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ABSTRACT: The origins of recombination processes,
particularly those that relate to current—voltage hysteresis,
are still unclear in perovskite solar cells. Of particular
interest is the impact different contact materials have on the
level of hysteresis observed. This work shows that there is a
clear link between ionic movement and interfacial
recombination, which have both been shown to be
responsible for hysteresis. When low-temperature transient
photovoltage (TPV) measurements are performed over a
period in which ions redistribute within the perovskite
layer, the dominant recombination mechanism, responsible
for hysteresis and other slow dynamic processes, is found to
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occur at the TiO,/perovskite interface. We observe an anomalous negative transient upon firing the laser pulse, which we
attribute to interfacial recombination at the TiO,/perovskite interface. The impact of recombination at the perovskite/
HTL interface is shown to be negligible by performing TPV measurements using different laser wavelengths to probe
different depths into the perovskite layer, as well as by changing the type of HTL used.

he number of publications concerning organic—

inorganic metal trihalide perovskite solar cells has

grown exponentially since the publication of two
breakthrough papers demonstrating high efficiency solid-state
devices in 2012."* While silicon photovoltaic (PV) modules
have decreased in cost during this period,” perovskite materials
will have applications where silicon PV alone may not be
suitable, such as for indoor applications' and in tandem
multijunction solar cells.”® Silicon solar cells also have higher
embodied energies due to the high-temperature manufacturing
processes involved, whereas perovskite devices can be
fabricated using low-temperature methods.””

One of the key curiosities encountered in the field is the
hysteresis exhibited in the current—voltage (I-V) curves of
perovskite devices. Surface defect densities, ferroelectric effects,
and mobile ions were all offered as possible explanations for the
observed differences, whereby efficiencies obtained when
scanning in the V. to I direction are higher than those in
the I to V. dlrectlon. The history of the device prior to the
I-V sweep significantly influences the I—V characteristics and
therefore the calculated efficiency. It was shown that
preconditioning the device, by light soaking and/or holding
at forward bias, gave more favorable I-V characteristics.'® This
suggested that some form of polarization effect could be taking
place and that the nature of this could be mobile ions
accumulating at carrier-selective interfaces.'' Indeed, drift—
diffusion models are able to recreate the I-V hysteresis effect
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when buildup of ionic charge at interfaces is taken into
account.'”"” Todide diffusion,'* methylammonium diffusion,"
and proton diffusion'® have been postulated as being
responsible for the observed hysteresis, but as Frost and
Walsh have pointed out, the response is most likely a
combination of several processes. They do, however, state
that fast vacancy-mediated anion diffusion is the dominant
process in methylammonium and formamidinium lead trihalide
perovskite materials.'”

If we accept that ion migration is the major factor causing
hysteresis and that computational models do support the
hypothesis, further measurements are required to add weight to
the evidence. Attempts have been made to measure this directly
using time-of-flight secondary-ion mass spectrometry (TOF-
SIMS)'® or glow discharge optical emission spectrometry (GD-
OES)."” Ton migration can also be observed indirectly, for
example temperature-dependent measurements have been used
to calculate activation energies for the underlying processes
behind hysteresis.' >’

In this work, we demonstrate the influence of different
contact materials on ion migration and recombination within
perovskite solar cells using transient photovoltage (TPV) decay
measurements. Using low-temperature measurements, we show

Received: June 6, 2017
Accepted: June 21, 2017

DOI: 10.1021/acsenergylett.7b00490
ACS Energy Lett. 2017, 2, 1683—-1689




ACS Energy Letters

that light-induced polarization of perovskite devices occurs and
that anomalies in the TPV decay traces can be explained via the
build-up and discharge of mobile ions affecting interfacial
recombination processes, predominantly at the TiO,/perov-
skite interface. We will also show evidence that there is perhaps
more than one mobile species.

