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Halide vacancies have been suggested to be the prevalent mobile ionic species in
mixed ionic-electronic perovskite solar cells. In this paper, we measure the
concentration of these vacancies. We also model the ionic-electronic transport
properties of these devices and provide an online platform to allow anyone to
understand the device physics of their own solar cells. We show that mobile ions
have no impact on highly efficient devices but can reduce the efficiency of less-
than-20%-efficient solar cells.
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SUMMARY

We propose two approaches to compute the band diagram of highly efficient
perovskite solar cells, both based on the migration of a single-mobile ion (halide
vacancies). The first is a full analytical approach to quickly calculate the main
features of the perovskite band diagram and easily extract the mobile vacancy
concentration from experimental data. The second approach is an online-open-
access platform that can be used by anyone to accurately simulate their own
band diagram. We combine the first approach with current transient measure-
ments to extract the mobile ion concentration for six different perovskite com-
positions—including perovskite solar cells with power conversion efficiencies
exceeding 19%. For the devices measured herein, we obtain ion concentrations
in the range 7 x 10"—5 x 10"cm~3. We use the second approach to quantita-
tively discuss the implications of the mobile ion concentrations we measured in
terms of device performance and stability.

INTRODUCTION

With the recent announcement of 28% efficient perovskite-silicon tandem solar cells
by Oxford PV, halide perovskites have confirmed their ability to enhance the most
efficient single-junction silicon solar cells in addition to producing 25.2% efficient
single-junction devices.! However, the analysis of this technology’s working princi-
ples can be blurred by substantial densities of mobile ions in these mixed ionic-
electronic semiconductors. In fact, mobile ions modulate the electric field and
charge carrier distribution within the perovskite absorber.” Both quantities directly
affect the solar device optoelectronic properties (bulk/interfacial carrier recombina-
tion and transport),® mechanical properties (compressive film strain),** and photo-
voltaic behavior (reverse bias breakdown,® photo-induced halide segreg.}ation,7'8
hysteresis,” degradation'® etc.). Understanding this technology, therefore, requires
computing an accurate band diagram (energy versus position) that accounts for a
distribution of electric field in perovskite solar cells that is consistent with experi-
mental results.

Two main features of the electric field distribution have been experimentally
unveiled in perovskite devices. The electric field is (1) shielded in bulk and (2) distrib-
uted asymmetrically within the absorber. The first piece of evidence is the observa-
tion of a negative photocurrent opposite to the photocurrent induced by carrier
extraction right after applying a forward voltage (i.e., a negative field) to a device
initially at equilibrium.”"™"* To explain this observation, it has been proposed that
the positive built-in voltage drops at the contacts and is zero in the bulk at

Context & Scale

Halide perovskites are mixed
ionic-electronic semiconductors
with extraordinary optoelectronic
properties. To fully understand
perovskite solar cells, it is crucial
to accurately quantify the
distribution of mobile ions and
assess their impact on the device
band diagram. Accurate
knowledge of the band diagram is
critical to calculate carrier
mobilities, hysteresis,
degradation, electrostriction, and
carrier tunneling at reverse bias.
However, perovskite solar cell
band diagrams are usually
computed fully or semi-
numerically and require in-depth
knowledge of drift-diffusion
simulations and costly simulation
software. As a result, accurate
band diagrams are rarely used to
optimize perovskite devices. In
this work, we present
approximations that simplify band
diagram calculations, provide a
free online device simulator, and
discuss important conclusions that
can be drawn from the analysis of
perovskite band diagrams with
different mobile ion densities and
direction of illumination.
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equilibrium. Hence, the negative applied field creates a net negative field in the bulk
that drives most photogenerated carriers away from their selective contacts and
leads to a negative photocurrent (see Figures STA and S1B). The second piece of
experimental evidence is the observation of reverse bias breakdown currents for
relatively small reverse bias values (between —1 and —5 V).® This behavior has
been ascribed to carrier tunneling from the perovskite into one of the transport
layers (see Figures S1C and S1D). This only occurs when most of the voltage within
the absorber drops close to one of the contacts, allowing for a thin tunneling bar-
rier.° Most of the potential dropping close to one contact implies that the field is
distributed asymmetrically and suggests that the bulk is field-free at steady state.
The last piece of evidence is that provided by Weber et al.'® These authors revealed
an asymmetric potential distribution within the perovskite absorber using Kelvin
probe force microscopy (KPFM) after applying 0.5 V in the dark. They showed that
after 700 ms, ~80% of the applied voltage drops close to the electron transport layer
(ETL), and the remaining ~20% drops close to the hole transport layer (HTL), leaving
no voltage drop within the bulk.

To compute a band diagram that accurately reproduces both electric field features
afore introduced, it is crucial to know the mobile ion distribution within the absorber
and their concentration. To date, most studies suggest that ionic transport is mostly
mediated through halide vacancies (V5 )'*?° that are compensated by much slower
negatively charged vacancies such as Vy,, Va,, etc. (Schottky disorder)?’ or by halide
interstitials, X.” (Frenkel pairs).22'23 The published concentrations of halide vacancies
measured or theoretically predicted with density functional theory for different com-
positions vary widely between 10"® and 10'? cm™3."%"%21:2425 Note that some
studies suggest the presence of other types of ions such as MA*,?*?” or H*,?® with
smaller concentrations (<10 cm™3). Since the electric field is controlled by the
ions with the highest concentrations, we will not consider these ions in the rest of
this paper. Recent reports also suggest that other types of mobile ions might be
involved under prolonged illumination.’®??*° However, in this paper we study the
electric field and mobile ion distribution prior to any long-term photo-induced
process.

