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lonic Accumulation as a Diagnostic Tool in Perovskite Solar
Cells: Characterizing Band Alignment with Rapid Voltage

Pulses

Nathan S. Hill, Matthew V. Cowley, Nadja Gluck, Miriam H. Fsadni, Will Clarke,
Yinghong Hu, Matthew J. Wolf,* Noel Healy, Marina Freitag, Thomas J. Penfold,
Giles Richardson, Alison B. Walker,* Petra J. Cameron,* and Pablo Docampo*

Despite record-breaking devices, interfaces in perovskite solar cells are still
poorly understood, inhibiting further progress. Their mixed ionic-electronic
nature results in compositional variations at the interfaces, depending on the
history of externally applied biases. This makes it difficult to measure the
band energy alignment of charge extraction layers accurately. As a result, the
field often resorts to a trial-and-error process to optimize these interfaces.
Current approaches are typically carried out in a vacuum and on incomplete
cells, hence values may not reflect those found in working devices. To address
this, a pulsed measurement technique characterizing the electrostatic
potential energy drop across the perovskite layer in a functioning device is
developed. This method reconstructs the current-voltage (JV) curve for a
range of stabilization biases, holding the ion distribution “static” during
subsequent rapid voltage pulses. Two different regimes are observed: at low
biases, the reconstructed )V curve is “s-shaped”, whereas, at high biases,
typical diode-shaped curves are returned. Using drift-diffusion simulations, it
is demonstrated that the intersection of the two regimes reflects the band
offsets at the interfaces. This approach effectively allows measurements of
interfacial energy level alignment in a complete device under illumination and
without the need for expensive vacuum equipment.

1. Introduction

Perovskite solar cells (PSCs) have emerged
as a serious contender for large-scale so-
lar energy harvesting with demonstrated
power conversion efficiencies of 25.2%,
nearly matching the best research silicon
cell efficiencies.l!l Lead-halide perovskites
exhibit a winning combination of low-
cost and abundant constituent elements,
solution-processability ~and  outstand-
ing optoelectronic properties. Interface
engineering has been a crucial part of
the acceleration of device performance.
There is a breadth of work on various
approaches to improve charge trans-
port dynamics from the perovskite layer,
briefly: passivation layers, self-assembled
monolayers, inverted architectures, and
novel transport materials.>* Histor-
ically, this work has been conducted
by a trial-and-error approach when de-
veloping novel materials and surface
modifications which is cumbersome, slow,
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and often not reproducible. New tools are required to accel-
erate development.

Existing experimental techniques to probe the energetic align-
ments of a device include capacitance-voltage measurements, ]
transient photocurrent/photovoltage measurements,®l elec-
troabsorption (EA) spectroscopy,’! kelvin probe force microscopy
(KPFM),[®] X-ray Photoelectron Spectroscopy (XPS)?! and Ultra-
violet Photoelectron Spectroscopy (UPS).”) XPS and UPS detect
material work functions of single isolated layers and require
measurement under vacuum conditions. They are extremely
surface sensitive, making it hard to translate the determined
material properties to an assembled device. Furthermore, stan-
dard linear fits to the density of states (DOS) of UPS spectra to
extract the work function and band offsets often yield values that
can be off by more than 0.5 eV due to the unusually low DOS
at the valence band maximum (VBM) exhibited by this class of
material.[!%!!] KPFM can be applied to device cross-sections but
is also incredibly sensitive to surface contaminants and surface
molecules which greatly lowers accuracy and reproducibility.[®]
EA assumes that the electric field within the device is uniform,
which can be violated in PSCs due to vacancy distributions
interacting with electric field distributions.l?l Therefore, a new
approach is required to detect changes in energetic alignments
to enable fast optimization of device interfaces, with the ultimate
goal of increasing power conversion efficiencies (PCEs).

A method that determines changes in band offsets, AE, be-
tween the perovskite and transport layers in a PSC would be
one such tool. Band offsets in this context are the difference be-
tween the relevant band maximum or minimum of the transport
layer and the perovskite. These quantities are important as they
partially determine the efficiency of extracting photogenerated
charge carriers from the device and one way of obtaining them is
to characterize the electrostatic potential drop within the device.
This is due to a direct dependence of the drop in electrostatic po-
tential across the perovskite in dark and open-circuit conditions,
A, on the work functions, W of the hole and electron transport
layers (HTL and ETL)

A¢psk =Wy — Wy (1)

[2
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In the regime of Maxwell-Boltzmann validity, W for each trans-
port layer is determined by

Nhtl
A
W,y =E" —k;Tln (F) ()
etl
e D
W, =E* +k;Tln (W) 3)

E{, is the valence band maximum, E’C the conduction band mini-
mum, N, the acceptor doping density, N, the donor doping den-

sity, gJV the valence band effective density of states, and gé the con-
duction band effective density of states of material j where psk is
the perovskite layer. kj is Boltzmann’s constant and T is temper-
ature. As AE; for the two interfaces is given by

AE,, = E" — gt (4)

v

AE,, = F* — (5)

we can see that if we effectively increase or decrease E, or E. by,
for instanceby modifying the interface with a dipole layer,[*] we
will induce an equal change in both AE and A¢,.. This allows us
to detect changes in AE if we can measure Ag,,.

