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Highly Conductive Charge Transport Layers Impair Charge
Extraction Selectivity in Thin-Film Solar Cells

Mathias Nyman,* Christian Ahldng, Staffan Dahlstrom, Manasi Pranav,
Johannes Benduhn, Syeda Qudsia, Jan-Henrik Smdtt, Donato Spoltore,

and Ronald Osterbacka

In thin-film photovoltaics, such as organic and perovskite solar cells, charge
extraction selectivity is crucial. In order to improve selectivity, charge trans-
porting layers (doped and undoped) are frequently used; however, it is not well
understood how a charge transporting layer should be designed in order to
ensure efficient extraction of majority carriers while blocking minority carriers.
This study clarifies how well charge transporting layers with varying majority
carrier conductivities block minority carriers. The charge extraction by a linearly
increasing voltage technique is used to determine the surface recombination
velocity of minority carriers in model system devices with varying majority carrier
conductivity in the transporting layer. The results show that transporting layers
with high conductivity for majority carriers do not block minority carriers—at
least not at operating voltages close to or above the built-in voltage, due to direct
bimolecular recombination across the transporting layer—absorber layer interface.
Design principles are furthermore discussed and proposed to achieve selective
charge extraction in thin-film solar cells using charge transporting layers.

increase in power conversion efficiencies
in recent years.! The improved perfor-
mance can partly be attributed to reduced
charge carrier recombination in the bulk
of the active layers observed in many sys-
tems (see refs. [2-4] and references
therein). As bulk recombination decreases,
surface recombination, i.e., the recombina-
tion of minority carriers at the electrodes
(holes at the cathode and electrons at the
anode), becomes an increasingly important
loss mechanism.

In order to ensure selective extraction of
charge carriers, i.e., holes at the anode and
electrons at the cathode, charge selective
interlayers are typically introduced. There
are plenty of materials available for use as
charge selective interlayers, such as doped
and undoped organic semiconductors and
various metal oxides, to name a few.P!
The thicknesses of the selective layers can

1. Introduction

Solar cells based on low-mobility semiconductors such as organic
polymers and small molecules and hybrid organic-inorganic per-
ovskites hold great potential for future low-cost energy produc-
tion. Due to improved understanding of the efficiency limiting
factors and better performing materials, the field has seen a rapid

vary greatly, from subnanometer insulating layers to doped layers
100 nm or thicker. The importance of charge selective interlayers
in solar cells can hardly be exaggerated; improving the selectivity
of contacts has improved both open circuit voltage (Vo) and fill
factor (FF).'% It has been suggested that highly selective inter-
layers can be sufficient to provide a diode behavior to the device. In
this case, there would be no need for a built-in voltage (Vj,;).""

M. Nyman, C. Ahldng, S. Dahlstrém, R. Osterbacka
Physics, Faculty of Science and Engineering

Abo Akademi University

Henriksgatan 2, 20500 Turku, Finland

E-mail: mathnyma@abo.fi

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/aesr.202300030.

Hpresent address: Institute of Physics and Astronomy, Potsdam
University, Karl-Liebknecht-Str. 24-25, 14476 Potsdam-Golm, Germany

*lpresent address: Department of Mathematical, Physical and
Computer Science, University of Parma, V.le delle Scienze, 7/A, 43124
Parma, ltaly

© 2023 The Authors. Advanced Energy and Sustainability Research pub-
lished 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/aesr.202300030

Adv. Energy Sustainability Res. 2023, 2300030 2300030 (1 of 8)

M. Pranav,l"! |. Benduhn, D. Spoltorel**!

Dresden Integrated Center for Applied Physics and Photonic Materials
(IAPP) and Institute for Applied Physics

Technische Universitit Dresden

Néthnitzer Strale 61, 01187 Dresden, Germany

S. Qudsia, J.-H. Smatt

Laboratory of Molecular Science and Engineering
Faculty of Science and Engineering

Abo Akademi University

Henriksgatan 2, 20500 Turku, Finland

© 2023 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH


mailto:mathnyma@abo.fi
https://doi.org/10.1002/aesr.202300030
http://creativecommons.org/licenses/by/4.0/
http://www.advenergysustres.com

ADVANCED
SCIENCE NEWS

DVANCE
ENERGY & SUSTAINABILITY
RESEARCH

www.advancedsciencenews.com

(a) (b)
e
Anode HTL

\.