While the literature indicates that halide vacancies are the prevalent mobile ions in
most perovskite solar cells, the wide range of experimental and theoretical concentra-
tion values reported in the literature for similar devices (1 0"°-10" cm—3)1415.21.24.25
suggests that there is no clear consensus on the value of the mobile vacancy concen-
tration in these devices. Some of this variation in reported vacancy concentrations is
likely due to the use of different models and different assumptions. Therefore, it is
crucial to revisit the assumptions of these models and establish a general theory that
allows to consistently, easily, and accurately measure the ion concentrations for
multiple perovskite compositions and device architectures. Once the mobile ion con-
centration has been measured, the device band diagram can be simulated either with
an analytical model or by full drift-diffusion simulations. On the first hand, the full
analytical approach is very useful to quickly understand the device physics of perov-
skite devices. However, to the best of our knowledge, no full analytical derivation
has been proposed to calculate the band diagram of perovskite solar cells. On the
other hand, the full numerical approach is very useful to quantitatively discuss the po-
tential and carrier distributions in perovskite solar cells but requires some specific
computational knowledge and/or costly simulation software. This type of resource is
only limited to a few groups within the community, and the use of accurate band dia-
grams to optimize perovskite devices is still very rare. Hence, the introduction of an
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open-access, easy-to-use-platform to simulate the band diagram of perovskite devices
can serve as a useful toolkit that enables accessibility and informs experimental design
for researchers.

In this paper, we first revisit the analytical models that are conventionally used to
measure mobile ion concentrations and the main features of the perovskite solar
cell band diagram considering the recent experimental observations previously dis-
cussed. We show that some of these models cannot explain the field distribution
previously explained, while the others do not accurately capture the main band di-
agram features. We subsequently provide a general analytical model that depends
on three degrees of freedom: the vacancy concentration, the dielectric constant, and
the built-in potential. Our analytical model allows us to easily extract the mobile ion
concentration and the main features of the band diagram in perovskite devices with
different compositions including highly efficient devices with power conversion effi-
ciencies >19%. We validate our approach by comparing our analytical calculations
to full drift-diffusion simulations obtained with our newly designed open-access
simulation platform. Our simulation platform can be used by anyone to accurately
and swiftly simulate their own band diagram for various perovskite materials, con-
tacts, ion concentrations, applied voltages, and illumination intensities.”’ Finally,
we discuss important examples showing the implications of mobile ion accumulation
at the contacts for the device architecture and performance.

RESULTS

Modeling Framework

Let us start by establishing the general framework that will be used throughout the
rest of this paper. First, we consider an intrinsic perovskite semiconductor in the dark
without any contact (Figure 1A). All the ionic species are distributed homogenously
in the film with a concentration Ng (in cm—3). We then contact the film with an ETL on
the left (x = 0) and an HTL on the right (x = L). Both transport layers are assumed to be
heavily doped so that no voltage drops within the contacts. We will further discuss
this hypothesis later in this paper. The built-in voltage resulting from the difference
in contact work functions drops linearly between the HTL and ETL (Figure 1B). The
built-in field triggers the migration of positively charged halide vacancies toward
the HTL. This process induces the formation of a halide-vacancy-depleted region
close to the ETL containing an excess of anions (Figures 1C and 1D). Note that if
negatively charged mobile halides migrated instead of positively charged halide va-
cancies, the halide-depleted region would be formed close to the HTL and the
halide-accumulation region would be created close to the ETL.

The goal of the models discussed hereafter is to quantify the vacancy concentration
and compute the electric field distribution (i.e., the band diagram) within the
absorber after vacancy migration. Since the mobile ion concentration is measured
by applying a field between the two electrodes of a solar cell, we model the
distribution of the average electric field within the whole device. We consider a
continuous and uniform distribution of ions and neglect the local variations due to
inhomogeneities such as grain boundaries or local ionic defects. This method avoids
considering the specifics of the different perovskite morphologies and is computa-
tionally efficient. This approach is supported by the recent KPFM results of Weber
et al.,”® who showed a field profile without inhomogeneities at the nanoscale.

The following models assume that the field is governed by mobile ions only given

that No exceeds the carrier density under operational conditions (~10"%cm™3).>
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Figure 1. Schematic Energy Diagrams of an Intrinsic Perovskite Film in Dark Equilibrium

(A)The film does not have contacts. Mobile halide vacancies and compensating anions are
distributed uniformly through the film with a density Ng (in cm~3).

(B) After the ETL and HTL have been deposited on either side of the film, a built-in potential (Vy;)
is created that linearly drops within the film and triggers the drift of mobile ions toward the
contacts.

(C) Case where both cations and anions are mobile. Both ions are symmetrically distributed within
Debye layers, as described by the Gouy-Chapman and Debye theories (Equations 3,4, and 5).

(D) Case where halide vacancies are mobile and anions are immobile. This theory predicts an
asymmetric ion distribution.

We neglect volume exclusion effects due to large ion concentrations at the interface
and interfacial dipoles (this includes double layer effects). We define w,, w_,
V., and V_ to be the width and voltage drops within the vacancy-accumulation (+)
and vacancy-depleted (—) regions. We choose the convention: V. > 0 and V_ < 0.
We define Qi to be the total ionic charge (in C.cm™?) in the vacancy-depleted
and vacancy-accumulation regions.
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To measure Ng and calculate the main features of the band diagram (w,, w_,
V,, and V_), it is common to measure Q;,, and recover Ng, w,, w_, V., and V_
from a model that connects these quantities. Such a relation is obtained by solving
the Poisson equation in the perovskite absorber. The Poisson equation relates the
electrostatic potential field, ¢, to the distribution of charged species. As previously
mentioned, the prevailing charged species in the perovskite absorber are mobile
vacancies with density ny,. that are compensated by anions with density n,. Hence,
the general Poisson equation reads:

2

27‘3 = - %(nm(x) —na(x), (Equation 1)
where q is the electron charge, € and ¢, are the dielectric constant of the vacuum and
the material relative permittivity, respectively, and ¢ is related to the electric field, E,
as follows:

E= fg—i). (Equation 2)

Conventional Analytical Models to Measure the lon Concentration and Band
Diagram Features
Two types of approaches can be found in the literature to solve Equations 1 and 2
and obtain an analytical relation between Q;,, and Ng, w,, w_, V., and V_. The first
considers two mobile ions of opposite charge with the same concentration, while the
second accounts for one single type of mobile ion. These two cases are good ap-
proximations to model ionic transport with any number of distinct mobile ions. In
fact, in the case of multiple mobile ions with the same charge (e.g., MA™ and V"),
the electric field distribution would be the same as that of a single type of mobile
ion (MA¥and V" are electrostatically equivalent). In the case of multiple mobile
ions with different charges, the ion with the highest concentrations determines the
electric field profile, and the absorber is electrostatically equivalent to a one-ion
model. On the contrary, if the concentration of mobile cations and anions is similar,
the perovskite absorber is equivalent to a two-mobile ion absorber. In the following,
we briefly explain the hypotheses and main equations of each model. The full deri-
vation can be found in the Supplemental Experimental Procedures.