A, can be considered analogous to the built-in voltage (Vy,)
of a device if the transport layers have a sufficient doping density
to allow ohmic contact with the device contacts and there is no
change in electrostatic potential within these layers away from
the perovskite interface as shown in Figure 1. As this would be
a specific instance of a PSC, we will consider the more general
case where some electrostatic potential may be lost within the
transport layers and discuss Ag,,, instead of V.

The challenge with probing PSC device energetics is mainly
due to the need to decouple ionic and electronic effects. The rel-
atively low activation energy of iodide vacancies means that dur-
ing measurements at room temperature, vacancies migrate un-
der the applied fields and modify the electric field distribution
in the device, > as shown by the flat electric potential profile in
the perovskite bulk in Figure 1. This alters the electrochemical
response of the device. To address this, we have used pulsed volt-
age protocols to separate the electronic and ionic timescales.!*®)
These measurements can overcome problems associated with
other methods that decouple mixed conduction; as achieving
scan rates greater than 50 V s™! and sourcing small currents (20
pA)[Y] can prove difficult depending on equipment; and cryo-
genic cooling affects both the electronic and ionic response.!8]
In pulsed voltage measurements, a preconditioning static bias
voltage is applied, and the ionic defects are allowed to come to
a steady-state distribution. The device is then subjected to a fast
voltage pulse and the current is measured. It is assumed that the
vacancies cannot redistribute on the timescale of the pulse and
so are effectively “frozen” into position. If repeated for a range of
voltage pulses this measurement allows the reconstruction of a
current—voltage (JV) curve for a given ion distribution.

In this work, we report a combined theoretical and experimen-
tal study on large-crystal, perfectly oriented (001) methylammo-
nium lead iodide (MAPDI;) based devices. We use a pulsed volt-
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Figure 1. Schematic band diagram showing the variation in the vacuum band E,,, conduction band E,, Fermi level E¢, and valence band E, energies
across a PSC. Ag,q is the drop in electrostatic potential energy across the perovskite and is defined by the difference in transport layer work functions W.
As there is no change in electrostatics in the transport layers, Ag,q is equal to the built-in voltage V,;, for this device. The electrostatic potential in the
bulk of the perovskite is flat due to the migration of iodide vacancies V| localising charge accumulation to the interfaces.[14]

age protocol and observe two characteristic shapes of JV curves
depending on the stabilizing voltage—a preconditioning voltage
that is returned to between each pulse. The drop in electrostatic
potential across the perovskite is shown through drift-diffusion
modeling to be measurable by quantifying the change in JV shape
with stabilization voltage. This is achieved by an empirical data
analysis method, where we estimate the point of change between
the two characteristic JV shapes by quantifying the gradient in
the JV curve around V.. This method is then shown to find val-
ues close to the theoretical drop in electrostatic potential across
the perovskite and is applied to the systematic study of interfacial
modifications to charge transport materials. We study the mod-
ification of band offsets using interfacial dipolar molecules and
find that several proposed offset-altering molecules are unlikely
to have a significant effect on the interface energetics, despite
density functional theory (DFT) calculations suggesting other-
wise. Our findings have important repercussions for the design
of studies that aim to alter perovskite device interfaces, as well
as providing a new tool that utilizes the intrinsic properties of
perovskite solar cells as a diagnostic for device physics.

2. Methodology

Current-voltage scans were carried out on perovskite so-
lar cells with the layered structure FTO/TiO,/MAPbI,/spiro-
OMeTAD/Au. By controlling the solvent ratio of dimethyl sulfox-
ide (DMSO) and dimethylformamide (DMF) during the MAPDI,
synthesis, and by adding tetrahydrothiophene-1-oxide both the
grain size and crystal orientation in our perovskite films were
controlled.[*) Devices had perovskite crystal facets oriented in the
(001) direction parallel to the substrate. This allows a less disor-
dered interface, appropriate when investigating surface energet-
ics. Previous studies have indicated different orientations of per-
ovskite crystals can alter stability and performance as shown by
Xi et al. and Figure S1 (Supporting Information).l?"l We selected
the (001) orientation due to it providing the best-performing de-
vice with a uniform plane orientation. In all cases, the orientation
of the perovskite crystals was verified using grazing—incidence
wide-angle x-ray scattering measurements as shown in our pre-
vious works.[21:1]
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The devices show high power conversion efficiencies un-
der standard 1 Sun illumination (AM1.5) with some hystere-
sis (Figure S2, Supporting Information) and high EQE spectra
(Figure S3, Supporting Information). After the long-term light
exposure received during measurements, the Maximum-Power-
Point (MPP) was shown to be stable for more than 5 minutes
(Figure S4, Supporting Information). All JV scans and pulse
measurements in the rest of this work were performed using a
white LED at low light intensity (approximately 20 mW cm~2)
to minimize degradation effects caused by long measurement
times.

