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Electron/hole blocking layers as ionic blocking
layers in perovskite solar cells

*

Theoretical studies of ion migration have thus far focused on migration within the perovskite layer only.
This reflected a "hidden” assumption that the electron/hole blocking layers also function as ion
blocking. Following experimental evidence, we study the effect of ion migration into the blocking layers

and as a case study we compare our simulations to experimental results of device degradation under

storage conditions (V = 0, dark), obtained by others. Good agreement is found between the simulated

ion accumulation at the electrode interface with the experimental device degradation dynamics. Also,
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we find that the migration into the blocking layers dominates the effects on the device energy level
diagram and that it may also turn the intrinsic perovskites into either p or n type solar cells. Although our
simulations do not include the chemistry of degradation, they show two potential mechanisms associated

with ion out-diffusion. First, the electron/hole balanced solar cell structure becomes imbalanced (should

rsc.li/materials-c

Introduction

Organic-inorganic perovskites of the type CH;NH;PbX; (X = Cl,
Br, 1) have been around for a while' including for light
harvesting” and have gained significant attention once they
broke the 10% efficiency barrier in solid state solar cells.? Since
the 2012 reports,’” the field has expanded and advanced rapidly
with current record efficiencies exceeding 25% within less than a
decade.® Besides the efficiency benchmarking there have also
been advances in understanding the chemistry, physics, and
device chemical-physics of these cells.”?” We>**® and
others®*?°*3 have addressed ion migration within the perovskite
layer through device models and its relation to hysteresis, built-
in potential, traps, etc. In the context of device stability there are
several experimental reports highlighting the process of ion
migration into the electron/hole blocking layers.'®'*?* Hence,
while most simulation results, today, contain the “hidden”
assumption that the electron/hole blocking layers also function
as ion blocking, we will examine the effect of ion migration into
the electron/hole blocking layers.> This work was primarily
inspired by Rivkin et al'® who quantified the anion density
within the hole blocking layer (HBL) and by Galatopoulos et al.*®
which showed that the HBL may function as an ion blocking
layer (IBL) too. Hence, while in ref. 35 we examined the ion
migration under light and close to open circuit conditions, the
current study is assuming dark and short-circuit conditions.
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be reversible). Second, ions reaching the electrode may react with it (i.e. irreversible).

Results

We study the ion migration within a perovskite solar cell of the
form cathode/HBL/perovskite/EBL/anode (Fig. 1a), where EBL
stands for the electron blocking layer. To simulate perfect
electronic blocking, we assumed a 0.7eV blocking barrier
between the perovskite and the BLs (Fig. 1b) and set the
electron/hole mobility at a relatively high value. To ensure
some relevance to the report by Galatopoulos et al.'® we study
the ion migration under dark conditions, and the perovskite
and blocking layers are 500 nm and 100 nm, respectively. Also,
we set the ionic diffusion within the blocking layers to be 100 times
slower compared to the perovskite layer. We note that 100 is an
arbitrary number (>1) and that the actual factor may be signifi-
cantly higher, depending on the materials used for the electronic
blocking layers or their polycrystalline nature. The modeling is
carried out using a 2D model of the solar-cell implemented in
Sentaurus TCAD and the physical properties used are listed in
Table 1. Using the Sentaurus TCAD one can include rich physical
picture including a range of recombination processes, including
trap assisted ones, and sophisticated contact models. However, to
keep the physical picture simple we implemented only bi-
molecular recombination and Schottky type contacts. Regarding
the dielectric constant, in the literature one may find values
between 6> and 60." We chose 50 based on the temperature and
frequency dependence measurements reported in ref. 1 and 36.
Another issue to mention is that it is likely that the ionic motion
induces secondary effects that impale the degradation either at the
contacts,>”*® the blocking layers®® or in the bulk.*® Also, these
degradation pathways are only part of those described in a recent

This journal is © The Royal Society of Chemistry 2021
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Fig. 1
dark conditions calculated assuming none of the ions are mobile.