Absorber Anode

www.advenergysustres.com

Cathode

HTL ETL

Figure 1. a) A hole transporting layer (HTL) between the absorber and the contact blocks the extraction of electrons. b) Idealized schematic of the
electron and hole quasi-Fermi levels (E} and E?) in relation to the contact work functions and energy levels of the HTL and electron transporting

layer (ETL).

This means that one could make an efficient solar cell even with
symmetric work function contacts, allowing for expensive metals
such as gold to be replaced by cheaper alternatives.

The purpose of a charge selective interlayer is to efficiently
extract one type of charge carrier while blocking the other,
thereby suppressing surface recombination (Figure 1a).
Typically, this is achieved by choosing a material with a larger
bandgap than the light-absorbing material such that the valence
bands (or conduction bands) are aligned, thus creating an energy
barrier at the conduction bands (valence bands) (see Figure 1b).
Figure 1b represents an ideal situation at flat-band conditions, in
a trap-free device under illumination. In this case, it is clear thata
photogenerated electron (hole) cannot be extracted at the anode
(cathode) due to the high energetic barrier. As such, it is bound to
be extracted at the cathode (anode) or recombine in the bulk.
However, such an idealized picture is typically not valid in a real
device under operation.

A more realistic schematic (although still somewhat simpli-
fied) is shown in Figure 2, which includes photogenerated
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Figure 2. Energy-level schematic of a stack consisting of a HTL, absorber,
and ETL, with an applied voltage below (upper panel) and above (lower
panel) V.
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charges both in the absorber and selective layers and charge traps
in the absorber and at the absorber/selective layer interface.
As the transport of charge carriers is governed by drift and dif-
fusion, it is elucidating to separately look at the situation when
the applied voltage over the device, V,pp1, is below or above Viy; (as
the drift component goes in different directions). When
Vappl << V4;, the internal electric field in the active layer will
drive photogenerated electrons toward the cathode and holes
toward the anode. In this case, surface recombination will be
negligible as the density of minority carriers in the vicinity of
the contacts is low. However, when V1 >> V4, the applied volt-
age will drive the photogenerated charges in the opposite direc-
tion, potentially resulting in significant densities of minority
carriers at the contact and concomitant surface recombination,
the magnitude of which will depend on the contact properties
such as the work function and surface recombination velocity.
Charges can still be extracted at the correct contact through dif-
fusion, provided that the selective layers block minority carriers
(otherwise the current will be reversed). The processes indicated
by the black arrows (in particular their rates) will have a consid-
erable effect on the Voc; a Voc higher than Vi, is not possible
unless minority carriers are blocked by the selective layer.'” It
should be stressed that the actual charge carrier distributions,
band bending, etc. will depend on several factors, such as the
charge generation profile, charge carrier recombination rates,
and transport properties. Especially at applied voltages close to
the built-in potential, it is challenging to determine the actual
charge carrier densities.

In most cases, the selective layers have been developed by a
trial-and-error approach, and it is not conclusively clarified
how a charge selective interlayer should be designed for optimal
performance. What is clear is that the efficient extraction of
majority carriers is of primary importance. The conductivity,
defined as o=quN, where q is the electron charge, u is the
mobility, and N is the number of charges, for majority carriers
(in the selective layers) needs to be high enough such that no, or a
minimal, voltage drop occurs across the selective layer. This is
achieved by having a high enough mobility or doping concentra-
tion or making the selective layer thin enough.”* However, the
processes of minority carrier surface recombination are still not
well understood, and consequently, it is not clear how this sur-
face recombination can be suppressed while maintaining a high
extraction efficiency for majority carriers. It is generally assumed