InJV scans measured at slow and intermediate scan rates (gen-
erally below 500 mVs™!), vacancies in the perovskite have time to
move in response to the applied voltage during the experiment
which leads to JV hysteresis. The scan rate at which maximum
hysteresis is seen is related to the activation energy for the mo-
bile ions." Material engineering that alters the activation energy
for ion motion may lead to “hysteresis free” cells when they are
measured at 10-200 mVs~!; but unless there are minimal mo-
bile vacancies or recombination centers in the perovskite, hys-
teresis will still be visible if the cells are measured over a large
enough range of scan rates.[?22%] Figure S5 (Supporting Informa-
tion) shows the JV scans for a representative device performed
at various scan rates under a white LED at approximately 20 mW
cm~2 which demonstrates hysteresis at several scan rates. This ef-
fect is attributed to the choice of materials (MAPDI, on compact
TiO,) and device architecture (non-inverted) which even for the
highest-performing devices of this class, result in some degree of
hysteresis.[*]

Additionally, it is important to emphasize that, simply because
a device exhibits low or no hysteresis in a particular JV curve
measurement, it does not mean that there are no moving ions;
rather, on the timescale of the measurement, (which depends on
the scan rate used) the ionic distribution was not altered signif-
icantly or interfacial energy offsets introduced by the choice of
extraction layer were able to compensate the detrimental effects
of the ionic re-distribution in that timeframe.!'* This point is also
demonstrated by Cave et al.,|?* where only the timescale at which
the ionic effects are present is altered by a change in ionic migra-
tion activation energy or by Calado et al.?! who find evidence
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Figure 2. a) Reconstructed |V curves from the stabilize-and-pulse (SaP) measurement with changing stabilization voltage measured under ~20 mW
cm™2. b) Reconstructed )V curves from SaP simulations. c) Schematic of the SaP measurement. Arrows at the top indicate the different regions of the
SaP measurement. An area of the pulsing section is highlighted and zoomed in on the graph on the right. d) Quantification of SaP d)/dV fit for a range
of electron-hole Shockley-Read-Hall lifetimes (7). Figure of merit is the absolute error in volts between extracted A¢, from the simulated SaP—JV curve
and the theoretical input in the model A¢, across the perovskite layer. A dark shade corresponds to a better fit.

for ion migration in hybrid perovskite solar cells with minimal
hysteresis.

To decouple ionic effects from electronic effects, a stabilize-
and-pulse (SaP) measurement was implemented as outlined in
Figure 2a. Similar protocols have been described previously in
the literature.'®2227 The device is first held at a pre-stabilization
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voltage for 120 seconds, seen in Figure 2c as the flat continu-
ous voltage within the stabilizing section. This is long enough
for the devices fabricated in this study to reach a stable current
output, indicating that ionic vacancies in the perovskite are at
a steady-state distribution (Figure S6, Supporting Information).
We used the shortest pulse width compatible with our source
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meter (Keithley 2401) which is approximately 37 ms (Figure S7,
Supporting Information) set by the USB connection limit, but
set a measurement delay to the shortest possible value of 1 ms,
therefore acquiring the current value approximately 1 ms after
setting the pulse voltage. This is slow enough that geometric
capacitance responses are avoided (typically present on the mi-
crosecond timescale),[?8] but fast enough that ions do not have
enough time to re-distribute, i.e., Domanski et al.”?*! and Pockett
etal.’ suggest that ions can move on timescales above >100 ms.
Stabilizing the cell after each pulse for 1s before taking the fol-
lowing measurement, i.e., a duty cycle of around 5%, ensures a
steady-state ion configuration and a reproducible stabilized J-V
curve can then be extracted. Finally, the 120 s preconditioning
step (recommended by NRELPY) required to stabilize the cur-
rentin Figure S6 (Supporting Information) suggests that the ions
in our experiments will not be redistributed significantly in the
timescale of =1 ms, ensuring the validity of the measurement
for our samples. The pulsing section can be seen on the right of
Figure 2¢, with a zoomed-in section in the inset. In principle, the
short timescales over which these pulses are applied do not al-
low the ions to migrate significantly from their initial position,
but give charge carriers enough time to be extracted from the
device.??! At the top of each square-wave voltage pulse, the cur-
rent is measured to reconstruct a JV curve at a given ionic dis-
tribution. By repeating the measurement for different stabilizing
voltages, the fixed ionic distributions that affect the current re-
sponse from the device can be investigated.

Figure 2a shows the reconstructed JV curves from the SaP
measurement. The JV curves at different ionic distributions re-
veal a series of pronounced s-shaped curves with the V. chang-
ing as a function of stabilization voltage (Figure S8, Supporting
Information). At small stabilization voltages (<0.3 V), the V__ in-
creases linearly with stabilization voltage and the s-shapes are ex-
tremely prominent. At stabilization voltages from 0.3 Vto 0.9V,
the V. increases more slowly, and the s-shape becomes less pro-
nounced. Eventually, at large stabilization voltages (>0.9 V), the
JV curve shape looks like the ideal reverse scans shown in Figure
S2 (Supporting Information) with high fill factors. The V. at
these large stabilization voltages changes more slowly and de-
creases as the stabilization voltage approaches 1.5 V. The origin
of s-shaped JV curves has been explored in perovskite-based de-
vices both experimentally!?”:3233] and theoretically.>**?] However,
the exact mechanistic origins of this behavior are still under de-
bate. The s-shaped curves measured here using the SaP routine
are investigated using a drift-diffusion model.