TPV measurements are widely used to study recombination
lifetimes in a range of solar cell technologies,21_23 and we have
previously demonstrated TPV’s usefulness in characterizing
perovskite solar cells.”* > In the case of perovskite solar cells it
has been shown that the time constant obtained from TPV
measurements can be related to the dominant recombination
mechanism within the device.”” Recombination in perovskite
devices has also been studied extensively using techniques
including impedance spectroscopy (EIS),””*” intensity modu-
lated photovoltage/photocurrent spectroscopy (IMVS/
IMPS),*>*" and open-circuit photovoltage decay
(OCVD).**™** It has been demonstrated by these techniques
that there are several processes occurring within the devices
which often leads to a complex response from which it is
difficult to deconvolve individual processes. In particular, many
perovskite devices display a slow dynamic response which is
most commonly observed as hysteresis in the I-V curve. This
slower component is also observed in EIS, IMVS, and OCVD
measurements.”’

Modeling and experimental results have shown that
hysteresis (and associated slow dynamic processes) is linked
to ion migration within the perovskite layer and the impact
these ions have on recombination at the interfaces with charge-
selective contacts.'>*****> A particularly interesting observa-
tion is the slow rise in open-circuit voltage, from a dark
equilibrium starting condition, upon illumination. This suggests
an initial high rate of recombination, which leads to a
suppression of the measured V,. The slow increase to a
steady-state V_. has been shown to be linked to ionic
movement and suggests that the rate of recombination is
reduced as ions migrate.””*’ The issue with many time and
frequency domain electrical characterization techniques is that
they often rely on the device being at a steady state. This
usually requires waiting for several minutes until a stable V,_has
been reached under illumination. This makes the initial
response, with high rates of recombination, difficult to probe
with conventional approaches.

An adapted TPV technique developed by Calado et al. has
shown that the recombination processes occurring within a
device change over time as the V. rises (ions redistribute).*
This method involves performing multiple TPV measurements
during the slow V. rise due to turning on the background
illumination. Because each TPV transient measurement takes
only a few hundreds of microseconds, compared to the slow V.
rise having a time constant on the order of seconds, the ionic
distribution can be thought of as being fixed during the
transient. Calado et al. observed a negative photovoltage
deflection in response to a laser pulse at short times (low V).
As the V,_rose, the extent of the negative response was reduced
until the transient became purely positive as the V,_approached
the steady-state condition.”® Simulations of the observed
transient behavior indicated that there were high rates of
interfacial recombination occurring when the device was not at
steady state. It was not conclusive whether this recombination
was dominant at a single interface, or if it was present at both
contacts.
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We have modified this “transients of the transient” technique
by conducting the experiments at low temperatures, slowing the
redistribution of ions further, in order to study the impact of
different contact materials on recombination within planar
perovskite devices. Of particular interest is the origin of
hysteresis in cells based on a compact TiO, (c-TiO,) electron
transport layer (ETL). Hysteresis and the slow rise in V_ is
frequently observed in these cells and is not observed at room
temperature in cells with an inverted architecture using phenyl-
C61-butyric acid methyl ester (PCBM).”” However, these
inverted cells also use poly(3,4-ethylenedioxythiophene)
polystyrenesulfonate (PEDOT:PSS) as the hole transport
layer (HTL), as opposed to Spiro-OMeTAD in the case of
the ¢-TiO, cells. Therefore, it is not immediately clear if the
reduction in these observable slow processes is due to the
change in ETL alone.

To investigate this, both ¢-TiO,/Spiro and PCBM/PEDOT
contact cells are studied here, as well as cells in which the Spiro-
OMeTAD is replaced by “undoped” P3HT. The perovskite
layer deposition method was kept consistent for all devices in
an attempt to allow a fair comparison (see the Supporting
Information for experimental methods). Table 1 lists the

Table 1. Photovoltaic Parameters of Cells Tested in This
Study, Measured under AM1.5 1 Sun Ilumination®

scan Je Voo FF
cell dir. (mA cm™2) W) (%) PCE (%)
TiO,/Spiro rev 21.5 1.05 560 127 (112 + 1.2)
for 20.8 1.03 251 54 (48 +04)
PCBM rev 20.0 0.97 649 126 (12.1 + 0.3)
for 19.5 097 63.7 120 (119 + 0.3)
TiO,/P3HT rev 15.5 110 450 7.7 (6.5 +12)
for 15.0 1.00 145 22 (3.0 + 1.0)

“Values are for champion cell performance. Values in parentheses are
average values + standard deviation for the batches of cells (minimum
of 6 cells for each architecture).

photovoltaic performance parameters for the devices tested in
this study (see the Supporting Information for I—V curves).
The cells are representative of other devices with similar
architectures in the literature, although the fabrication method
was not optimized for the P3HT devices. The level of hysteresis
between the reverse (forward bias to short-circuit) and forward
(short-circuit to forward bias) scan directions is significantly
lower in the organic contact PCBM/PEDOT:PSS cells
compared to those employing c-TiO, as the ETL. The degree
of hysteresis between the Spiro and P3HT cells is comparable.

