorbers benefit from low
minority-carrier densities leading to low SRH recombination
rates and an increase in fill factor (FF), VOC, and efficiency with
moderate doping level. In contrast, for lowly doped (intrinsic)
absorbers a large volume of the absorber possesses large densi-
ties of electrons and holes at the same time (see Figure 2a), so
their recombination via defects is very effective and competes
with extraction. Here, FF, VOC, and thus efficiency are reduced.

The asymmetry in charge carrier lifetimes slightly reduced the
efficiency level and shifts the optimum doping density. Here, we
recall the condition for highest recombination activity, resulting
in higher SRH recombination: nτp¼ pτn. The corresponding
optimum for high efficiency requires minimizing the volume,
which fulfils this condition, while in all other positions either
nτp>> pτn or nτp<< pτn should be realized. If the absorber
is doped with the carrier type of lower lifetime, the product
on one side of the inequation gets extremely large. At the same
time, the other side of the equation stays constant in high-
injection conditions (low doping) or is even reduced at low injec-
tion (high doping). In this situation, recombination is suppressed.

This relation can easily be understood if we consider defect-
assisted recombination as a two-step capture process of both
charge carrier types into the defect.[35,43] The slower of the two
capture processes into a defect state determines the recombination
rate. A higher lifetime corresponds to lower capture coefficients
and slower capture rates. Thus, doping with the opposite carrier
type of lower lifetime reduces the density of the respective recom-
bination partner, and the overall recombination rate is reduced.

3.2. The Concept of Dielectric Junctions

In the previous section, we have demonstrated the interplay
between electrostatics, carrier density, and efficiency based on
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variable doping density within the absorber combined with
doped contact layers. As given by Equation (4), the voltage drop
in the different layers is also controlled by different values of the
permittivity in the solar cell’s layer stack. Figure 4 shows band
diagrams for undoped junctions under illumination at short
circuit. The position-dependent electric field FE is given by the
local gradient of the bands divided by the elementary charge

FE ¼ ∇EC=V

q
(5)

We distinguish four different cases that are inspired by halide
perovskite solar cells. Figure 4a represents an undoped junction
with all layers having the same permittivity. Thus, the electric
field spreads equally over all layers (case A). If we replace the
CTLs by low-permittivity materials, for example, organic materi-
als, the field in the absorber is reduced as shown in Figure 4b
(case B). To extend this situation to a completely field-free
absorber, we further assume ionic screening in the halide perov-
skite absorber (case C). According to the previous discussions,
the resulting cell would require high charge carrier mobilities
and lifetimes for good charge extraction. Here, ionic screening
is emulated by introducing very high permittivity in the absorber.
Similar to screening of moving ions, high permittivity causes the
electric field in the absorber to vanish. A comparison of the
dielectric approximation of ionic screening using a high-
permittivity material with the presence of mobile ions in normal-
permittivity materials is provided in (Figure S5, Supporting
Information). The discussed situations in this context are well

represented by the dielectric approximation. In case C, the
absorber represents a field-free region with the electric field sym-
metrically extending solely over both CTLs. As a result, the QFLs
are equally spaced from their respective bands. From this, we
deduce roughly equal densities for electrons and holes n � p
in a wide volume in the absorber. The situation drastically
changes if we replace one of the CTLs, for example, the HTL,
by a high-permittivity material (see Figure 4d, case D). The field
solely remains in the electron contact, while the absorber and the
HTL remain field free. Thus, both quasi-Fermi levels in the
absorber shift downward with respect to the bands. As a conse-
quence, the QFL for holes is much closer to the valence band
than in case of symmetric electrostatics as observed in case C,
so in the absorber the concentration of electrons is much lower
than the one of holes n � p, which is in favor of lower recombi-
nation rates.

Another effect influencing the electric field distribution in the
solar cell is the resistive loss from charge carrier transport.[35,54]

In lead halide perovskite absorber layers, the mobilities of elec-
trons and holes are sufficiently high to ignore resistive transport
losses in the absorber.[55] However, some organic contact layers
suffer from low conductivity.[56,57] Figure 5 shows the J�V
parameters of the solar cells from Figure 2 and 4 for a variation
of the charge carrier mobility in the CTLs. Here, all mobilities in
ETLs and HTLs for electrons and holes are considered equally.
In all cases, the efficiency increases continuously with charge
carrier mobility in the CTLs, while it saturates beyond
0.1 cm2 V�1 s�1. The corresponding efficiency level is deter-
mined by the cell design and parameters like charge carrier
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mobility in the absorber (see Figure S2, Supporting
Information), which determine losses from charge recombina-
tion, charge carrier collection, and transport. The doped

junctions with their doped CTLs do not suffer from low mobility
in the CTLs because their conductivity remains rather high. In
the DJs, the CTLs are undoped. Here, their conductivity is
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determined by the charge injection from the absorber. For low
mobilities in the CTLs, FF and JSC break down. However, this
effect is counteracted if charge extraction is supported by a sig-
nificant electric field in the absorber of the DJ.