Using the open-source drift-diffusion code IonMonger !
a TiO,/MAPDI, /spiro-OMeTAD device was simulated with the
parameter set in Supplementary Table S1. An analogous volt-
age protocol for the experiment was used and is presented in
Figure 2b showing a good qualitative fit. The device was precon-
ditioned at the stabilization voltage until steady state was reached
before rapidly sweeping in 1 ms to the pulse voltage. During the
fast voltage pulse, the ion distribution was immobilized to repre-
sent vacancies that were unable to respond to the change in ap-
plied voltage. At low stabilization voltages, the s-shape is present
and at around 0.6 V the behavior changes to an ideal JV curve.
Additional effects from other ionic species such as MA* or Li*
are not included due to having either timescales orders of mag-
nitude slower than the experiment!?*! or negligible influence

43,44]
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on the electrostatics due to low concentrations relative to the io-
dide vacancies and electronic charge carriers.[*l no special treat-
ment was applied to the model to account for the experimental
MAPDI, layer being crystalline and perfectly oriented to the (001)
plane, suggesting that the conclusions drawn from these mea-
surements are not limited to the MAPDI; layer studied in this
work, but are relevant to perovskite layers generally.

Figure S9b,c (Supporting Information) shows the iodide va-
cancy distribution near the ETL and the HTL, respectively, for a
representative perovskite solar cell with a theoretical electric po-
tential drop across the perovskite layer, A¢ of 0.6 V. As the ion
distribution is made static after preconditioning, these are the
ion positions for the duration of the pulse. The vacancies have ad-
justed their position to screen the electric field across the device.
The size of the vacancy accumulation at the HTL gets smaller as
the applied voltage is increased until 0.6 V, where the distribution
is now almost uniform across the device. After this point, as the
applied voltage is further increased, the ionic vacancies begin to
accumulate at the ETL and deplete at the HTL interface instead.
The difference in the shape of the accumulation and depletion
regions is due to the depletion region having a lower bound of 0
m~3 vacancy density, representing the perfect lattice.

The physical influence the different vacancy distributions have
on the device can be seen in Figure S9d (Supporting Informa-
tion). This figure shows the electric potential distribution across
the device at the peak of the 0.6 V pulse for each stabilization volt-
age. This allows us to understand the size and influence of the
electric field. In this diagram, electrons are driven to more pos-
itive values of electric potential, and so a negative electric field
will negatively affect carrier transport to the TiO, and Spiro. At
low stabilization voltages, there is a large negative electric field
across the perovskite layer, driving charge carriers to recombine,
as shown in Figure S9e (Supporting Information). The negative
bulk electric field forms to compensate for the positive interface
electric fields and reduce the current density extracted from the
cell. The interface fields are generated by the charge accumula-
tion at the transport layer interfaces. Conversely, at high stabi-
lization voltages, the vacancy distribution now results in negative
electric fields at the interfaces and a large positive electric field
across the perovskite layer. This manifests as a reduced recom-
bination rate, particularly near the ETL, due to improved charge
carrier separation and extraction (Figure S9e, Supporting Infor-
mation).

To investigate the band alignment of the device from the SaP
measurement, an empirical data analysis method for quantifying
the shape of the JV curve at different stabilization voltages is re-
quired. From our simulations, we know that the change from an
s-shaped JV curve to a non-s-shaped JV curve signifies the change
in the sign of the electric field across the perovskite layer. Using
this knowledge, we look at the gradient around the V. for each
stabilization voltage. The utility of the gradient is that the degree
of the s-shape can now be quantified; small gradients around V,,
indicate there is a large s-shaped JV curve and large gradients in-
dicate little to no s-shape in the JV curve. Alternatively, this can
be quantified by finding the preconditioning voltage at which the
maximum d?]/dV?2 for ] > 0, V > 0, and dJ/dV < 0 changes from
positive to negative, indicating there is no longer an inflection
point or s-shape in the curve. The dJ/dV at V. was selected as our
methodology since it performs similarly (Figure S10, Supporting
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Information) and is more forgiving to noisy experimental data
than the d?J/dV? method (Figure S11, Supporting Information).

A trend seen throughout the energy level modifications is
that dJ/dV at V, starts close to zero at small stabilization volt-
ages, but rises rapidly at a given stabilization before reaching an-
other plateau. Therefore, dJ/dV quantifies the change between
two regimes of device behavior and the relationship of dJ/dV to
the stabilization voltage can be characterized by determining the
point of the change between these states. This is done by first cal-
culating the mean dJ/dV of the flat regions and performing lin-
ear regression on the steepest section of the plot. The mean of the
two intersections of this line, together with the mean steady-state
values of dJ/dV before and after the regime change are used to
estimate the drop in electrostatic potential across the perovskite
A

Figure 2d shows how simulations, using the quantity extracted
from this method as an estimate of A¢,,, compare with the theo-
retical potential drop across the perovskite from the model inputs
of the work function of the ETL and HTL. As the heatmap shows,
the dJ/dV method is very effective at higher values of bulk recom-
bination; an observation explained by the fact that sufficient re-
combination is required for the smaller or more negative electric
fields to have an impact on the current output. A bulk pseudo life-
time of 107® s is a reasonable estimatel''*’] and at this recombi-
nation rate the predicted A¢,, is underestimated by a maximum
of 0.14 V. This compares favorably to the instrumental error at-
tainable using combinations of UPS and UV-visible techniques
for calculating A, (0.1 eV),l'") with the added benefit of not
using surface measurements of isolated thin films that do not
characterize a device. Vacuum-level discontinuities can result in
A, not being simply the difference between the transport layer
work functions, highlighting the importance of being able to de-
termine A, from the device itself.'] Additionally, the density
of states at a given band edge may be to too low to accurately de-
termine the energy.!*! Inter-sample consistency of the estimated
A, is a strength of our pulse-JV methodology, allowing the de-
tection of the impact of surface modifications on band positions
within a given set of devices.