Multiple processes are often seen in perovskite TPV
measurements in the form of biexponential photovoltage
decays.”>*”*® The faster of the two decay time constants has
been attributed to the predominant charge recombination
pathway in the device and can be used to reconstruct the I-V'
curve.”/ The slower component is observed in cells with
incomplete perovskite coverage and has been related to
recombination at the unintentional interface between TiO,
and Spiro.”® All cells studied in this work displayed purely
monoexponential decay behavior suggesting that the perovskite
films are of high quality, as is consistent with the solvent
dripping technique employed during the perovskite layer
deposition.*”

As the slow V, rise is governed by the movement of ionic
species within the perovskite, its rate is highly temperature-
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Figure 1. TPV measurements for c-TiO, (a) and PCBM (b) based devices at 223 K cooled under illumination and in the dark. Laser pulse
length of 10 us; LED bias illumination equivalent to 1 Sun was used.
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Figure 2. Schematic of band structure under different conditions. (a) Equilibrium in the dark: built-in voltage screened by the formation of
ionic double layers at the interfaces. (b) Initial response to illumination: charge accumulation in potential valleys near opposing selective
contacts, interfacial recombination (yellow arrows) suppresses V,, double layers begin to discharge. (c) Response to laser pulse: increase in
carrier density in potential valleys near interfaces leads to increase in recombination rate (observed negative voltage transient). (d) Steady
state: double layers discharged (cooled under illumination state). (e) Schematic showing slow V. rise and position of steps a—d.

dependent. In order to increase the time available for studying
the initial recombination behavior, as the ions redistribute, the
TPV measurements were carried out at low temperature. The
cells were kept in the dark at room temperature to allow them
to reach equilibrium. The temperature was then reduced to 223
K, before turning on the white bias light (1 Sun equivalent
intensity) and initiating the laser pulses (see the Supporting
Information for a schematic of the measurement procedure).

The response for a c-TiO,/Spiro cell during the slow voltage
rise (V,. = 0.94 V) is shown in Figure la. This shows a fast
negative response to the laser pulse at t = 0. The reduction in
voltage occurs on a time scale beyond the resolution of the
measurement system. During the 10 s laser pulse, the voltage
recovers slightly. As the laser pulse is extinguished, the voltage
immediately recovers and becomes positive. The voltage then
decays more slowly back to the steady-state value.

To show that this behavior is not a consequence of the low-
temperature measurement, the device was also cooled to 223 K

under illumination (V. allowed to reach steady state before
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cooling). A negative voltage response is not observed, and the
transient is comparable to that at room temperature. In the case
of cooling under illumination, the cells V,_ increases slightly to
around 1.07 V from the initial room-temperature steady state of
1.04 V.

Figure 1b shows the transient photovoltage response from a
low hysteresis PCBM/PEDOT contact cell under the same
measurement procedure. A negative transient is not observed
for this cell architecture from either cooling in the dark or
under illumination. This is consistent with the faster voltage
response to illumination in these cells. Even when illuminated
from a dark equilibrium condition at 223 K, the V__ stabilizes to
a steady-state value around 0.99 V in less than 1 s.