The first approach assumes that the compensating anions are mobile and accumulate
close to the ETL just like halide vacancies accumulate close to the HTL (Figure 1C).*%*
In this case, all the mobile ions accumulate at the contacts and the bulk is depleted of
mobile ions. Hence, the potential drops linearly within the bulk of the absorber and
drops symmetrically at the contacts. The ionic charge accumulating at each contact
can be obtained by integrating Equations 1 and 2 (see Supplemental Experimental Pro-
cedures). This approach—also known as the Gouy-Chapman theory—leads to the

following expression of the ionic charge at the contacts™:

Q¢cC -2 €oe,Vr sinh (%), (Equation 3)
T

2 ions LD

where V is the voltage drop within each accumulation region, Vr is the thermal
voltage (V1 = 26 mV at 25 °C) and Lp is the Debye length, which is an estimate for

the accumulation region width:
_ €€ V1 .
Lo =4/ 2N, (Equation 4)

—2 14,15,25

The reported values for the ionic charge in the dark are typically < 1uC.cm
Assuming, €, = 24°° and Ng > 10"5cm 3, this implies thatV < 300 mV. Hence, at short
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Table 1. Comparison of the Mobile lon Concentration Predicted by the Three Models Discussed
above

Model Gouy-Chapman Debye Surface Polarization
2 Mobile lons 2 Mobile lons 1 Mobile lon
Mobile ion concentration (cm™3) 3 x 10" 6 x 10" 1% 10"

For these calculations, we used the same value of the relative dielectric constant used by Weber et. al.
(€, = 62).1°

circuit, if we assume Vi,; = 1Vand V. = —=V_ = 250 mV, it follows that 0.5 V will drop
within the bulk of the absorber.

However, a simplified version of Equation 3, also called the Debye model,** is usu-
ally used assuming V < Vr (i.e., most of the voltage drops within the bulk)."?%In this
approach, Equation 3 is linearized:

QDebye _ EoErV
2 ions T L,
D

(Equation 5)

The second approach assumes that the compensating anions are immobile and their
concentration is considered uniform within the absorber. This approach has been

used to simulate the impact of mobile ions on the hysteresis,””*°

transient photocur-
rent,'* and reverse bias behavior® of perovskite solar cells. However, the only analyt-
ical expression available in the literature to measure ion concentrations is that
proposed by Richardson et al.”?’~*? These authors developed a method called
the “surface polarization” (SP) theory to semi-analytically solve the Poisson equation.
In this approach, the ionic charge at the contacts is obtained by analytically calcu-
lating the first integral of the Poisson equation, similarly to the Gouy-Chapman
theory but with the condition n,(x) = No. This model predicts that the ionic charge

is distributed asymmetrically as:

1/2
= sign(V)ﬂ {exp (l) VY 1} . (Equation 6)

SP
Q b Vi) Vq

Tion
Nonetheless, to calculate the electrostatic potential and, therefore, the band dia-
gram of perovskite solar cells one must calculate the second integral of the Poisson
equation, which is done numerically in the SP theory. Hence, while Equation 6
correctly predicts the asymmetry of the band diagram, this approach does not allow
one to recover the vacancy-depleted and accumulation widths with a simple analyt-
ical equation from the measurement of the ionic charge (Qion).

Now that we have compared the assumptions and limitations of the analytical
models used or developed in the perovskite solar cell literature, we would like to
demonstrate the importance of selecting the correct model to calculate the
mobile ion concentration and compute an accurate band diagram. Weber et al."®
showed that an applied voltage of 0.5 V induced a 0.4 V voltage drop at the
perovskite/ETL interface and the corresponding ionic charge was measured to be
260 nC/cm?. Using Equations 3, 4, 5, and 6, we can calculate the mobile ion concen-
trations predicted by the three models afore discussed. The results are shown in
Table 1 and clearly reveal that selecting a model over another leads to predicted

mobile ion concentrations that differ by 2 to 6 orders of magnitude.

Summary of the Conventional Models’ Main Features

Two classes of models have been used in the perovskite solar cell literature. The first
class of model assumes that two types of mobile ions migrate within the perovskite
absorber, while the second one by Richardson and co-workers is based on one
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Figure 2. Schematic of the lon Density, Electric Field, and Electrostatic Potential Profile

(A) lon density profile in the perovskite absorber at steady state for one type of mobile ion. The
density of the electrons and holes accumulating at the contacts, respectively, are shown in green.
(B) Corresponding electric field obtained after integrating the Poisson equation.

(C) Electrostatic potential profile obtained by integrating the electric field distribution of

Figure 2B.

single type of mobile ion. The mobile ion concentration that one extracts from mea-
surements varies from 2 to 6 orders of magnitude depending on the selected model
used to analyze the data. Hence, it is crucial to use the correct model to accurately
extract the mobile ion concentration and compute the solar cell band diagram. The
two-mobile-ion model predicts that most of the voltage drops within the bulk of the
absorber and is distributed symmetrically at the contacts, unlike what was observed
experimentally. This indicates that a 2-mobile ion model cannot be applied to perov-
skite solar cells. Hence, a one-mobile ion model such as that developed by Richard-
son et al. is most likely accurate.”*’~3? However, the approach proposed by these
authors requires resorting to complex numerical methods and does not allow one
to easily calculate the full band diagram. In the following, we propose an analytical
model to quickly recover the full band-diagram based on the migration of one type
of mobile ion.

