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Organic-inorganic lead halide perovskites are distinct from most other semiconductors, since
they exhibit characteristics of both electronic and ionic motion. Accurate understanding of the
optoelectronic impact of such properties is important to fully optimize devices and be aware of
any limitations of perovskite solar cells and broader optoelectronic devices. Here we use a
numerical drift-diffusion model to describe device operation of perovskite solar cells. To achieve
hysteresis effects in the modelled current-voltage characteristics, we must include both ion
migration and electronic charge traps, serving as recombination centers. Trapped electronic
charges recombine with oppositely charged free electronic carriers, of which the density depends

on the bias-dependent ion distribution in the perovskite. Our results therefore show that reduction



of either the density of mobile ionic species or carrier trapping at the perovskite interface will
remove the adverse hysteresis effects in perovskite solar cells, giving a clear target for ongoing

research effort and unifying previously conflicting experimental observations and theories.
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Research interest in organic-inorganic lead halide perovskite semiconductors has risen
tremendously within the last 6 years due to their use in photovoltaics, already giving rise to
power conversion efficiencies of over 20%.!® Despite this tremendous growth, knowledge of the
perovskite material properties itself and the relevant physical processes is still lacking. Currently,
one of the major issues holding back development of perovskite solar cells is the presence of
hysteresis in the voltage-dependent photocurrent.”!® Even solar cells exhibiting over 20%
efficiency exhibit hysteresis, and the efficiency is determined by taking the average of the

forward and reverse scans, or by holding the cell close to the maximum power point until



stabilised steady-state power output is achieved. The physical origin of this hysteresis has been
linked to a large variety of processes like 1) trapping of electronic carriers at the perovskite

);!712 i) ionic displacement;!® or iii) ferroelectric effects.!*!> Experimental work

interface(s
supports these theories as for instance surface passivation of perovskites has led to a reduction in
trap density and simultaneous hysteresis.!"" ¢ On the other hand, hysteresis has been shown
convincingly to occur at timescales corresponding to ionic transport.'? Nevertheless, no clear and
complete description exists of how such processes can eventually lead to hysteresis in these

semiconductors, while simultaneously considering all currently known processes governing

device operation.

In this Letter, we use numerical modelling to investigate solar cell current voltage characteristics
under light and dark where the photoactive material includes both mobile ionic species and
electronic trap sites. We show that hysteresis effects in perovskite solar cells originate from a
combination of ionic transport throughout the perovskite and trapping of electronic carriers at the
interface. Depending on the (history of the) biasing conditions, this combination can result in a
significant loss in photocurrent due to trap-assisted recombination at the perovskite charge
collection layer interface. This relatively high rate of recombination at the interface is sustained
by large electron and hole densities due to 1) electronic compensation of ionic space charge and
i1) electronic traps. We could not reproduce any hysteresis via ionic transport or electronic traps
alone, checked by calculations covering the reasonable limits of relevant parameters. Only when
assuming an extraction barrier between the perovskite and its neighbouring transport layer, could
we “induce” hysteresis effects by including ionic transport alone, while excluding electronic

traps. However, in this latter instance, hysteresis in open-circuit voltage that is commonly



observed in experiments was not reproduced. This indicates that an extraction barrier can

“amplify” hysteresis, but is not its primary cause.

The energy level diagram of the modelled perovskite solar cell device is shown in Figure 1. We

[1718] to successfully describe

use a numerical drift-diffusion model that was previously used in
the operation of light-emitting electrochemical cells, in which ionic and electronic transport are
highly relevant. Here, the model describes operation of typical perovskite solar cells including
generation, recombination, transport, trapping, and injection of electronic and ionic charge
carriers by calculating the drift-diffusion and displacement currents by forward integration in
time of the continuity equations for electrons, holes, and ions. We determine the electrostatic

potential by Poisson’s equation. We include more details on the numerical model in the

Supplementary Information.
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Figure 1. Energy level diagram in eV of the simulated perovskite solar cell.

Here follow the parameters we used to model a perovskite solar cell: A grid was used with 4 nm
grid-point spacing. Model parameters for the electron transport material (ETM), the perovskite,

and the hole transport material (HTM) are shown in Table 1. For the perovskite, an equal



electron (un) and hole (up) mobility was chosen, similar to literature values.!*?° The dielectric
constant & was set at 6.5.2! A weakened form of Langevin recombination was implemented via a
prefactor Lyre = 107 in the recombination rate equation, following estimates from experiment.?
Homogeneous generation G of free electrons and holes was assumed throughout the perovskite
layer of G = 0 or 2.5 nm~s"! to model dark and light conditions respectively.?? The properties of
the HTM and ETM were chosen such that these resembled doped materials like TiO> and spiro-
OMeTAD." Doping in these transport layers was modelled by a homogeneous density of

immobile anions (a) or cations (c¢) which are electrostatically compensated by mobile electrons

(n) and holes (p).