Due to the relationship between the theoretical Ag,, the ionic
vacancy distribution, and the shape of the JV curve, the SaP mea-
surement can be used to estimate the potential drop across the
perovskite layer in devices by finding the point where the JV char-
acteristic changes from s-shape to ideal. This method of inves-
tigating energy alignment is now utilized to examine interface
modifications targeted at altering energy band offsets.

3. Results

The size of A¢,y, can be modified by changes to the transport
layer material properties, or by the addition of inter-layers that
contain dipoles. In PSCs, much work has been done on adding
interlayers between the ETL and the perovskite to tune charge in-
jection and extraction.!*8] In this work, we fabricated and analyzed
devices where the interface between the ETL and the perovskite
layer was modified by the addition of benzoic acid (BA) deriva-
tives. These BA molecules are expected to alter the band offsets
by forming molecular dipoles at the interfaces.l3] Upon applying
the SaP measurement and the dJ/dV at V. analysis described in

the methodology, we can show the degree of modification of A¢,,

Adv. Mater. 2023, 35, 2302146 2302146 (6 of 12)

www.advmat.de

compared to the untreated TiO, in Figure 3a. All the interfacial
modifications had little effect on Ag,, except for the treatment
with 4-amino-BA (Figure S13, Supporting Information), despite
demonstrating differences in the JV curves measured as shown
by Figure S12 (Supporting Information).

These values agree with estimates of Ag,, or Vy; in the litera-
ture that range between 0.74 V and 1.25 V that are obtained from
Mott-Schottky analysis,**!] a technique with questionable ap-
plication to perovskite devices with mobile ions.[*?) We note that
a value of 1.2 V has also been supported by Kelvin probe force
microscopy.[>!

To investigate how the device would be expected to change
upon altering the band offset with a dipole interlayer, Figure 3b
shows a band diagram of a simulated solar cell where the ETL
is modified by raising the ETL band structure in 0.05 eV incre-
ments. Like an inter-layer dipole, this creates a change in the elec-
trochemical potential drop at the ETL/perovskite interface. The
dJ/dV at V_ is plotted against the stabilization voltage for this
series of devices in Figure 3c. Here the color of the lines corre-
sponds to the energy level offset, ranging between 0.3 eV (yel-
low) and 0.1 eV (purple). The legend shows the calculated value
of Ag,q, for the cell. We can see that the increase in A¢,,, shown
by the 4-amino-BA is well reproduced by reducing the band oft-
set at the ETL, suggesting that this molecule does indeed form
an interface-modifying dipole.

We would like to note here that the addition of molecules
at a surface has effects beyond introducing an interface dipole.
Charge carrier transport could be impeded, or new trap sites
introduced. However, as the simple change of moving the
model band structure of the ETL effectively reproduces the phe-
nomenon seen in the 4-amino-BA device we consider it unnec-
essary to include these additional mechanisms.

Standard JV measurements were performed on all the devices
(Figure S12, Supporting Information) with a statistical analysis
of PCE shown in Figure S14a (Supporting Information). Low-
performing devices were left in the sample for each modification
to gain an unbiased representative distribution of performance
for comparison. We observed a statistically significant improve-
ment in PCE for the Cy,-BA treated device due to a large improve-
ment in the V,_ shown in Figure S14b (Supporting Information).
Cg is a popular organic electron transport material, with deriva-
tives that are strong electron acceptors which allow efficient ex-
traction of electrons from the perovskite.** The other benzoic
acid molecules in this study use the same anchoring group (-
COOH) as the C,,, however, they generally do not improve device
performance in the same manner.>>! For these small molecules,
the device performance was generally worse after addition com-
pared to the reference device, though not in a statistically signif-
icant manner.

As no change in A¢,, was detected in the majority of surface
modifications, we modelled the benzoic acid-based molecules
in dichloromethane (DCM) using PBEO/def2-sv(p) density func-
tional theory (DFT) calculations to investigate the effect of the
dipole moment on the A¢,, of the device. DCM was cho-
sen as it has a similar dielectric constant as benzoic acid —
providing an environment more representative of the experi-
mental system than vacuum.®! The magnitudes of the dipole
moments are collected in Table S2 (Supporting Information),
and the direction for each molecule can be seen in Figure S15
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Figure 3. a) Calculated values of A¢, for various benzoic acid derivative surface modifications from stabilize-and—pulse (SaP) experimental measure-
ments. b) Schematic showing the interface band offset modifications simulated in Figure 3c. c) Effect of changing band offset on SaP simulations, where
the band offset is modified from yellow (0.3 eV) to purple (0.1 eV) in 0.05 eV increments as illustrated by Figure 3b. The legend shows the calculated
value ofA(/)psk. The solid line corresponds to the d)/dV quantity, and the dotted line shows the linear fit used in the calculation of Agh g

(Supporting Information) indicated by the arrow. Having a dipole
at the interface of the TiO, should act to change the energetics at
the interface and hence cause the device to behave similarly to
the predicted behavior shown in Figure 3b,c.