A General Analytical Model

We first state the underlying hypotheses of our model. As in Richardson et al.,”*7-%®
we assume that the compensating anions are immobile (i.e., n, = No). However, to
find an analytical solution, we make the simplifying assumption that changes in ion
concentration take the form of step functions rather than continuous functions. For
a given field, vacancies migrate toward the HTL to shield the applied field until a
field-free region is created in the bulk of the absorber (when the drift-diffusion cur-
rent of these mobile vacancies is zero). Concomitantly, the vacancy-depleted region
grows wider as vacancies drift toward the HTL. This leads to the asymmetric distribu-
tion of Figure 2A.

Case wherew_ +w, <L

Using these hypotheses, we now derive an analytical expression to extract Ng from
the measurement of Q;,,. We solve Equations 1 and 2 in the vacancy-depleted (-),
neutral (0), and vacancy-accumulation (+) regions (Figure 2A):

%E-__ 9

X eoer

%:0 (Equation 7)
Ix

dE, q

= +
X €€
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To obtain the electric field in each region, we integrate Equation 7 for each region
using the continuity of the electric field and the fact that the field is zero in the neutral

region:
_Z0-_ _ 9 _
E (x)= PV EoerrL(x w_)
Eo(x) = —%:O (Equation 8)

d
E,(x)= 7%:€?€rn+(xf L+w,)
The electric field profile is depicted in Figure 2B. The charge neutrality condition im-
poses that the total ionic charge in the vacancy-depleted region must be equal to

that in the vacancy-accumulation region:
NaW, = n_w_ (Equation 9)

Equation 9 implies that E_(0) = E.(L). We obtain the electrostatic potential by
integrating Equation 8, using the continuity of the potential and with the reference
potential in the neutral region:

__9 VY
d_(x)= 260errL(x w_)
$o(x)=0 . (Equation 10)
¢+ (X) == 2 9

€€,

n,(x—L+w,)?

The electrostatic potential profile is depicted in Figure 2C. The relation between V_,
V., w_ and w, is established by using the definition V. —V_ =V, — Vapp along with
Equations 9 and 10 and assuming that the thin vacancy-accumulation region can be
assimilated to a Debye layer (Equation 4):

W = Lo = EoErVT
+ —LDb—= quO
_ VT Vb'\ - Vapp 12
V+_§[(1+16T -1
Vi — V 1/2
1+16-2__"3FP 1
( +16 v )

Vo= YTl (14 16 0~ Vere v 12
,——E + T —

In addition, using the fact that n_ = Ny, the total charge at the electrodes is given by:

Voi — Vagp) /2
(1 + 16%) -1]. (Equation 12)
T

(Equation 11)

W_o =——

2

1 €O€rVT
Qion = inOW* = iz TD

Let us remark that away from the flat-band potential (i.e., V_>>V+), Equation 12 is
asymptotically equivalent to the Equation 6 proposed by Richardson et al., and
V_, w_and Q;,, become

vV szi - Vapp

2606, Vb; — Va
w_ z\/% . (Equation 13)

Qion = \/2qN0€O€r (Vbi - Vapp)
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Figure 3. Equilibrium Band Diagram and lonic Charge Density Profile for Two Solar Devices

(A) A perovskite solar cell, where the band profile is determined by the distribution of accumulating vacancies close to the HTL and the remaining
immobile anions in the vacancy-depleted region close to the ETL.

(B) A p-n junction, where the band profile is determined by the distribution of fixed ionized donors and acceptors in the n and p semiconductors,
respectively. Note that the charge neutrality condition (Equation 9) imposes that the total charge in the vacancy-depleted and vacancy-accumulation
regions is equal. The density of the electrons and holes accumulating at the contacts is shown in green.

The equation defining the vacancy-depleted width in Equation 13 is the same as the
equation defining a Schottky barrier and states that most of the potential drops
within the region with the lowest ion density (i.e., the vacancy-depleted region).
It should also be remarked that in the case where V,,, > Vy,;, mobile vacancies accu-
mulate at the ETL instead of the HTL and V,o, Vi, V_, V4, w_, and w, become
—Vappr =Voi, V4, V_, wy, and w_, respectively.

We can now use the electrostatic potential distribution given by Equation 10 and
multiply it by the electron charge (—q) to plot the energy diagram shown in Figure 3A.
As expected, this energy diagram is highly asymmetric and is featured by a field-free
region in the bulk of the absorber. A direct analogy can be established with a p-n
junction, as shown in Figure 3B. In fact, the vacancy-depleted region in the
perovskite solar cell would correspond to a weakly doped p-type semiconductor
in a p-n junction, while the vacancy-accumulation region would correspond to a
highly doped n-type semiconductor.

Case where w_+w, =L

Equations 10, 11, 12, and 13 are valid only ifw_ + w, < L. If w_ +w, > L, thisimplies
that the mobile vacancy concentration is too small to fully shield the potential differ-
ence between the ETLand HTL (V,; — Vapp) and the field-free region disappears. The
critical vacancy concentration that determines when the electric field is no longer
screened in the perovskite bulk is found by solving the equation w_ + w, = L. For
a 400-nm-thick-perovskite device with a voltage drop of 1V and dielectric constant
of 24, this condition is satisfied when Ng = 5 x 10"® cm 3. Therefore, under these

Joule 4, 109-127, January 15, 2020 117
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conditions, mobile vacancy concentrations smaller than 5 x 10> cm™ will not fully
screen the electric field in the bulk of the absorber. In this case, the potential distri-
bution is the sum of the potential due to mobile ion shielding the potential, as
defined by Equation 10, and the part of the potential that is not shielded that drops
linearly within the absorber. By combining the equation w_ = L — w, and Equa-
tion 11, it follows that Equation 10 becomes

[ Vi [L—x L—x
oo (2
b, (x)= {WT*AV—% (Wi— 1) (LW*X— 1)} (LV;X— 1) . (Equation 14)

AV:Vbi _Vapp _VT L (L— 1>

4 w, \w,

Equation 14 isvalid only if w, < L. Ifw, > L (which is physically impossible), one must
impose w,. = L in Equation 14. In this case, the potential is not screened and drops
linearly within the whole absorber. Using Equation 11, we calculate that for a
400-nm-thick device, the potential is not screened (i.e., when w, = L) for vacancy
concentrations <10™ cm™. To check the accuracy of our model, we compared
the potential profile calculated with Equation 10 and that calculated with Equation 14
for low vacancy concentrations to that obtained by solving the full drift-diffusion
equations (Figures S2 and S3). Our simulations show that despite the step-function
density profiles assumed in our model (Figures 2 and 3), the analytical and numerical
solutions are in excellent agreement.