Table 1. General device model parameters.

ETM HTM
property unit
o My emV'ist  0.02 0.02
£ - 80 3
Lo - 1 1
G nm’s™ 0 0
initial @ cm” 0 810"
initial ¢ cm’ 810" 0
Initial n cm® 810" 0
initial p cm’ 0 810"
Layer thickness nm 48 48

In various publications hysteresis in perovskite solar cells has been attributed to the movement of
ions throughout the perovskite:!* bias dependent ionic redistribution results in the build-up of

ionic space charge at the interfaces of the perovskite, leading to a change in the built-in voltage



of the perovskite.!* Such a change in built-in voltage may lead to different I-J characteristics,

dependent on the bias history before the actual bias sweep.

To determine whether mobile ions alone can indeed cause hysteresis, we attempted to replicate

the experiment reported by Tress et al.'?

, which accurately shows the presence of hysteresis in
perovskite solar cells. In their experiment, the perovskite solar cell was allowed to stabilize at
varying bias voltages (Vstabilized) prior to performing a fast /-V sweep. The stabilization allows the
ions to redistribute. The subsequent /-V sweep is sufficiently fast to not allow ions to redistribute
again during the sweep. In our model we reproduced this experiment by initially setting a
homogeneous density of ions a = ¢ = 10'® cm™ in the perovskite, assuming only mobile anions
with a mobility s = 107! cm?V-!s™!, V= Vybilized, and G = 0. Furthermore, we blocked ions at the
interfaces, preventing ion exchange with the ETM or HTM. The consequence of this is that the
quasi-steady state ion distribution is not affected by the ion mobility.?* After the device reaches
steady-state after roughly 3-10° s, we obtain the potential profiles which we show in Figure 2a.
The potential drops at the perovskite interfaces prove the presence of ionic space charge
screening the bulk of the perovskite from the externally applied electric field. Next, we set the
anion mobility back to 0 to fix the ion distribution in the perovskite. This allows us to perform /-
V sweeps without ion redistribution or any need for knowledge on the ion mobility. In Figure 2b
we show the potential profiles at /=0 V and G = 0 to show the modified built-in voltage of the
perovskite due to the induced ion distribution. In Figure 2¢ and 2d, respectively, we show the
potential profiles and electron and hole density profiles at ¥ = 0 V and G = 2.5 nm?s’!. The
subsequent /-} characteristics, during which the ions were immobile at different values of

Viabilized and G = 2.5 nm3s!, are plotted in Figure 3a. We observe that the modelled I-V

characteristics are all similar and thus independent of Vitubilized. This result is in contrast with



expectations and the experiments'® in which significant differences between I-V characteristics

with varying Vitabilized are reported.
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Figure 2. Modelled potential, electron, and hole density profiles for a typical perovskite device
comprising ions but no traps. The shading in the background shows the device structure with
from left to right: FTO, ETM, perovskite, HTM, Au. Electric field profiles can be found in the

supplementary information.
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Figure 3. J-V characteristics and interpretation of a perovskite solar cell with ions showing no
hysteresis effects. (a) Modelled J-V characteristics of a perovskite device comprising ions but no
traps. (b-c) Schematics of the charge flow in the conduction (CB) and valence band (CV) of the
perovskite in case (b) Vstavilized < Voc and (¢) Vitavilized > Voc With 1. charge generation; 2. charge

transport; 3. charge extraction.

We can attribute the absence of any hysteretic effect in the /-V curves in Figure 3a for different
ion distributions, to electrostatic compensation (compare Figure 2b and c) of the ionic space
charge by photogenerated electrons and holes. Close inspection of the modelling results shows a
strong variation of the electron and hole densities (see Figure 2d) for varying Vstabilized. For
Vstavitized = 0, -0.5 and -1.0 V, negative (positive) ionic space charge is formed at the interface
between the ETM (HTM) and the perovskite. This negative (positive) ionic space charge is
partially compensated by holes (electrons) in case Voias > Vitabilized- FOr Vstabilized = 1.2 V, however,
the ion distribution is reversed: positive (negative) ionic space charge sits at the interface with

the ETM (HTM). Again the negative (positive) space charge is partially compensated by holes



(electrons). The schematics in Figure 3b and ¢ summarize this charge compensation mechanism

and the flow of charge in the modelled perovskite solar cell including ion motion.