© 2023 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH

8518017 SUOWILLIOD BAITEa1D 3|l jdde 8Ly Aq pausenob aie 9 VO ‘8sN 40 S8|nI Joj ARIq1T 3UIIUO AB]1M UO (SUOTIPUOD-PUe-SWSHALID™A8 | 1M ARe.q 1l |uo//SdNY) SUORIPUOD pue SWws | 8U1 S *[£202/50/6T] Uo A1 aulluo A8]1M ‘8yosiol|q1g 8.018S Buwiked 1a 1pMS 1B AiseAIuN A 0E000E202 " 1S98/200T 0T/10p/W00 A8 1M Al 1jeuuoy/sdiy woiy papeojumod ‘0 ‘ZT¥66692


http://www.advancedsciencenews.com
http://www.advenergysustres.com

ADVANCED
SCIENCE NEWS

DVANCE
ENERGY & SUSTAINABILITY
RESEARCH

www.advancedsciencenews.com

that trap-assisted recombination contributes to surface recombi-
nation; minority carriers either recombine with trapped majority
carriers or are themselves trapped to subsequently recombine
with free majority carriers."*"*! However, it is unclear how
the direct recombination (of free minority carriers in the active
layer with free majority carriers in the selective layer) contributes
to surface recombination. We note that the interface recombina-
tion (direct bimolecular recombination across the interface) for
transport layer—active layer interfaces could be significant.

At an interface where electrons are minority charge carriers,
the recombination current can be expressed as

Jr = —qSr(ns —ng) (1)

where ¢ is the elementary charge, Sy is the surface recombina-
tion velocity, ng is the electron concentration at the interface, and
ny is the equilibrium carrier concentration at the contact
(see Equation (2.1.6) in ref. [14]). In the case of (indirect) trap-
assisted recombination, Sy depends on the thermal velocity of
electrons, capture cross section, and density of the interface trap
states but is independent of the concentration of both charge car-
rier types.l'®! If the recombination across the interface is direct,
then the recombination current depends on the product of both
charge carriers

Jr & Ngps (2)

where pg is the hole concentration at the interface. Assuming
that jr & —qSgns, Sg must then be proportional to pg. Hence,
by determining Sg, it is possible to clarify whether or not direct
recombination contributes to surface recombination for a given
interface.

In this article, we clarify how the surface recombination veloc-
ity of minority charges depends on the conductivity (of majority
carriers) of the charge transporting layer. We use the charge
extraction by a linearly increasing voltage (CELIV) technique
to determine the surface recombination velocity of minority car-
riers in model devices based on vacuum evaporated small
organic molecules. The conductivity in the transporting layer
is controlled both by using materials with different mobility
(intrinsic semiconductors) and by varying the doping concentra-
tion. Our results indicate that the direct bimolecular recombina-
tion between minority carriers in the active layer with majority
carriers in the transporting layer can be significant and should
not be overlooked. Similar results are also shown for selective
layers based on metal oxides. Based on our findings, we present
two different design pathways to improve the selective extraction
of charges in solar cells based on low-mobility materials.

2. Results

First, we clarify how varying the charge carrier mobility in the
transporting layer affects the surface recombination velocity of
minority carriers. For this purpose, we use the following device
structure: ITO (90nm)/HTL p-doped with 10wt% NDP9
(p-dopant no. 9, Novaled GmbH, Germany) (10nm)/HTL
(10n1m)/Cgo (50 nm)/BPhen (8 nm)/Al (100 nm), where ITO is
indium tin oxide, doped HTL is a highly doped hole transporting
layer (high enough doping to facilitate Ohmic hole injection),
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Table 1. The room temperature mobilities (obtained by time-of-flight
technique) and charge transfer state energies (Ect, when Cgo is used
as an acceptor) of the HTL materials used. The chemical formulas of
the HTLs are given in the experimental section. The mobilities are
taken from refs. [17-19], whereas Ecr are obtained from sensitive
external quantum efficiency (EQE) spectra as shown in Figure S1,
Supporting Information.