Summary of Our Model’s Main Features

Our full analytical model assumes the migration of one type of mobile ion that accu-
mulates atthe HTL, in line with studies that show halide vacancies to be the dominant
mobile ion in halide perovskites. Note, however, that our model does not preclude

112021 gince these

the existence of other mobile ions with smaller concentrations
ions would not affect the electric field distribution. Our model predicts that if 1V
drops within a 400 nm — thick perovskite absorber with a mobile vacancy concentra-
tion >5 X 10"® cm ™3, most of this voltage drops within the vacancy-depleted region
close to the ETL. In the case where negatively charged ions would be mobile instead
of positively charged vacancies, the vacancy-depleted region would be formed at
the HTL and the accumulation region at the ETL. Our simple model reproduces
the field asymmetry and the field-free bulk features discussed in the introduction
and can easily be used to extract the mobile vacancy concentrations and the main
band diagram features (No, wy, w_, V, and V_) from charge measurements (Q;o)-
We point out that this approach is valid to reproduce the electric field even under
illumination given that the concentration of free carriers for a working solar cell
(£10% ecm3)?® is negligible with respect to the ion concentration.

Extraction of Mobile lon Concentrations in Multiple Perovskite Devices

We now use our model to extract the ion concentration from ionic charge measure-
ments. We measured the ionic charge for 6 different perovskite solar cell composi-
tions. The fabrication process for these devices is detailed in the Experimental
Procedures. Note that we tested opaque and semi-transparent (no metal contact)
devices and checked that our data was not affected by metal ion diffusion within
the absorber.*%*" As explained in a previous study,'® we measured Qjq,, by first lett-
ing the devices equilibrate at 0.8 V in the dark. We then removed the applied bias
and measured the resulting dark current transient until the cell reached equilibrium
steady state at 0 V. By doing so, we could probe the ionic current only since there is
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Table 2. Average of the Mobile Vacancy Concentration and Vacancy-Depleted and Vacancy-
Accumulation Widths for Perovskite Solar Cells with Different Compositions

Perovskite Composition PCE(%) € No(em—3) w_ (nm) W, (nm)
Cs0.25FA0.75Pb(l0.80Bro.20)3 19.3 24.4 7 x 10" 211 16
Cs0.17FA0.83Pb(lo 83Bro.17)3 17.7 24.2 7 x 10" 209 16
MAPbI3 13 23.3 4 x 10" 84 6
MAPDb(lo 7Bro 33)3 8.7 25.1 3x 10" 103 8
MAPDb(lo.33Bro 67)3 6 26.9 1x10"7 155 12
MAPbBrs 32 28.7 5x 10" 83 6

The power conversion efficiencies (PCEs) are the average PCE for each composition, not the champion

|44

PCEs. The dielectric constants were extrapolated from Onoda-yamamuro et a and we assumed

Vi = 1.2 V.

no electronic injection at 0 V and electronic carriers initially present in the absorbers
at 0.8 V are swept away within the first few micro-seconds. By integrating the ionic
current during re-equilibration (we removed the fast-electronic capacitive
discharge), we could calculate the ionic charge that was moved at the electrodes be-
tween 0.8 and 0V, AQ;,,,, (see Figure S4). With the experimental value of AQ;,,, we
extract Ng assuming Vy,; = 1.2 V using Equation 15 (derived using Equation 12):

N V. N\ 1/2 Vi — Voo \ 72
8Qu, = TR (1 1632) - (116302 T (equation 19
T

N
Note that the extracted ion concentration is independent of the value of the initial

applied voltage (here V,,, = 0.8 V), as shown in a previous study.'* Another way
of measuring the mobile ion concentration is to resort to Mott-Schottky experi-
ments, which allow capacitance measurements of the vacancy-depleted region
(Ca).*? Note that the selective contacts are in practice not perfect and part of the
voltage drops at the contacts.'>*? If we assume ~20% of the voltage drops at the
contacts, the error on the ion concentration is within ~50% as shown in Figure S5.
This error is on the order of the cell to cell variation in Figure S4.

In Table 2, we provide the background ion concentration and the widths of the va-
cancy-depleted and accumulation regions (w_ and w,) we measured for each
composition. Interestingly, the ion concentrations for all of the cells fall in the
same range (7 X 10" — 5 x 10"cm~3). Note that we have also measured several
devices that show vacancy concentrations > 10'°cm 3. However, in general, these
devices were fabricated with the p-i-n architecture (instead of the n-i-p architecture
reported here) and had low efficiencies. Further investigation is underway to investi-
gate highly efficient devices with different architectures. We remark that the ion con-
centrations reported here are very similar for perovskite absorbers with and without
methylammonium. This suggests that the prevalent mobile ion is not methylammo-
nium but rather halide species (vacancies or interstitials). In addition, for all the
compositions, w_ ~ 83—211 nm and w, ~ 6—16 nm. An immediate consequence
is that the electric field is confined within 20%—- 50% of the absorber and drops line-
arly (Figure 2B). Therefore, at maximum power point (MPP) for 300- to 500-nm-thick
devices, the field in a perovskite solar cell can reach values as high as 8 V/um at MPP
and 55 V/um at reverse bias (—3 V) at the contacts (Figure Sé). In the following, we
discuss the implications of this non-uniform and concentrated electric field.