To verify this, we plotted the measured A¢,, against the mag-
nitude of the dipole moment calculated from DFT [PBEO/def2-
sv(p)] in Figure 4a. Here, we see no clear trend between the dipole
moment and the drop in electrostatic potential across the per-
ovskite. We propose that knowledge about the direction and mag-
nitude of the dipole moment alone is not sufficient to explain the
changes in measured A¢,,.. Although it is assumed that the ben-
zoic acid groups anchor to the TiO, by the carboxylic acid group,
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the exact orientation and packing are unknown.l*”>8! This sup-

ports our claims that techniques which only consider isolated in-
terfaces and materials are not sufficient to fully explain complete
device behavior.

4, Discussion

The interlayers discussed in this paper are all based on carboxylic
acid anchoring groups which are well-documented to favorably
bind to Ti0,.’”%!1 Schematic diagrams of the proposed align-
ment of the 4-amino-BA and C,-BA are shown in Figure 4b,c,
respectively. Here the carboxylic acid anchoring group is bound
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dichloromethane for benzoic acid derivatives. b) Schematic diagram showing the dipole-inducing alignment of 4-amino-BA surface modification. The
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agram showing the disorder of C¢y-BA surface modification. Dotted lines and crosses indicate non-coordination with the perovskite structure. d—f)
Schematic band diagrams showing the band bending at the interface and the influence of surface modifications on device offsets for bare-TiO,, Cgy-BA,

and 4-amino-BA, respectively.

to the TiO, and hence forms a uniform alignment of the surface
interlayers with the TiO,. As Noel et al. discuss, upon the an-
nealing of CH;NH;-based perovskite films, MA ions can leave
the perovskite film which in turn leaves behind correspond-
ing MA vacancies. This also leaves uncoordinated B-site and X-
site atoms which results in positively charged atoms and hence
favourable coordinating sites for electron-rich substituents.[?]
We hypothesize that the partially positive H atoms of the NH,
group in 4-amino-BA will coordinate with the Pb-I lattice and
hence align preferentially in the same orientation as one an-
other. This illustrates the idea that for contact engineering to
have an impact on device energetics, double-side passivation is
required.®*]
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Such coordination of NH, groups has been experimentally
verified through XPS by Liu et al. on a different amino-based
interlayer.[®*] Since the method of deposition of our interlayers
was through spin coating, the formation of a pristine monolayer
is unlikely, and a more disordered interlayer of 4-amino-BA may
exist between the bonded carboxylic acid on the TiO, and the
coordinated NH, — Pb-I sites. There is likely additional hydro-
gen bonding between the amino group and the carboxylic acids
(Figure 4b). Compared to the addition of Cy-BA (and the other
mentioned surface modifications), where no coordination to the
perovskite interface occurs (Figure 4c), the overall disorder be-
tween the TiO, and MAPbI, will be lower with 4-amino-BA. The
incorporation of 4-amino-BA at this interface has been shown
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to improve the morphology of the perovskite film by promoting
large grain formation.[®>] Due to these mechanisms of inter-
layer ordering through surface binding of the 4-amino-BA, we
propose that the overall dipole alignment is greater with this ben-
zoic acid derivative, resulting in the observed dramatic increase
in Ag,y, when compared to the other surface interlayers.

Interestingly, molecules with the same functional groups
(-NH,, -COOH) have been shown to behave in a similar way
to the 4-amino-BA. For example, 3-aminopropanoic acid bound
to ZnO was confirmed by UPS to significantly modify the work
function of the ZnO which allowed for a more compatible energy
alignment with the perovskite.l®”] Furthermore, DFT performed
by Zuo et al. on the 3-aminopropanoic acid bound to the ZnO
shows a dipole moment that is oriented in the opposite direction
to that shown by our DFT simulation.*”] With this in mind, we
suggest that the 4-amino-BA acts to alter the offset in our devices
to an unfavorable energy alignment with the perovskite.

Figure 4d-f shows a schematic energy level diagram for the
conduction band minimum (E) through the device in three dif-
ferent interlayers beneath the perovskite: bare TiO,, C,-BA and
4-amino-BA, respectively. Since there is no dipole alignment in
the Cg,-BA, no change is observed in the A¢,, and hence the off-
set between the bare TiO, and Cg,-BA should remain similar. In
the case of the 4-aminobenzoic acid, since the A¢,, measured
through experimental SaP measurements (Figure 3a) is around
1.2V, the conduction band energy of TiO, must increase signif-
icantly to be close to the Ep of the perovskite. This offset could
induce an interfacial barrier for electron extraction to the TiO,
from the perovskite and hence cause the drop in overall device
performance (Figure S12a, Supporting Information).