Table 1 Parameters used in the device simulation

Distance from cathode (nm)

(a) Schematic description of the solar cell (b) energy levels used in the simulations. (c) Energy level diagram of the solar cell under short circuit and

HBL EBL Perovskite
Affinity, ¥ (eV) 4.3 3.4 4.3
Band gap, E, (eV) 2.5 2.5 1.6
Charge mobility, g = u, (cm®* V' s 1072 102 2
Dielectric constant, &, 3 3 50
Conduction density of states (cm ™) 10*! 10*" 7 x 10'®
Valence density of states (cm ™) 10** 10 2.5 x 10'®
Initial free-ion density (cm™?) 0 0 10"
Cation diffusion, D (cm?® s™*) 10710 107" 1078
Bimolecular recombination, B (cm? s~ ) 1.2 x 1078 1.2 x 1078 107
Contact injection barrier (eV) 0.2 0.2

review.*! All these potential degradation paths are not included in
the simulation model and hence our model cannot directly predict
cells’ degradation.

It is generally accepted that it is mostly one type of ion that
migrates within the cell, but the exact identity may vary
between reports or compositions."**™** In our simulations
we include only one type of mobile ion and it is the positive
ion (cation) that is mobile. Namely, only singly charged cation
is allowed to diffuse, and across the entire structure. However,
by exchanging the roles of electrons and holes, the simulations
also represent the case where only the anion is mobile. To assist
such a conceptual exchange, we use an e/h symmetric device
structure, in particular, when we discuss cation migration into
the EBL which is equivalent to anion migration into the HBL.
Namely, our results correspond well with I" migration into the
PCBM layer.'®'® Fig. 1c shows the energy level diagram of the
solar cell under short circuit and dark conditions calculated
assuming none of the ions are mobile. By saying that none of
the ions are mobile we mean that anions (as I") and cations
(as MA" and/or Pb*?) fully overlap and compensate each other.
The values presented in Fig. 1c are relative to the Fermi level
energy and we note that due to the high dielectric constant'>**>
the voltage drop across the perovskite is negligible, and that the
energy level diagram is fully symmetric.

Next, we use the calculation where all the ions are immobile,
as the initial conditions for the time dependent simulation
where the cations are allowed to drift-diffuse (dark and V= 0). In
Fig. 2a-f we present the ions and electron/hole charge distribu-
tion. We compare the distributions at ¢ = 0 (Fig. 2a and b) with

This journal is © The Royal Society of Chemistry 2021

those obtained at steady state (Fig. 2c—f). In Fig. 2c and d we
present the results of our previous models (our Phase I) where we
assumed the blocking layers to block also the ions. Fig. 2e and f
show the steady state (¢ — oo) distributions obtained by the
current model (our Phase II). The left column describes the ions’
distributions where the light-green line is for the (immobile)
anions and the fuchsia line describes the cation density distribu-
tion. Fig. 2a shows the initial free ion density (10'® cm™?) being
uniformly distributed within the perovskite layer only. We chose
10"® ecm™® since our Phase I modeling indicated that for
10" em™ to 10" ecm ™ the results are qualitatively similar and
for 10" cm ™ there was almost no effect of the ions. In Fig. 2c we
see the known effect, where the combination of the built-in
potential and the ion blocking by the BLs cause ion-accumulation
at the perovskite-BL interface.”® Our Phase II results, Fig. 2e, are
very different. The perovskite layer shows no ion accumulation
but only depletion, on both sides. The mobile cations have
separated from the immobile anions and have spilled primarily
into the electron blocking layer (EBL) leaving the hole blocking
layer (HBL) essentially empty. Note that the cations in the EBL
have accumulated at the anode’s interface, which in this
simulation is blocking ions.

The right column of Fig. 2 describes the electron (green) and
hole (blue) distributions. Fig. 2b shows the standard charge
distribution expected of an intrinsic semiconductor under
internal bias. Our Phase I results, Fig. 2d, indicate the effect
of band flattening due to the ion migration within the perovs-
kite layer. Our Phase II modeling where the ions are allowed to
spill into the BLs shows an entirely different result (Fig. 2f).

J. Mater. Chem. C, 2021, 9, 1888-1894 | 1889
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(a—f) Left column shows the ion density distribution and the right column the electronic charge distribution (a and b) are for t = 0, before any ion

motion (c and d) are for our phase-| simulations where ions are blocked by the BLs (t — o) (e and f) are for our phase-Il simulations where ions penetrate

the BLs (t - o). (g) PCE curves of both models (see text for discussion).