DISCUSSION

In this section, we wish to illustrate the importance of correctly measuring the mobile
ion concentration and depicting the band diagram of perovskite solar cells to design
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Table 3. Parameters Used for the Simulations of Figures 4, 5, and 6 (Unless Stated Otherwise)

Parameter Description Value

€ relative permittivity 24 (Van Reenen et al.)*®

L device thickness 800 nm (Buin et al.)*®

No mobile vacancy concentration 10"7ecm =

No, Po electron/hole equilibrium densities 43 x 10" cm~3

Vi built-in potential 1.2V

Eq band gap energy 1.66 eV (Davies et al.)*¢

Hn, Hp electron/hole mobilities 30 cm?v's™! (Yang et al.)¥’

SHTL, SETH electron and hole surface recombination See Table 4

velocity at the HTL and ETL, respectively
B bimolecular recombination rate 5 x 10~ "%m3s~" (Davies et al.)*

o absorption coefficient 2.5%10* cm™" (Davies et al.;
Chen et al.)*¢*®

0% photon flux 1.59%10" s 'em 2

efficient and stable devices. In particular, we aim at demonstrating that (1) lower
vacancy concentrations are beneficial to devices with large recombination and (2)
minimizing surface recombination at the HTL is more important than minimizing
surface recombination at the ETL. To support this discussion, we provide a newly
designed open-access platform to simulate the band diagram of any perovskite de-
vices .*' For the simulations presented in this discussion, we used the parameters of
Table 3 (unless stated otherwise).

Lower Mobile lon Concentration Limits the Detrimental Impact of
Recombination

Let us first qualitatively explain in which case mobile vacancies are expected to affect
the device efficiency. Mobile halide vacancies control the band bending within the
absorberbut are not necessarily trap states/recombination centers since their energy
level is thought to be outside the absorber band gap.***? The band bending (and,
hence, the ion concentration) in a solar cell enhances charge separation and mini-
mizes bulk/surface recombination. Band bending increases as the voltage drop
within the device in operation is larger. The voltage drop within an operating solar
cell is given by the difference between the built-in and maximum power point volt-
ages (Vi — Vpp). Therefore, smaller values of Viypp should lead to a larger voltage
drop during operation. Since the value of Vypp becomes smaller as the recombina-
tion rate within the device increases, the band bending (and, hence, the mobile ion
concentration) are expected to mostly impact devices with strong recombination.

For state-of-the-art perovskite solar cells, bulk recombination is mostly governed by
band to band recombination. This process rate constant has been measured in the
range 107"% — 1077 cm®s~".%¢ In addition, surface recombination rates in the range
500 — 2,000 cm.s™ ' have been measured for perovskite films.*’*® These surface
recombination rates are 2 to 3 orders of magnitude smaller than for the conventional
silicon solar cells.”® However, since the PL efficiency of perovskite films with contacts
is known to be lower, the surface recombination velocities must be higher in devices.
For the values of the bulk and surface recombination rates mentioned above, the
band bending (and, hence, the mobile ion concentration) should not affect the de-
vice efficiency. However, to date the single-junction perovskite solar cells that are
studied within the community have efficiencies that span from 15% to 25%' and
most published devices have efficiencies lower than 20%. Hence, in many devices

120 Joule 4, 109-127, January 15, 2020



Joule

Low recombination
SHTL = 5™ = 103 cm?3s!

Large recombination
SHTL = SETL = 105 cm3s!

A B
[
.g 25| ETL Perovskite HTL ETL Perovskite HTL
©
8
= "’E < 2.0 E, E
8 e o s\l | -
5% > Egn Ern
R D 10
g "o 2 0.5 Er, ,_________E_F_P __________________ e
== w ¥ =
% 0.0 E E,
< 7 v
< o Vypp=1.05V  PCE =22 % K V=092V  PCE=17%
[ D
g 25| ETL Perovskite HTL ETL Perovskite HTL
S
(L) .20
5
S
55 3 s
-
o >
§2 B 10
::’ I E 0111 | @ =P 1 1]l 11 lLicceccecmmccccccchecccccccceane-
. : o b
L=z
2 0.0 E, E,
S i Vypp =105V  PCE =22 % Y Vipp =092V PCE=18%

-100 0 100 200 300 400 500 600 700 800 900 -100 0 100 200 300 400 500 600 700 800 900
Position (nm) Position (nm)

Figure 4. Impact of Recombination on the Device Band Diagram when llluminating from the ETL
The colored stars are used to locate the recombination conditions on the map of Figure 5. The code
for these simulations can be found at https://github.com/LBerto/Joule_Paper_Codes.

the bulk and surface recombination rates may be considerably larger than those
mentioned above. In addition, perovskite devices degrade over time and these
recombination rates may significantly increase. Hence, it is crucial to quantify how
the mobile ion concentration affects the efficiency of devices with recombination
rates that are a few orders of magnitudes larger than the rates previously mentioned.

In Figure 4, we provide the band diagrams of perovskite solar cells at the maximum
power point in the case where the surface recombination velocity is identical at both
contacts for two values of the mobile vacancy concentration (1 0" and 10" em™3). In
the following, we define B to be the band to band recombination rate and Sty and
Shr. to be the hole and electron recombination velocities at the ETL and HTL,
respectively. For all plots in Figure 4, Vi = 1.2V and B =5 x 107'° cm3 . In the

case of Figures 4A and 4C, Sty =S8, =103 cm.s™" and the resulting value of Viypp
is 1.05 V. This implies a 0.15V drop within the absorber. In the case of Figures 4B
and 4D, Sy =Sgr =10° cm.s™" and Vypp = 0.92 V. Hence, a 0.28 V drop occurs
within the absorber, unlike 0.15 V in the case of Figures 4A and 4C. This larger
voltage drop due to increased recombination current makes the device performance
more sensitive to changes in mobile ion concentration. To further understand
how the vacancy concentration affects the efficiency of the solar cell, we quantify
the surface and bulk recombination currents for each band diagram of Figure 4
(see Table 4).