Material Mobility [cm? Vs ] Ect [meV]
Rubrene 8x 1073 1468
TAPC 3x107* 1441
Spiro-MeO-TPD 1x107* 1110
m-MTDATA 3x107° 996

HTL is the same hole transporting layer, but undoped, and
BPhen is Bathophenanthroline. As HTLs, we use materials with
varying energy levels, resulting in different charge transfer state
energies Ecr (with Cgo as acceptor), and varying mobilities!****!
(see Table 1).

The surface recombination velocity of minority carriers, in this
case electrons, is determined using CELIV.2Y Electrons are
injected from the BPhen/Al contact and driven toward the
HTL using a DC offset voltage Vopr (larger than the built-in
voltage) in forward bias. The electron reservoir is then extracted
by a linearly increasing voltage pulse in reverse bias of slope
A= —Viyax/tpuise, Where Vi, is the maximum applied voltage
and e is the length of the pulse. The resulting extraction cur-
rent density consists of two parts: a time-independent one, j(0),
due to the charging of the capacitance of the device, and a time-
dependent one Aj(t), due to the extraction of the injected charge
reservoir. The extracted charge Qe is given by

Qo = / (Aj(0)ds )

The surface recombination velocity Sk is then given by

_ ZesokT
4Q%u °

where g, is the dielectric constant, k is the Boltzmann constant,
T is the temperature, and Jp is the steady-state current before the
extraction pulse. Due to the high electron mobility in Cgo, meas-
urements were performed at low temperatures (50 or 100 K) in
order to avoid RC effects (the time when the current transient
reaches its maximum, t,,,, should be >>RC, where R is the
resistance of the outer circuit and C is the capacitance of the
device).

Figure 3a shows the extracted charge as a function of Vgg for
devices with four different HTLs; the corresponding extraction
current transients are given in the Supporting Information.
It can be seen that at low Vopr there are no injected charge
reservoirs because Vopp < Vi,;. When Vopr is large enough,
the extracted charge increases linearly with Vogg. By then extrap-
olating to zero extracted charge (indicated by the arrows in
Figure 3a), one can obtain the onset voltage of charge injection
Vq, which roughly corresponds to V;,; (assuming an Ohmic cath-
ode). The differences in the obtained Vq, scale with Ecr are due to

“)
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Figure 3. a) The extracted charges as a function of Ve in devices with varying HTLs. The arrows are guides to the eye, indicating Vg (an estimate of V).

b) The corresponding Sk as a function of Vore—Vq.

the difference in the quasi-Fermi levels for holes (indirectly the
different highest occupied molecular orbitals of the HTL).

Figure 3b shows the Sy corresponding to Qg in Figure 3a) as
a function of Vopr—Vq (in order to make the comparison
between different materials more straightforward). The first
thing to note is that the Sk for the Spiro-MeO-TPD device and
the TAPC device is almost identical, despite a significant
difference in Ect. The hole mobility, however, is very similar
in Spiro-MeO-TPD and TAPC (see Table 1)."”') Rubrene, which
has similar Ecr as TAPC but significantly higher hole mobility,
has a roughly one order of magnitude higher Sg " m-MTDATA,
on the other hand, has the lowest hole mobility, and indeed the
m-MTDATA device also has the lowest overall Sg ™ It is clear
that for the devices studied in Figure 3, an increase in the con-
ductivity for majority carriers in the HTL by increased hole
mobility correlates with an increased Sy for electrons at the
HTL-active layer interface.