Since these results appear to contradict mounting experimental evidence pointing towards mobile
ions being primarily responsible for hysteresis, we performed more simulations for varying
initial ion densities in the perovskite, different types of mobile ions, and the inclusion of an
extraction barrier between the perovskite and the ETM (see Supplementary information). We do
not observe hysteresis effects in the /-7 characteristics upon variation of the total ion density.
The results are also independent of the type of ionic carrier that is mobile, e.g. anions, cations, or
both. In any of these three scenarios the mobile ions are able to generate ionic space charge at
both of the perovskite interfaces by a combination of ion accumulation and depletion. When we
include a significant extraction barrier, i.e. 0.3 eV between the perovskite and the ETM
conduction bands, we do observe hysteresis effects (see Supplementary Information). However,
we only observe hysteresis in the “fill-factor” of the /-7 curve (the fill factor describes how sharp
the bend is in the /-V curve), while Vo and Jsc remain intact. The hysteresis effects originate from
a reduced (increased) charge extraction under working conditions when Vsubilizea = -1.0 V
(Vstabilized = 1.6 V) by the induced negative (positive) ionic space charge at the ETM/perovskite
interface. The reduced charge extraction results in a pile up of charge carriers in the bulk of the
perovskite, enhancing recombination. For Vsubilizea = 1.6 V the induced positive ionic space
charge at the ETM/perovskite interface compensates the effect of the poor extraction barrier,
resulting in lower charge carrier densities in the bulk of the perovskite and hence a reduced
recombination. The key observation we make here is that the modelled hysteresis does not
resemble the hysteresis observed in experiments by Tress et al. nor do their experiments show an

S-shaped /-V characteristic around V' = Vi, which we observe in our modelled result. This



indicates that current and voltage hysteresis in perovskite devices must be explained by an
alternative mechanism. In hind sight, we would not expect a modulation of the resistivity of a
charge extraction barrier to induce voltage hysteresis, but simply induce a more or less

pronounced s-shape of the I-V curve as our model predicts.?>-?¢

Besides mobile ions, it is also known that there is a non-negligible trap density in these
perovskite materials. Hence, we now also consider interfacial electronic traps as the origin of
hysteresis. At first we will consider only interfacial traps in the perovskite at the ETM/perovskite
interface (see Supplementary Information), and neglect mobile ionic species. Following
literature, we take an interfacial trap state density N; = 10'7 cm™ at the grid point in the
perovskite which contacts the electron transport layer, with a trap energy Eyap = 0.5 eV.! We
describe the trapping rate (in m’s™!) by the product of the available trap density (Ni-n), the free
electron density # at the same grid-point, and a trapping coefficient cn. ¢y can be approximated by
the product of the site volume (i.e. npos™ = 1/2.2:10%* = 5:10% m? following [*]) and the attempt
frequency which can be approximated by a typical phonon frequency (10'°-10'? s™). Based on

these values, we used cn = 6:107"° m®s™ for the simulations.

We model trap-assisted recombination by a Langevin recombination rate of immobile trapped
electrons and free holes, which is described by the product of the trapped electron density, the
free hole density at the same grid-point and a recombination coefficient ¢, (see Supplementary
Information).?” Following Langevin recombination and the material parameters of the perovskite

used in the model, we calculated ¢, to be equal to 6:1073 m®s!.

In Figure 4a (dashed line) we show the modelled /-V characteristic of a perovskite solar cell

comprising electron traps at the ETM/perovskite interface without any mobile ions. We

10



performed the calculations with the same parameters as described above. The current stabilizes at
each voltage point within 10~ s, which directly shows that such interfacial trapping, by itself, is

not the cause of hysteresis occurring at >ms timescales.
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Figure 4. J-V characteristics and interpretation of a perovskite solar cell with ions and traps
showing hysteresis effects. (a) Modelled J-V characteristics of a perovskite device comprising
ions and traps. (b-c) Schematics of the charge flow in the conduction (CB) and valence band
(CV) of the perovskite in case (b) Vstavilized < Voc and (¢) Vitavilized > Voc With 1. charge generation;
2. charge transport; 3a. charge extraction; 3b. charge trapping; 4. trap-assisted charge

recombination.

Since neither mobile ions, nor trap-assisted recombination alone can accurately reproduce the
observed hysteresis effects, we seek to determine their combined effect. We repeat the modelling
experiment where ions were allowed to stabilize at varying values of Vsubitized in dark conditions

before being immobilized, with the presence of traps. In Figure 4a we show the subsequent /-

11



characteristics for G = 2.5 nm™s™! in the perovskite, where we observe a clear dependence of the

I-V characteristic on Viabilized, Which is strikingly similar to the experiments reported in [!*].