At this steady state (also equilibrium) the hole density inside
the perovskite layer is orders of magnitude higher indicating
that the ion spillage into the BLs has somewhat turned the
perovskite layer from intrinsic to P-type semiconductor. An
immediate question that may arise is wouldn’t this ion spillage
destroy the device performance? In Fig. 2g we show the
simulated PCE curves and we see that the ion-spillage created
a negligible degradation. As discussed above, our simulations
do not include any secondary effect of the ion motion such as
trap formation or reaction with electrodes. Hence, while the
real device would most certainly degrade, it won’t be due to the
ion migration but due to the chemistry involved with such a
motion (not included in our Phase II model).

To understand the p-type formation we need to examine the
energy level diagram. To do so we follow a procedure similar to

1890 | J Mater. Chem. C, 2021, 9, 1888—1894

ref. 46 for studying the space charge, internal electric field, and
the resulting band diagram modification. In Fig. 3 the left
column is for ¢ = 0 and the center and right columns are for t - oo
as computed by our Phase I and Phase II models, respectively.
Fig. 3a-c show the space charge within the perovskite solar
cell devices. At t = 0 the only possible space charge is electro-
nic and we note that the ohmic contacts induce a charge
density of ~5 x 10'” em™> at the contact interface. At steady
state the cations have shifted in the perovskite layer (Fig. 3b)
and in Fig. 3c they even spilled into the BLs with almost
identical dipoles formed at the interfaces with the HBL and
EBL. However, the most significant one is at the anode’s
interface with a density of 1.8 x 10"® cm™2.

Fig. 3d-f describe the internal electric field resulting from
the space charge as well as the built-in potential. Fig. 3d is fully

This journal is © The Royal Society of Chemistry 2021
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energy.

symmetric with the electric field at the BLs being slightly above
5 x 10" V. em ™! and at the perovskite layer it is an order of
magnitude lower at 3 x 10° V em™'. This difference in the
electric field value reflects the difference in the dielectric
constant (see Table 1). Fig. 3e is still symmetric and we note
the effect of screening of the field at the perovskite layer. Fig. 3f
is anything but symmetric. The dipoles at the interfaces with
the BLs have reduced the electric field at the perovskite layer to
zero. The dipole at the anode’s interface screened most of the
electric field in the EBL and as a result, the field drops primarily
on the HBL.

Integrating over Fig. 3d—f will result in Fig. 3g-i, respectively
(=¥ = [Edx). In other words, Fig. 3g-i show the effect of the
space charge on tilting the energy band diagram. Comparing

This journal is © The Royal Society of Chemistry 2021

these sub-figures, we note that the ions’ spillage into the EBL
caused an upward shift of the levels which at the center of the
device is from —0.015 eV to 0.58 eV, i.e. ~0.6 €V shift. Also, the
tilt that existed in the EBL (Fig. 3g and h) almost disappeared
and was transferred to the HBL (Fig. 3i).

Lastly, Fig. 3j-1 show the energy level diagram relative to the
Fermi level energy. When the ions are forced to stay within the
perovskite it remains intrinsic in nature however, the out
diffusion of the cations turned the perovskite solar cell into a
p-type one. This is in good agreement with Fig. 2f which shows
only holes in the perovskite layer.

Using the fully symmetric structure we found that under storage
conditions, the cations would spill out of the perovskite layer. This
spillage modifies the nature of the perovskite layer (I to P) and

J. Mater. Chem. C, 2021, 9,1888-1894 | 1891
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creates cation accumulation at the anode. Using symmetry
arguments, we may conclude that for the device studied by
Galatopoulos et al.'® where the mobile ion was the anion I~
we would expect it to accumulate close to the cathode. Namely,
diffusion through the PCBM is very likely to take place and it
could be that indeed the thicker PCBM acted as the ion blocking
layer, although the mechanism by which it blocked is not
clear (yet).

Next, we move to examine the time evolution of the ion
density at the contact interface. Galatopoulos et al.'® reported
that enhancing the PCBM thickness resulted in a significantly
longer device lifetime and attributed it to better ion blocking
exhibited by thicker PCBM. To study this effect, we simulated
several structures with varying BL thicknesses (25 nm, 50 nm,
100 nm, and 200 nm).