Another way to increase the conductivity for majority carriers
in a transporting layer is by doping. In the following, we clarify
the effect of varying doping concentrations in the HTL. For this
purpose, we use TAPC with varying wt% of NDP9 as HTL and a
Ce0:TAPC low-donor-content (6 wt%) active layer, with the device
structure ITO (90 nm)/HTL (20 nm)/Cgo:TAPC (100 nm)/BPhen
(8 nm)/Al (100 nm). We have also included devices with a 5 wt%
doped TAPC layer and a 5 or 10 nm intrinsic TAPC layer. The
results are summarized in Figure 4, the corresponding extraction
current transients are found in the Supporting Information.
Even though the measurements were conducted at 50K, it
was not possible to determine the Sg in devices with a higher
doping concentration than 2wt%. We also measured devices
with 4, 5, 7, and 10wt% dopant concentration in the HTL.
However, Sk was too high to measure because no charge reser-
voir build-up could be seen. This means that Sy is larger than the

effective bulk-limited transport velocity vp ~ ’%, where d is the
Ceo:TAPC layer thickness, i.e., electrons recombine at the HTL-
active layer interface faster than they can be injected from the
cathode and transported to the HTL. From the t,,,,, the mobility

is ~2 x 107% cm? V™! which gives vp~10cm s~ 112
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Figure 4. Si as a function of Vorr for TAPC devices with different doping
levels in the HTL.

An increase in the doping concentration in the HTL leads to a
higher Sg for electrons at the HTL/active layer interface.
The insertion of an intrinsic HTL between the doped HTL
and the active layer drastically decreases Sy effectively acting
as a “passivating layer.”

It is noteworthy that Sk is not constant with varying Vogr, as
would be expected for purely trap-assisted recombination. In the
case of undoped HTLs, Sy increases with increasing Vogr
whereas the opposite trend is seen for doped HTLs. Instead,
we propose that, due to direct bimolecular recombination, Sy
depends on the density of holes at the HTL/active layer interface.
In the undoped case, the density of holes close to the HTL/Cgo
interface will be highly dependent on Vogg. For Vopr < Vyy, injec-
tion of holes from the anode is limited, and the hole density in
the HTL is comparatively low. For Vorr > Vi,;, holes are injected
from the anode and driven toward the HTL/Cgy:TAPC interface
where they can recombine with electrons injected from the
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cathode, the larger the Vopp, the larger the hole density in the
HTL, and the larger Sg.

On the other hand, in the doped case, a depletion region forms
at the anode when Vopp > Wy, with increasing width for increasing
Vorr. Under steady-state conditions, injected electrons (in Ceo)
recombine with doping-induced holes in the HTL. Holes then
need to be replenished from the anode. However, injection of
holes into the HTL will be limited by the low hole conductivity
in the depletion region, effectively leading to a decreasing Sy
for increasing Vopr (as the depletion region width increases).

The above results show that an increase in the conductivity for
majority carriers in the transporting layer leads to an increased
surface recombination velocity of minority carriers due to direct
bimolecular recombination across the interface—at least in devi-
ces based on organic semiconductors. It is important to note that
the devices characterized here were designed to illustrate this
qualitative behavior; the device performance of these devices
in particular is not necessarily limited by surface recombination.
The obtained Sy values are notably low; however, this is
explained by the fact that the measurements were performed
at low temperatures where the conductivity of the HTL is likely
several orders of magnitude lower than at room temperature.
Given that Sgp seems to scale with the conductivity of the
HTL, the Sy values at room temperature are conversely likely
to be orders of magnitude higher. The J-V curves under
simulated sunlight (measured at 297 K) for devices with varying
doping concentration in the HTL are shown in Figure 5 (the dark
currents and corresponding photocurrents are shown in the
Supporting Information). Curiously, both the 1 and 2wt%
devices—the only devices where Sk could be determined—show
clear s-shapes indicating too low conductivity in the HTL. The FF
steadily improves, although the differences are quite minor for
the 4 wt% and higher concentration devices. The Voc, on the
other hand, decreases for increasing doping concentrations in
the HTL, again more or less saturating for doping concentrations
above 4wt%. However, increasing the doping concentration
should lead to an increase in Voc, due to an increased Vil

30 T T T T T T T T T T T T T
I HTL dopant wt %
25+ —1%
I —2%
20 + 4%
I ——5%
15 7%
€ —10%
3 10}
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Figure 5. J-V curves measured under simulated sunlight for ITO (90 nm)/
TAPC p-doped with varying wt% NDP9 (20 nm)/Ceo:TAPC (6 wt%)
(100 nm)/BPhen (8 nm)/Al (100 nm) devices.
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The fact that this is not seen is a clear indication that surface
recombination is affecting device performance in these devices.