We can explain the results in Figure 4a by a loss in photocurrent due to recombination in the
perovskite of free holes with trapped electrons at the ETM/perovskite interface, as we illustrate
in Figure 4b and c. For this loss to be significant, relatively large densities of free holes and
trapped electrons are required. The trapped electron density is limited by the trap state density,
i.e. 10!7 cm™ in this simulation, as well as the trapping rate relative to the recombination rate.
The free hole density, shown in Figure 2d, depends strongly on Visabilized Over roughly 6 orders of
magnitude: We observe relatively large hole densities at the ETM/perovskite interface for Vpias >
Vstavilized. Indeed, we observe in the I-V characteristics in Figure 4a that the reduction in
photocurrent takes place when Viias > Vistavilized: We undertook further modelling, where we
observe that this loss of photocurrent can be reduced by reduction of the trapping coefficient, the

trap state density, and the recombination coefficient (see Supplementary Information).

We have shown above that the combination of mobile ions and electron traps at the
ETM/perovskite interface can lead to hysteresis effects which accurately reproduces
experimental observations, for a reasonable choice of material parameters. We did, however,
consider alternative combinations to test the boundaries of hysteresis inducing factors. For
instance, if we consider mobile ions combined with hole traps at the perovskite/HTM interface,
we can also reproduce hysteresis effects as the description is physically identical to the case we
have described above. Moreover we also tested the combination of bulk traps and mobile ions
(see Supplementary Information section E). Here we found that substitution of interface traps for
bulk traps can result in similar hysteresis effects. To do so however requires the assumption of

relatively large bulk trap state densities as well as relatively high recombination coefficients.

12



These results show that to reduce hysteresis in perovskite solar cells, and more importantly to
improve their efficiency, it is required to reduce either the density of mobile ionic species or
charge trapping. Reduction of the trap density in our model indeed reduces the hysteresis effect
(see Supplementary Information). This is in line with recent experimental work in which
hysteresis has been reduced by passivation of traps at the perovskite interfaces.!!!? 16 28
Furthermore, the trap density at the interface is very likely to depend on the type of charge

29-30

transport layers connecting the perovskite, and the quality and structure of the perovskite

itself,?!1-32

which can strongly vary for different deposition methods. In addition, doping of the
perovskite near the interfaces is expected to strongly influence the charge carrier profiles and

hence the hysteresis mechanism described in this letter.>* This could lead to a hysteresis-free cell

with large interfacial trap densities.

We have shown that anomalous hysteresis effects in perovskite solar cells can be understood as
the combined effect of ion migration through the perovskite and trapping of charge carriers at the
perovskite interfaces. Both ion migration and charge trapping can cause large densities of
electrons and holes at the perovskite interface, with the relative density dependent on the
electronic bias history, trap density and ionic density. For unfavourable biasing, a large density
of trapped electrons and free holes accumulate at the perovskite ETM interface, inducing strong
non-radiative trap-assisted recombination. The consequently large (non-radiative) recombination
rate reduces the photocurrent and thereby the efficiency of the device. For favourable biasing a
low density of trapped electrons and free holes accumulates at this interface, good for more ideal
solar cell operation. Ion migration and charge trapping alone cannot reproduce hysteresis effects.
Hence, reduction of hysteresis and simultaneous improvement of efficiency should be achievable

by reducing either the density of mobile ionic species or electronic defects responsible for trap-

13



assisted recombination. Importantly, the new coherent insight we have derived from this model,
consolidates the previously perceived to be conflicting observations of hysteresis effects
originating from different phenomena. We also note that it is not necessary to induce any

consideration of ferroelectric effects to explain the observable hysteresis.

Although our model proves that interfacial traps and ion transport are both crucial to understand
hysteresis effects in perovskite solar cells, it does not give any detail on the actual origin of the
traps or the mechanism of ion transport throughout the perovskite. Hence to reduce hysteresis by
reducing ion transport and interfacial traps, more research is required to gain more insight in
these processes. Nevertheless, this model predicts that targeting these issues will lead to “ideal”

solar cell operation.

More broadly, these results show that the presence of both mobile ions and traps in
semiconductors can give rise to hysteretic effects that reduce performance in electronic devices.
Therefore these results can be extended to other material systems like organic semiconductors,**
ionic transition metal complexes,* or metal oxides,’® and they represent a sound platform for

describing the operation of future devices.
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