Fig. 4 shows the evolution of the ion density at the contact
interface for different BL thicknesses, as depicted on the graph.
The x axis is the simulation time, which for an ion diffusion
coefficient of 107" ¢cm® s translates into seconds and for
~10"" ecm” s ' it translates into days. The top x-axis is an
absolute reference as it is the distance the ions would have
propagated due to diffusion only (i.e. the diffusion length at
time “t” or v/Dt). The inset shows the same data but with the
x-axis being on log scale. The vertical dashed lines indicate the
point where the ion density reached 90% of the steady state
value. We note that the steady state density at the contact
interface (Fig. 4) reduces as the contact is farther from the
perovskite (i.e. thicker BL). This is somewhat similar to the
effect found for the channel of a transistor*” with the opposite
sign immobile-ions playing the role of the gate in pulling the
cations back. The other effect we note is that for a short BL
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Fig. 4 lon density at the contact interface as a function of time and for
different BL thicknesses, as depicted on the graph. The top x-axis shows
the distance the ions could propagate through diffusion. Namely, it shows
the ion diffusion length in the BLs. The inset presents the same data but
with the x-axis being on log scale. The vertical dashed lines indicate the
point where the ion density reached 90% of the steady state value.
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90% density is reached for a diffusion length shorter than the
BL’s (12 nm < 25 nm) while for the longer it is reached for a
diffusion length that is longer than the BL’s length (340 nm >
200 nm). This is in line with the drift component being
important close to ¢ = 0 (Fig. 3j) or at short distances. At median
times (medium distances) the bands at the EBL flatten and the ion
transport becomes diffusion limited. At even longer times, not
only the EBL bands flatten but a slight barrier to cation transport
evolves at the perovskite/EBL interface (Fig. 31). This small barrier
is the manifestation of the immobile anions “pulling” (electro-
statically) the cations back into the perovskite layer.

Discussion and conclusions

We have set to understand the ion diffusion into the electron/
hole blocking layers (BLs) and the effect of the BLs being non-
blocking for ions on the device characteristics. In Fig. 2 and 3
we compare the current model (our Phase II model) to results
obtained from an older version of the model (our Phase I
model). We note that the effect of ion motion within the
perovskite layer only, is negligible compared to the one intro-
duced by them spilling into the BLs. In a recent publication we
showed that when operated close to the maximum power point
the injection barrier at the contacts also plays a role.>* However,
since we deal here with zero bias and zero light (zero current)
the injection barriers were found to have no effect (not shown).
To place the simulations on solid ground we chose to perform
them under experimental conditions similar to those reported
by Galatopoulos et al.*® Fig. 2 in ref. 18 compares BLs of 70 nm
and 200 nm. This is roughly like our comparison of 50 nm and
200 nm. Similarly to ref. 18, Fig. 4 shows that at the point where
the density at the contact of the 50 nm BL reached 90% of its
final value, nothing is observed at the contact of the 200 nm
one. The inset to Fig. 4 indicates that it would take more than
10 times longer to start observing some degradation for the
200 nm capped cell. Namely, our results are in qualitative
agreement with ref. 18. If we assume that our simulation results
of the ion accumulation at the contact directly correlates with
the degradation reported in ref. 18 due to chemistry at the
contact interface, then 90% degradation after about 60 hours of
70 nm PCBM capped device'® would reflect an ion diffusion
coefficient of ~107'® em” s™! in PCBM. While thick blocking
layers may provide some ion blocking, the relatively low mobility
may compromise the fill factor. In such a case, a controlled low
level doping®® of ~10"” em ™ may prove beneficial. We note that
in Fig. 2g we checked if the ion spillage by itself would cause
performance degradation and we found none. Namely, secondary
effects as chemistry at the contacts or trap formation are required
to account for performance degradation.

Besides the potential chemistry and degradation at the
contacts which is irreversible, the ion diffusion into the BLs
modifies the band structure. The effect of out-diffusion is so
pronounced that any ion-redistribution within the perovskite
layer is relatively insignificant. The symmetric and electron/
hole balanced structure (Fig. 3g) became asymmetric with a

This journal is © The Royal Society of Chemistry 2021
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clear preference to extraction of one type (Fig. 3h) of carriers.
Such an imbalance may account for reversible degradation
reported in some cases. Interestingly, the unbalancing of the
structure is accompanied by switching the device from intrinsic
perovskites to doped solar cells.
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