Another large class of materials used as selective layers is
metal oxides. Most metal oxides are prone to a so-called light-
soaking effect, i.e., the work function changes when exposed
to UV light, making them interesting model systems for clarify-
ing surface recombination effects.””! It has been shown that
organic solar cells (OSCs) employing TiO, as an electron selec-
tive layer exhibit a severe s-shape in pristine devices, which dis-
appears with exposure to UV light. Figure 6 shows the extraction
current transients before and after UV light soaking of a hole-
only ITO (90nm)/TiO, (30nm) PTB7 (340nm)/MoO;
(10 nm)/Ag (60 nm) device. It can be seen that the TiO, layer acts
as an efficient hole-blocking layer before light soaking in UV
light, with Sgp=2.7 x 10" ®cms™" in agreement with previous
results.?” However, after light soaking in UV light, no charge
reservoir can be seen, and therefore the Sg cannot be deter-
mined. Again Sg > vp which means that holes are recombining
at the TiO,/PTB7 interface quicker than they can be transported
through the PTB7 bulk. Note that V}; most likely increases after
light soaking.”?! However, the device shows no hole-blocking
properties in any voltage range.

The reason why the TiO, layer effectively does not block holes
after exposure to UV light is most likely a surface effect.
Chemisorption of oxygen molecules on the surface of metal
oxide films can bind free electrons from the conduction band
and thereby gives rise to a depletion layer at the surface, in this
case the TiO,/PTB7 interface.”) UV light can generate free
charge carriers in the metal oxide, and recombination with
the trapped electrons facilitates oxygen desorption and removal
of the depletion layer at the surface, increasing surface recombi-
nation. From these results alone, it is not clear what the cause of
this increase in electron density is. A drastic increase in the elec-
tron density in the TiO,, with a concomitant increase in the direct
bimolecular recombination with injected holes in the active layer,
would also give the same effect. One possibility is that the
photocatalytic effect causes the TiO, layer to become highly
doped—this would explain both the fact that holes are not
blocked at the TiO,/PTB?7 interface and the decrease in the effec-
tive work function (increase of Vi;). However, UV-vis—NIR
absorption measurements of TiO, films show no difference
before and after UV treatment, indicating that there is no drastic
conductivity increase in the bulk due to possible doping of the
TiO, layer (see Figure S10, Supporting Information). Another
possibility is that UV light causes the ITO-work function to
decrease, making the ITO/TiO,-contact Ohmic for electrons,
thus facilitating electron injection.**

3. Discussion

The terms selective layers, extraction layers, passivation layers,
transporting layers, and blocking layers are used almost inter-
changeably in the fields of organic and perovskite photovoltaics.
These terms often refer to the same thing; thin interlayers used
to facilitate selective charge extraction and suppress surface
recombination. However, it is important to remember that these
terms are not synonymous. For example, a passivation layer is
not necessarily a transporting layer; if the passivation layer is thin
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Figure 6. a) The surface recombination velocity before UV treatment is Sg = 2.7 x 1078 cm s~ (average from Vog= 0.6 V to Vog= 1.4 V). b) No reser-
voir is seen after UV treatment meaning that the TiO; interlayer acts as a perfect electron collecting contact for the device. The measurement is in this case

kT

limited by the effective bulk limited transport velocity vy ~ fg =~ 0.08cm s71, yielding a lower limit to Si after UV treatment.

enough, charge carriers can tunnel rather than be transported
through them.”>?*) More importantly, as the results presented
here demonstrate, a hole transporting (extraction) layer is not
the same as an electron blocking layer. As shown, an interlayer
with high conductivity for holes effectively does not block electrons
due to interface recombination. This has direct consequences for
optimizing the selective extraction of charges in real devices.