While the A¢,, in the case of the addition of Cq,-BA does not
change, a noticeable improvement in device performance is ob-
served with a statistically significant increase in PCE and V__
This is likely due to improved charge carrier extraction from the
perovskite into the TiO, and a reduction in surface recombina-
tion. Gao et al. suggest that the C,-BA carboxylic acid group
can passivate and stop the formation of trap states at the TiO,
surface whilst Cy, passivates surface recombination on the per-
ovskite interface.[®®) Wojciechowski et al. show through spec-
troscopy measurements that there is a significant electron extrac-
tion rate increase with the addition of C¢,-BA as compared to a
bare TiO, interface.®) Similar studies in the literature all point
to the improved charge collection at the TiO, interface, the reduc-
tion of recombination through passivation, and prolonged charge
carrier lifetimes all being the reason for the systematic improve-
ment in device performance upon the inclusion of Cy,-BA in per-
ovskite devices.[67:697]

Similar device modifications have been investigated to find
suitable interfacial materials for wide-bandgap perovskites.
These provide examples of studies where a technique such as the
rapid voltage pulses used in this work would have provided a sys-
tematic method to detect the proposed induced offset changes.!”!]

While this work investigates the specific case of dipole modifi-
cation of the interface, the SaP methodology would be capable of
detecting changes in the work function W due to doping modifi-
cations of the transport layer as shown by Equations 1-3. For ex-
ample, Ding et al. attribute a change from an s-shape to an ideal
diode JV curve to an increase in doping density post-oxidation
of their spiro-OMeTAD layer.l*] They simulate the result as a
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change in built-in voltage. The SaP technique would allow them
to experimentally test this hypothesis. We can also consider the
scenario where the bulk crystal structure of the transport layer is
modified to change E. or Ey;, such as in the work by Wang et al. on
modified SnO,."”?! In this instance, the E¢ and W of the SnO, will
change in tandem due to Equations 2 and 3, establishing the link
between Equations 1 and 4, and making the band offset change
detectable.

As a closing remark, we wish to confirm the applicability of
the SaP technique to perovskite layers other than MAPbI,, and
have performed the method on a high efficiency (>19% prior to
encapsulation and ageing!”?)) triple cation solar cell and show the
results in Figure S16 (Supporting Information). Here, although
far less pronounced than in MAPbI;-based devices, there is a
clear effect on the slope around V. that depends on the stabilized
applied bias, as should be expected. The A¢, for this device is
found to be 0.91 V, which is consistent with typical A¢,, values
in these systems.l”*] This shows that the technique is applicable
even in films with reduced mobility of ionic vacancies.

Furthermore, it has been shown that devices have a measur-
able ionic response even after a significant reduction in mobile
ion density from 10' to 10'® cm~3,12 and as the highest qual-
ity perovskite thin films do not show densities below 7 x 10'®
cm3, the SaP technique will still be applicable.”>! Hence, we ar-
gue that for the majority of perovskite materials, this methodol-
ogy will be readily applicable for the characterization of transport
layer modifications. Additionally, the uncertainty of the extracted
values (quantified by Figure 2d to be a mean absolute error of
0.09 V in Ag, at 7 = 107® s and below), is much preferable to
the typical 0.5-1 eV error introduced by performing linear fits to
the top of the VBM DOS of UPS spectra, commonly employed
in the literature.l'!] While a combination of DFT to help define
the VBM threshold and fits to the data employing a semilog plot
can reduce this error to + 0.1 eV, this is still comparable to the
uncertainty in our developed SaP method.

5. Conclusion

Here, we have presented a novel method for determining the
drop in electrostatic potential across the absorber layer in a per-
ovskite solar cell that harnesses the presence of mobile ions and
recombination sites. The stabilize-and-pulse protocol developed
in this work was successful at decoupling ionic and electronic
behavior. This is demonstrated by the observed change in the “s-
shape” and V. of the reconstructed JV curves at different sta-
bilization voltages, indicating that the ionic distribution can be
controlled with a stabilization bias. Drift-diffusion simulations
verify our findings, providing a good qualitative reproduction of
the experimental data. Furthermore, the s-shape is shown to be
mechanistically related to an increased recombination rate near
the ETL due to a negative electric field, which drives the recom-
bination of charge carriers.

By quantifying the change in gradient of the JV curve at V.
with stabilization voltage, we can characterize the change be-
tween s-shape and diode regimes to estimate A¢,,. For the
standard architecture devices, we experimentally determined the
Ad,q to be 0.92 V + 0.06 V, though simulations suggest this is
likely an underestimate of up to 0.2 V. Importantly, 4-amino-BA
added to the surface of the TiO, showed that the SaP method can
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measure how modifications affect the band position of the trans-
port layers, which changes the A¢,, of the device, validating this
approach to interfacial characterisation. No clear relationship ex-
isted between A¢,, and the dipole moment, indicating that con-
formal coverage and interactions of the dipolar molecule with
the underlying TiO, and the perovskite are key to engineering
alignment modifications. The large C,-BA improves the qual-
ity and consistency of the interface, whereas the small benzoic
acid derivatives do not provide the same benefit. This suggests
that TiO, compact layers are heterogenous and benefit from in-
terlayers that provide a homogenous interface, improving charge
extraction.

For the first time, the mobile ion distribution in perovskite so-
lar cells has been exploited to determine in-device energetic align-
ments. This opens the way to quantify the effect of novel interface
engineering methods and allows systematic progress, rather than
the extensive “trial-and-error” approach currently employed.