We first calculate the hole (p(0)) and electron (n(L)) densities at the ETL and HTL, respec-
tively. This allows us to calculate the surface recombination current at the ETL and HTL:
I =qSk p(0) and Jeq, =qSEr n(L). We also calculate the bulk recombination cur-
rent by integrating the recombination current rate over the whole absorber thickness
(Upuk = [ qB(np — n?)dx). The total current at the maximum power point (Jupp) is
then the difference between the maximum achievable photocurrent due to pure elec-
tron/hole photogeneration (Jg) and the surface and bulk recombination currents

(Umpp=Jg — JETL* JirL — Jbui)- As expected, in the case of low recombination
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Table 4. Carrier Densities, Generation, and Recombination Current Densities Corresponding to
the Band Diagrams of Figure 4

Figure 4A Figure 4B Figure 4C Figure 4D
No (cm™3) 10" 10" 10'° 10"®
St Serlem.s™) 10° 10° 10° 10°
p(0) (cm~3) 1.2 x 10" 1.3 x 10" 1.4 x 10" 7.1 x 10"°
n(L) (cm™3) 1.7 x 10" 1.7 x 10" 1.3 x 10" 3.7 x 10"°
o (mA.em™?) 0.2 0.2 0.2 1.2
Jer (mA.cm™?) 0.3 2.8 0.2 0.6
Jouk (MA.Cm~2?) 6x 1072 5x 104 5x 1074 107
Jg (MA.cm™?) 21.3 21.3 21.3 21.3
Jupp (MA.Cm~2) 20.8 18.3 20.9 19.5

For these calculations, we used the same value of the relative dielectric constant used by Weber et al.
(€ =62."

(Figures 4A and 4C), the recombination current is mostly independent of the ion con-
centration, unlike in the case of larger recombination (Figures 4B and 4D). The depen-
dence of the recombination current on the ion concentration in the case of Figures 4B
and 4D relies on the degree of asymmetry of the band diagram. When Ng = 10"7cm 3,
the asymmetry of the band diagram leads to asymmetric surface recombination cur-
rents at the contacts despite the equal surface recombination velocities. More specif-
ically, since most of the band bending occurs close to the ETL, the voltage drop at the
perovskite/HTL interface is too small to push electrons away from that interface, lead-
ing to higher recombination at the HTL. On the contrary, when Ng = 10" cm3, the
asymmetry of the band bending vanishes and the voltage drops within the whole de-
vice. As a result, the electron density at the HTL is three times lower than in the case
where Ng = 10"cm 3. Hence, in the case of strong surface recombination (Figure 4D),
the total recombination current is about 1 mA/cm? larger than in the case Ng = 10"
em™3 (Figure 4B). Note that the bulk recombination current also decreases by a factor
of 5—-10. This is why the mobile ion concentration does not affect the device perfor-
mance in the case of Figures 4A and 4C, while the efficiency differs by 1 point in the
case of Figures 4B and 4D. Therefore, our analysis reveals that smaller values of the
mobile vacancy concentration are expected to limit recombination.

We now generalize our analysis to a broader range of surface and bulk recombina-
tion. In Figure 5, we show two maps of a perovskite solar cell efficiency as a function
of the surface and bulk recombination rates for two cases: Ng = 10" cm =3 (Figure 5A)
and Ng = 10"°ecm 3 (Figure 5B). As expected, for devices with larger efficiencies
(PCE=20%), the mobile ion concentration does not impact the solar cell efficiency.
In addition, our simulations show that to achieve a 25% efficient solar cell, the band
to band recombination rate must be <107'% cm3s~" and the surface recombination
velocity at the contacts must be <1 cms™'. However, for devices with efficiency
<20%, the mobile ion concentration does impact the device performance. More
specifically, if the band to band recombination rate is > 107 em3s~' and/or the

1

surface recombination velocity is > 10 cm's™', multiple efficiency points can be

lost by having a mobile ion concentration of 10'7ecm™ instead of 10"%ecm ™.

Perovskite Solar Cells Are More Sensitive to Recombination at the HTL than
the ETL

So far, we have considered the case of illumination from the ETL and equal surface
recombination velocities at both contacts. In Figure 6, we examine the impact of the
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Figure 5. Impact of Surface and Bulk Recombination on the Device Efficiency and Band Diagram
Perovskite Solar Cells llluminated from the ETL

For these simulations the surface recombination velocity is assumed equal at the ETL and HTL. The
dotted rectangles correspond to the limit between the cases where the mobile ion concentration
does not affect the solar cell efficiency (inside the frame) and the cases where it does (outside the
frame). The 4 stars indicate the recombination conditions used for Figures 4A-4D. The simulation
parameters are those provided in Table 3. More details about these simulations are provided in the
Supplemental Experimental Procedures. The code for these simulations can be downloaded at the
following link: https://github.com/LBerto/Joule_Paper_Codes.

illumination side and different surface recombination velocities at the HTL and ETL. For
devices with a surface recombination rate of 1,000 cm.s™ ", the mobile ion concentration
does not affect the device efficiency (orange line). However, when the surface recombi-
nation increases by two orders of magnitude, the impact of the mobile ion concentra-
tions differs if surface recombination occurs at the ETL or HTL. In the case of strong
hole recombination at the ETL (blue lines), the voltage drop within the whole absorber
atlower vacancy concentrations (Figures 4C and 4D) or close to the ETL at larger vacancy
concentrations (Figures 4A and 4B) reduces the hole concentration at this interface.
Hence the mobile vacancy concentration should affect the relative PCE by less than
5% in the case of hole recombination at the ETL, as shown in Figure 6. On the contrary,
the ~100 mV—voltage—drop at the perovskite/HTL interface in the case of larger va-
cancy concentration (Figures 4A and 4B) will limit surface recombination to a lesser
extent than in the case of lower vacancy concentration where the voltage drops
throughout the whole device (Figures 4C and 4D). Therefore, the relative PCE can be
~20% lower with vacancy concentrations of 10" cm™ than with concentrations of
10" cm~3, depending on the illumination side, as shown in Figure 6.