Surface recombination in organic and perovskite solar cells is
typically assumed to be trap-assisted. In this case, surface recom-
bination can be reduced simply by reducing the density of trap
states (reducing the amount of defects, etc.). Reducing the num-
ber of trap states will always have a positive effect on device per-
formance, regardless of whether the traps are located in the active
layer bulk, in the selective layer, or at the interfaces. The critical
question is how to reduce the density of trap states. However, we
have shown that interface recombination across the absorber
layer/transporting layer interface is another potential cause of
surface recombination. This means that reducing trap states is
a perhaps necessary, but not sufficient requirement to minimize
surface recombination. In order to minimize surface recombina-
tion, one also needs to minimize interface recombination, which
is challenging because a high majority carrier conductivity in the
selective layer (necessary for a high FF and Vo¢) can result in
significant interface recombination across the selective layer/
active layer interface. In the following, we propose two design
principles to suppress surface recombination of minority carriers
while maintaining an efficient majority carrier extraction.

For any recombination process, the recombination rate R can
be expressed as R = C,N°% where C, is a recombination constant,
N is the density of charge carriers, and a is the reaction order,
which depends on the type of recombination in question. For a
particular recombination process (@ assumed fixed), there are
thus two possible ways of reducing R; lowering either C, or N.

3.1. Charge Carrier Distribution—The Role of Built-In Voltage

The perhaps most straightforward way to reduce interfacial
recombination at the selective layer/active layer interface, at least
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in theory, is to reduce the density of minority carriers at this
interface. As discussed earlier, the carrier distributions under
operation are governed by drift and diffusion and are a fairly
intricate interplay between several parameters such as the
generation profile, charge carrier transport, and recombination.
This makes it challenging to control the carrier distribution via
device design. However, one possible way of achieving a benefi-
cial charge distribution is by increasing V4. The role of Vj,; in the
selective extraction of charges in organic and perovskite solar
cells has been a recurring topic in the literature.®”!26-28]
Our results indicate that hole transporting layers with a high con-
ductivity do not block electrons when V1 > V. This shows that
in devices with charge transporting layers, the operating voltage
should be below V;; to avoid interface recombination, i.e.,
increasing Vi could make it possible to shift the maximum
power point toward higher voltages. This supports the view that
a high V;; is beneficial for device performance. However, any
positive effect is likely to be highly device-dependent. The fact
that most highly efficient solar cells have a higher V}; than
the applied voltage at maximum power point explains why it
is possible to have both highly conductive charge transporting
layers and low voltage losses to surface recombination.

3.2. Passivation Layers

Passivation layers of various types have been frequently used in
the literature, in particular in perovskite solar cells. The rationale
behind using a passivation layer is that it “passivates” (i.e.,
deactivates) traps at the selective layer/active layer (or active
layer/contact) interface, which results in reduced surface recom-
bination. In the case of trap-assisted recombination, the recom-
bination coefficient is dependent on the trap density (and trap
depth), i.e., reducing the trap density reduces the recombination
coefficient and thus the recombination rate. However, our results
indicate another benefit of using a thin interfacial layer between
the charge transporting layer and the absorber, namely suppres-
sion of the direct bimolecular recombination between majority
carriers in the transport layer and minority carriers in the
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absorber. This is demonstrated in Figure 4, where an intrinsic
semiconductor layer between the doped HTL and the absorber
leads to orders of magnitude reduction in Sg. However, the prop-
erties of this passivation layer need to be carefully chosen so as
not to compromise majority carrier extraction. For example,
using an intrinsic transporting layer will not necessarily improve
overall device performance (as demonstrated in Figure 4); if the
layer is too thick or the mobility too low, majority carrier extrac-
tion will be compromised.”®! However, most passivation layers
do not actually transport charge. Instead, majority carriers are
transferred from the absorber to the transporting layer by tunnel-
ing across the passivation layer. This means that a passivation
layer always needs to be thin, which might prove to be a challenge
for scale-up.