6. Experimental Section

Materials: Al materials used in the experiments were purchased
from Sigma-Aldrich and used as received, if not stated otherwise.
Methylammonium iodide (MAI) was purchased from Greatcell Solar Ltd.
2,2',7,7"-Tetrakis  [N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene
(spiro-OMeTAD) was purchased from Luminescence Technology Corp.
Glass substrates with a conducting layer of fluorine-doped tin oxide (FTO)
of 8 Q sq—1 sheet resistance were purchased from Yingkou Shangneng
Photoelectric Material Co., Ltd.

Substrate Preparation: The FTO glass substrates were pre-patterned
by laser and then cleaned with a commercial soap and water, dried with
nitrogen, rinsed with ethanol, and dried again with nitrogen. The compact
TiO, layer was prepared by a sol-gel approach with a solution contain-
ing 0.23 M titanium isopropoxide and 0.013 m hydrochloric acid in iso-
propanol (IPA). The mixture was spin-coated dynamically on top of the
substrate at 2000 rpm for 45 s, dried at 150 °C for 10 min and annealed at
500 °C for 45 min. Afterward, the substrate surfaces were treated with the
benzoic acid (BA) derivates.

Besides one, all BA derivates were dissolved in a 2 mg mL~1 concen-
tration in ethanol, dynamically spin-coated at 2000 rpm for 20 s and an-
nealed at 120 °C for 5 min. After the substrates cooled down, the excess BA
derivates were washed from the substrates with ethanol four times while
spin-coating the substrate at 2000 rpm for 40 s.

Only the BA derivate with a C60 interface (4-(1’,5'-dihydro-1'methyl-
2'H-[5,6]fullereno-C60-1h-[1,9-c]pyrrol-2’-yl)benzoic acid (Cgy-BA)) was de-
posited differently, with a 0.5 mg mL™" solution in chlorobenzene (CB)
and an annealing step at 100 °C for 5 min. Additionally, to achieve better
wetting and nucleation of the perovskite solution, a 0.2 wt.% IPA solution
of Al, O3 nanoparticles (Sigma-Aldrich, < 50 nm particle size, 20 wt.% in
IPA) was deposited on top of the Cgy-BA at 2000 rpm for 30 s and dried at
120 °C for 5 min.

After the surface treatment, all substrates were immediately transferred
to a glovebox (GB).

Perovskite Layer Deposition: A 57 wt.% perovskite precursor solution
with lead acetate (PbAc,) and MAI in a 1:3 ratio was prepared in a
DMF/DMSO (85:15) solvent mixture and dynamically spin-coated for
2 min at 5000 rpm. After spin coating, the film appears yellow/brown and
transparent. The substrate was transferred right after spin-coating to the
hotplate and annealed at 130 °C for 3 min.

Solar Cell Finalization:  On top of the perovskite layer, a spiro-OMeTAD
layer was deposited. A 72.5 mg mL™" spiro-OMeTAD solution was used
in CB with 1.75 vol% of 170 mg mL™" bis(trifluoromethane)sulfonamide
lithium (Li-TFSI) salt in acetonitrile and 2.88 vol% 4-tert-butyl pyridine. The
solution was spin-coated (static) at 3000 rpm for 45 s. The devices were
stored overnight in a desiccator to oxidize the Li-TFSI additive in spiro-
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OMeTAD. After overnight storage, the electrode areas on the devices were
cleaned with gamma-butyrolactone first and ethanol (EtOH) second be-
fore transfer to a glove box (GB). An 80 nm thick Au counter electrode
was thermally evaporated using a shadow mask to finalize the devices un-
der high vacuum conditions. Before removing the devices from the GB,
they were sealed with a UV adhesive (Luminescence Technology Corp.)
and glass slides, with a drying time of 12 min under UV light.

Characterization:  For solar cell characterization, a BioLogic potentio-
stat and an Abet Technologies Sun 3000 class AAA were used with an AM
1.5 G spectrum at 100 mW cm~2 to determine the photovoltaic perfor-
mance of each solar cell. Non-reflective metal masks with an aperture area
of 0.16 cm? were used to define the illumination area of the devices. The
devices were pre-biased for 10 s at 1.2 V with 1 sun illumination and mea-
sured in 0.1V s~ steps.

Stabilize-and-Pulse measurements were performed on a Keithley 2401
Source meter. The source delay was set to 1 ms. A Cree High Power white
LED CMT194 was used as the light source, calibrated to approximately
20 mW cm~2 using a reference diode under an AM 1.5 calibrated Heliosim
CL60 solar simulator.

Maximum power point tracking was performed using a Keithley 2401
Source meter under an AM 1.5 Heliosim CL60 solar simulator.

EQE measurements were taken using a Bentham PVE300 Photovoltaic
EQE (IPCE) and IQE solution system.

Drift-Diffusion Simulations: An open-source drift-diffusion code, lon-
Monger (V2) was used to perform the simulations in this work, the details
of which can be seen in the code release paper.*] The parameter set is
outlined in Table S1 (Supporting Information).

Density Functional Theory: Dipole moments were obtained from DFT
calculations performed using the PBE and PBEO exchange and correlation
functionals, as implemented within the ORCA quantum chemistry pack-
age (Version 5.0.2).17677] Throughout, a def2-sv(p) basis set was used. Cal-
culations were performed in vacuum and DCM, the latter achieved using
a conductor-like polarizable continuum model (C-PCM).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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