Main Takeaways and Implications
Our analysis reveals three important takeaways. First, lower vacancy concentrations
(£10"% cm™3) are beneficial to limit the impact of mobile ions on recombination. This
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Figure 6. Simulation of the Impact of the Mobile Vacancy Concentration on the PCE of Perovskite
Solar Cells as a Function of the Illumination Side

The simulation parameters are the same as those used for the simulations of Figure 4. The gray area
indicates the mobile ion concentration range reported in Table 2. The code for these simulations
can be found at https://github.com/LBerto/Joule_Paper_Codes.

is consistent with the results of Table 2, which show that the devices with the lowest
mobile ion concentrations are the most efficient. This result is also consistent with
the suggestion that the addition of excess halide (using potassium iodide for
example)®’ or small ions such as cadmium® reduces the number of mobile halide
vacancies. These treatments have been reported to increase the efficiency by
~ 20% to 40% and/or lead to more stable devices. Second, surface recombination
at the HTL can lead to a PCE ~20% lower than surface recombination at the ETL.
Hence, concentrating efforts on minimizing recombination at the HTL will lead to
alarger increase in efficiency than minimizing surface recombination at the ETL (Fig-
ure S7). Finally, there will tend to be less recombination in devices that are illumi-
nated through the side that contains the vacancy-depleted region (the ETL side
for positively charged mobile halide vacancies). Since state-of-the-art perovskite
solar cells are illuminated through the ETL, our modeling explains why n-i-p cells

tend to be more efficient than p-i-n cells.”*>°

It should be remarked that in this discussion we have only considered the electrostatic
aspect of mobile vacancy migration and accumulation at the contacts. However, the
concentrated electric field at the contacts also leads to hole accumulation at the
perovskite/HTL interface and electron accumulation at the perovskite/ETL interface.
Carrier accumulation could lead to chemical reactions with the perovskite absorber
and could impact the stability of the perovskite devices.”® For example, Maier and
coworkers showed that halide perovskites can be photo-oxidized by photogenerated
holes."” Petrozza and coworkers®” showed that halide photo-oxidation leads to the
formation of trap states. In addition, Belisle et al. suggested that this type of process
can trigger photo-induced halide segregation and to subsequent quasi-reversible
performance losses.® Bowring et al. also explained that high electric fields at reverse
bias could trigger chemical reactions and a quasi-reversible efficiency drop.® There-
fore, to fully explain the (photo)-stability of perovskite solar cells, the electrochemical
component will have to be considered in addition to the electrostatic component.

Conclusions
We have proposed a full analytical model based on an approach similar to the conven-
tional one for modeling p-n junctions. Our model accounts for the asymmetry of the
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band diagram and the field-free region recently observed by experiments. Our analyt-
ical approach is in excellent agreement with the full drift-diffusion approach and allows
easy calculation of the main features of the perovskite solar cell band diagram and the
extraction of mobile ion concentrations from measurements. With our newly designed
online-open-access platform, we discussed the impact of the mobile vacancy concen-
tration on the solar cell band diagram for different surface/bulk recombination pro-
cesses. Using additional simulations of the power conversion efficiency, we showed
that lower vacancy concentrations mitigate the impact of bulk/surface recombination
and yield larger device efficiencies. In addition, we showed that for the mobile ion con-
centrations reported in this paper, minimizing surface recombination at the HTL will
yield a larger efficiency increase than minimizing surface recombination at the ETL.

EXPERIMENTAL PROCEDURES

Device Fabrication Method

The Csg 17FAq.83Pb(l0.83Bro.17)3 fabrication method can be found in Bush et al.*® The
fabrication method for the Csg 25FAq 75Pb(lg.8Bro.2)s device will be disclosed in a future
publication. In the following, we provide the fabrication method for the MAPb(I,Br;.,)3
devices. ITO-glass slides 10 Q/square were purchased from Xin Yan Technologies and
cleaned with sequential ultrasonic baths containing Extran 300 detergent, DI water,
acetone, and isopropanol before dried with N, and placed in a UV-ozone cleaner for
>15 min. NiO was deposited using an ultrasonic spray coater (AccuMist, Sono-Tek Cor-
poration) operating at 1.0 W and fed by a syringe pump delivering 50 uL/min from an
aqueous solution of 20 mM NiNOj3 (Sigma) in air at 300°C. The perovskite precursors
for MAPbI3 used methylammonium iodide (MAI, Dyesol) and lead iodide (Pbl,, TCI),
while MAPbBr; used methylammonium bromide (MABr, Dyesol) and lead bromide
(PbBry, TCI). In both cases, solutions were made with a 1 M concentration containing
4:1 DMF:DMSO v/v and the perovskite formed in a glovebox with spin coating at
4,000 rpm for 16 s with N flow directed onto the sample for the last 8 s. Mixed halide
solutions were obtained by combining the MAPbl; and MAPbBr; precursor solutions at
appropriate ratios and the perovskite formed with spin coating at 1,000 rpm for 10 s
followed by 6,000 rpm for 45 s and then 1,000 rpm for 5.5 s with N flow directed
onto the sample for the last 5.5 s. In all cases, the perovskite was formed by annealing
on a hot plate for 30 min. For opaque devices, 45 nm of C4o (MER Corp.), 7.5 nm of
bathocuproine (BCP, TCl), and 150 nm of Ag was sequentially evaporated onto the
perovskite. For semi-transparent devices, 30 nm of C60 (MER Corp.) was thermally
evaporated (Angstrom Amod), followed by ALD of 6 nm Zn-containing Sn0,°’ (Arra-
diance GEMStar-6) and 150 nm of DC sputtered ITO (Sun|oreme).‘SO

Device Characterization

Current-voltage measurements (Figure S8) were obtained with a Keithley 2400 dig-
ital source meter. A 300 W xenon lamp (Oriel Sol3A) solar simulator calibrated with a
NREL-certified reference photodiode (Newport) was used to irradiate devices from
the bottom glass side. jV curves were measured from forward to reverse bias at a
0.1V s™". The efficiencies of the highest performing devices are in Table S1.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.joule.
2019.10.003.
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