4, Conclusions

We have clarified how the surface recombination velocity of
minority charges at the charge transporting layer/active layer
interface depends on the conductivity (of majority carriers) of
the charge transporting layer. Our results show that, due to direct
bimolecular recombination across the interface, charge trans-
porting layers that efficiently transport majority carriers do not
block minority carriers. In any solar cell with charge transporting
layers, all photogenerated carriers have to be transported through
the charge transporting layers in order to be extracted. The HTLs
and ETLs will thus have large charge carrier densities originating
from photogeneration in the bulk, regardless of whether or not
they are doped. This also means that surface recombination
effectively involves mainly photogenerated charges (although
majority carriers have been transferred to the charge transport-
ing layer). In order to avoid surface recombination in devices
with charge transporting layers, one has to minimize the inter-
facial recombination, for example, by increasing V}; or employ-
ing a thin passivation layer at the transporting layer/active layer
interface.

5. Experimental Section

Device Fabrication: The devices were fabricated according to our previ-
ous work. The description is reproduced here for completeness.””!
All devices investigated in this work were constructed by a thermal evap-
oration vacuum system with a base pressure of less than 107 mbar.
Before deposition, ITO substrates (Thin Film Devices Inc., USA) were
cleaned for 15 min in different ultrasonic baths with NMP solvent, deion-
ized water, and ethanol, followed by O, plasma for 10 min. The organic
materials were purified 1 or 2 times via thermal sublimation. A series
of shadow masks and mobile shutters were utilized to control device lay-
out and thickness variation. The effective active area was defined by the
geometrical overlap of the bottom and top contact (four different areas
were used: 6.44, 3.22, 1.61, and 0.81 mmz). After fabrication, all devices
were encapsulated by gluing a transparent glass on top of the device
utilizing an epoxy resin (Nagase ChemteX Corp., Japan) cured by UV light.
To hinder degradation, a moisture getter (Dynic Ltd., UK) was inserted
between the top contact and the glass.

Materials: Table 2.

Sensitive EQE Measurements: The sensitive EQE measurements were
performed according to previous works, the experimental protocol is
reproduced here for completeness.’® The light of a quartz halogen lamp
(50 W) was chopped at 140 Hz and coupled into a monochromator
(Newport Cornerstone 260 1/4 m). The resulting monochromatic light
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Table 2. The chemical formulas of the used HTLs.

No. Donor (supplier) Structure and chemical name
1 Rubrene
(Sensient) O O

O
0o

5,6,11,12-tetraphenyl-tetracene

2 TAPC (Sensient) @ @
N .

1,1-bis[4- (N, N-di-p-tolylamino) phenyl]cyclohexane

3 Spiro-MeO-TPD
(Lumtec)
2,7-bis[N, N-bis (4-methoxy-phenyl)amino]9,9-
spiro-bifluorene
4 m-MTDATA
(Lumtec)

sgelegs
OO

4,4',4" tris(3-m-tolyl-phenylamino)-triphenylamine

was focused onto the OSC, and its current under short-circuit conditions
was fed to a current preamplifier before it was analyzed with a lock-in
amplifier (Signal Recovery 7280 DSP). The time constant of the lock-in
amplifier was chosen to be 1s and the amplification of the preamplifier
was increased to resolve low photocurrents. The external quantum effi-
ciency (EQE) was determined by dividing the photocurrent of the OSC
by the flux of incoming photons, which was measured using a calibrated
Si and InGaAs photodiode (FDS100-CAL and FGA21-CAL, Thorlabs).
According to ref. [31], the energy of the charge transfer state Ect was
obtained from the low energy tail of the sensitively measured EQE spectra.
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