As discussed before, the electric field and the resulting
electrostatic potential difference ΔΦ in the absorber can be an
important parameter for the efficiency.[54] In Figure 6 we plot
the JV parameters of DJs as a function of the relative electrostatic
potential difference in the absorber for high-mobility absorbers
and various charge carrier mobilities in the CTLs for the solar
cells of cases A�D and the transition between these distinct
cases. For this, we have gradually changed the material permit-
tivities of CTLs and/or absorber. The symmetric devices (equal
properties of HTLs and ETLs in cases A, B, C) show consistently
increasing efficiency with the electrostatic potential difference in
the absorber. This trend is independent of conductivity in the
CTLs, though the absolute values follow the dependencies given
in Figure 5. However, for the asymmetric case D, the electrostatic
potential difference is not relevant and the device is very sensitive
to CTL conductivity. For low mobilities in the CTLs, the asym-
metric case shows much lower performance than all symmetric
devices, though the electric field is still much higher than that in
case C. This is governed by poor extraction as seen by the low FF
and JSC. If resistive losses in the CTLs can be neglected, the
asymmetric device even outperforms the symmetric device with
a high electric field in the absorber due to the higher voltage.
The situation for low-mobility absorber materials is presented
in Figure S3, Supporting Information.

To clarify the situation in DJs, Figure 7 exhibits the band dia-
grams and charge carrier density distribution in the four specific
cases of Figure 4 with high mobility in the CTLs at their respec-
tive maximum power point. Case A with electron and hole

contact having the same permittivity as the absorber offers simi-
lar electrostatics as the p�i�n-type cell without absorber doping
(see Figure 2a). The electric field is rather uniformly distributed
over the volume and the electron and hole density increases and
decreases rather exponentially in the absorber, respectively.
Here, high electron and hole concentrations, which correspond
to high recombination rates, are observed around the center of
the absorber. The gray area highlights the volume, in which the
electron and hole concentrations differ by less than a factor of
ten. Case B was inspired by halide perovskite solar cells with
organic CTLs. This case is a transition to case C with additional
screening of electric field in the absorber. The electric field in the
absorber is reduced and the voltage drop is shifted to the contact
layers by their lower permittivity. Thus, the electron and hole
concentrations are similar throughout nearly the whole absorber
(gray area) but at a slightly lower value than in case A. The result-
ing recombination spreads over the absorber volume. If we
replace the organic HTL by a high-permittivity HTL in case D,
the absorber becomes highly p-type (without any doping!) and
the junction volume is strongly decreased like in a p�n-type
doped junction (see Figure 2b). Note that in case D, n and p
always differ by more than a factor of 100, so here the gray area
is completely gone. Similar to the doped p�n junction, recom-
bination is suppressed by the very low minority carrier density,
resulting in the best-performing device with high VOC, if not
lowly conductive CTLs, or absorbers governing the charge distri-
bution and limiting device performance.

Figure 8 shows the JV parameters of DJs of cases A�D and of
the doped junctions from Figure 1 as a function of the mobility
lifetime product in the absorber. The graph clearly distinguishes
cells, where charge carrier collection is primarily driven either by
an electric field in the bulk of the absorber or by diffusion with a
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very narrow space�charge region. The symmetric DJs A, B, and
C generally behave like the doped p�i�n cell with still good
charge carrier collection at diffusion lengths of the order of
the absorber layer thickness. In contrast, the asymmetric DJ with
the field-free region roughly follows the trend of the doped p�n
junction. The short-circuit current density of the DJ D drops
much faster than the one of the p�n junction for low diffusion
length, while the FF stays rather high.

In conclusion, DJs without any doping can be designed by the
choice of materials with appropriate permittivity similarly as
doped junctions. Depending on the electronic quality of the
materials (e.g., charge carrier mobility and lifetime), symmetric
junctions with an electric field extending over the absorber or
asymmetric junctions with a wide field-free region are favorable.
For high-quality absorber materials like halide perovskites with
high charge carrier mobilities, a symmetric device architecture
should be avoided. Instead, asymmetry in CTLs is favored, which
means, that permittivity and/or thickness of ETL and HTL
should be different.

4. Conclusion

We have introduced the concept of a DJ. Such a junction is
achieved by stacking of the HTL, the absorber, and the ETL with
largely different permittivities between two electrodes of
different electron affinities. In such a device, the electrostatics
is controlled solely by the permittivities of the individual layers
and the work function difference of the electrodes but doping of
the semiconducting layers making up the solar cell is not of rel-
evance. However, we have shown that DJs can be designed in
ways that show a behavior and performance very similar to doped
junctions.

In contrast to doped junctions, where the electrostatic design
and charge distribution are determined by doping of CTLs and
the absorber, in DJs, the field distribution and charge carrier
densities are determined by the interplay between the thickness
and permittivity of all layers in the device. In addition, charge
separation via drift or diffusion is counteracted if the extraction
is limited by low mobilities in the undoped contact layers.

Depending on the conductivity of the CTLs and the mobility
lifetime product in the absorber, the electrostatics should be
designed in a different way. We discussed four distinct cases:
strong field-assisted charge separation (case A and B) with
different levels of electric fields in the absorber as observed
in p�i�n-type solar cells and a field-free region absorber with
a narrow junction volume with either equidistant quasi-Fermi
levels to their respective bands (case C) and asymmetric quasi-
Fermi
levels (case D) like in a p�n junction with p-doped absorber.

While charge separation should be driven by an electric field
in the absorber for low-mobility CTLs or low-quality absorber
materials, for high-quality absorbers in conjunction with highly
mobile charges in the CTLs, a narrow junction volume sup-
presses recombination. The latter one is achieved by an asym-
metric device design using CTLs of different permittivities in
combination with a field-free (high-permittivity) absorber
material.
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