A number of studies have shown that while PCBM-based
cells show no apparent hysteresis at room temperature, at lower
temperatures some hysteretic behavior is observed.”>*” This
behavior is not apparent in the TPV measurements shown here.
Ionic movement in the bulk of the perovskite is likely to be
relatively unaffected by the difference in contact materials used

DOI: 10.1021/acsenergylett.7b00490
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here. This suggests that the presence or absence of hysteresis
and other slow responses is due to interfacial processes in
conjunction with the ionic distribution. As shown in previous
work, the calculated concentration of iodide vacancies within
the perovskite is sufficient to form double layers at the contacts
which act to screen the built-in field (Figure 2a).”° The built-in
field is reduced under illumination because of the splitting of
the Fermi levels. At open-circuit under 1 Sun illumination, a V,
of around 1 V is expected. The double layers will therefore
discharge (ions will diffuse back into the bulk). It is this notable
change in ionic distribution near the interfaces that impacts
significantly on recombination in that region.

As illustrated in Figure 2, the electronic band structure of the
device is likely to be quite different depending on the
preconditioning before the transient measurement is per-
formed.

In the case of the measurement performed on the cell with a
dark starting condition, an electric field opposing the normal
direction of carrier transport will exist until the ions have had
time to discharge from the interfacial double layers to
compensate for the response to the background illumination
(Figure 2b). This electric field results in accumulation of
electrons and holes near their respective blocking contacts.
High rates of recombination can be expected in these regions
because of the high carrier concentrations. The additional laser
pulse will increase the magnitude of the unfavorable electric
field, increasing the carrier accumulation in the regions of high
rates of recombination (Figure 2c). This will further increase
the rate of recombination, leading to the negative voltage spike
when the laser is switched on. The photovoltage is able to
recover during the laser pulse as the increased charge
accumulation shields the potential valleys near the contacts.
When the laser pulse is switched off, the associated increase in
interfacial recombination will quickly diminish resulting in the
positive voltage recovery.

In the case of the device being preilluminated (already at
steady state), the double layers are likely to be completely
discharged, so that when the Fermi level splitting is perturbed
by the laser pulse potential valleys near the interface are not
created (Figure 2d). The absence of the negative photovoltage
transient in this condition therefore relates to the absence of
these regions of high charge accumulation near the interfaces.

Numerous literature reports using measurements performed
near steady state have shown that the main recombination
process occurring in perovskite devices is in the bulk.**~** The
results presented here do not contradict this evidence, as shown
by the fact that the steady-state V. is similar for all devices, i.e.
bulk recombination is not affected by contact properties. The
negative TPV transient is evidence that during the initial
response to illumination there is an additional high rate of
interfacial recombination occurring at the TiO,/perovskite
interface which leads to very different V_ values relative to
PCBM devices at short times.

As the TPV results are believed to be evidence of
recombination occurring close to the interface, the measure-
ments were also performed using different wavelength lasers to
alter the light penetration depth and therefore the region being
probed. The background illumination was provided by a white
LED to provide a homogeneous carrier generation profile
throughout the devices’ active layer. The small perturbation
provided by the laser pulse generates a small excess of free
carriers in different regions of the perovskite layer depending
on the wavelength used. At 405 nm, the penetration depth is
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around SO nm assuming an absorption coefficient of 2 X 10°
cm™L.* Therefore, using this short wavelength laser should
predominantly probe the recombination processes occurring
near the TiO, interface, rather than in the bulk. The use of
green and red lasers provides more homogeneous excitation
throughout the bulk of the device. There was no qualitative
difference between the transient responses for any of the 3
different wavelengths used (see the Supporting Information).
Because excitation at each of the wavelengths increases carrier
generation close to the interface with TiO,, but in the case of
the 405 nm laser not necessarily in the bulk, it can be
concluded that the consistent response is evidence that the
main recombination pathway responsible for the negative
transient is occurring in the region near the TiO, contact. The
fact that the blue laser induces the negative transient response,
being indicative of high rates of recombination, suggests that
the enhanced recombination is not occurring at the perovskite/
HTL interface as short wavelength light does not penetrate far
enough into the device to generate carriers near that contact.

The progression of the transient response over several
minutes during the slow voltage rise is shown in Figure 3
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Figure 3. Progression of the transient measurements over time for
the c-TiO, device, cooled to 223 K in the dark. Inset: open-circuit
voltage rise during transient measurements.

(inset: slow V. rise). In this instance, the laser pulse length was
set to 500 ps to allow the voltage to fully recover after the initial
negative spike. During the voltage rise the transient rise and
decay behavior is consistent with an increase in carrier
concentration, i.e. for a higher V,, decay lifetime is reduced.
After 500 s from initially turning on the bias light, the V,_ has
risen to 0.98 V, which is close to the steady-state V. of
approximately 1 V. However, the voltage spikes in response to
the laser being turned on and off are still present, although
reduced slightly in magnitude.

After 1 h of illumination the cells’ V. reaches a steady state
at 1 V. Interestingly, the voltage spikes associated with the laser
switch on and off points are still present even though the
background V, has reached the same steady-state level as when
the device is preconditioned under illumination before cooling,
as displayed in Figure 4. The spikes do not appear in the
transients for the preilluminated condition. The amplitude of
the spikes has decreased to around 50% of the initial value,
indicating that the recombination process associated with them

DOI: 10.1021/acsenergylett.7b00490
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Figure 4. Transient response at 223 K after 1 h illumination from
dark starting condition.
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Figure 5. Transient response of P3HT-based solar cell after being
cooled to 223 K in the dark.

is being reduced very slowly. If the sample is allowed to warm
up to room temperature the spikes decrease at a faster rate.
Again, this is consistent with the recombination process being
screened by ionic movement. However, because the V_ rise is
much faster than the fading of the spikes, it suggests that there
is more than one process involved.

This could involve the movement of two different ionic
species at different rates, or perhaps a single species in different
environments. A range of studies have indicated that iodide
ions are able to easily diffuse through the perovskite
lattice."*'>** Methylammonium ions are also thought to be
mobile, albeit with a lower diffusion coefficient due to
restrictions relating to the rotation of the cation and its ability
to pass through the lead iodide lattice.'* The slow process
could therefore be related to the migration of methylammo-
nium ions.

If the observations were caused by a single ion species, most
likely iodide, then the presence of multiple processes could be
due to iodide migration via grain boundaries and through the
bulk. It has been shown that iodide migration along grain
boundaries is much faster than through the bulk.™ Alter-
natively, the faster of the two processes may relate to the
discharge of the ionic double layers, whereas the slower process
may be due to iodide ions that are immobilized at the TiO,
surface. The interaction between TiO, and iodide has been
shown to have significant effects on the electronic band
structure.”® There is also the possibility that ions added as
“dopants” to the Spiro HTL may diffuse through the
perovskite. For example, lithium ions are likely to be highly
mobile because of their small radii. Li* ions are also known to
strongly interact with TiO,, which could alter transport and
recombination mechanisms at that interface.'®*” To test if the
observations made here are related to the Spiro-OMeTAD
layer, or more specifically its additives, we fabricated devices in
which “undoped” P3HT was used as the HTL. The TPV
response from a cell containing c¢-TiO,/P3HT contacts,
without additives, is comparable to that for the Spiro cell, as
shown in Figure 5. This indicates that the dominant
recombination process responsible for the observed slow
dynamic behavior and negative transients is occurring at the
TiO, interface. This also suggests that the reduction in
hysteresis seen for inverted organic contact devices is due to
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the replacement of the TiO, with PCBM, and that the
PEDOT:PSS has a negligible impact.

These results clearly indicate that the main recombination
process responsible for a variety of slow dynamic processes is
occurring at or near the TiO,/perovskite interface. This
supports the assumptions made in drift—diffusion models that
strong interfacial recombination is present in cells containing
TiO,."”*® The exact mechanism remains unclear, but it is
clearly influenced by the ionic environment in that region. Yang
et al. have shown using transient reflection spectroscopy that
surface recombination limits the carrier lifetime in polycrystal-
line perovskite thin films.*® This recombination appears to be
passivated by the presence of PCBM at the interface, as no
negative transient has been observed despite there likely being a
similar electronic band structure to the TiO, devices as the ions
will still be mobile. It is unclear as to whether the ions are
directly promoting recombination, or if they are simply acting
to modify the band structure. The presence of the ionic double
layers at equilibrium results in the formation of potential valleys
when initially illuminated. This results in the accumulation of a
high concentration of holes near the TiO, interface which may
quickly recombine with electrons possibly trapped at the
surface of the TiO, or perovskite."”*” If this indeed was related
to trapped electrons, it would suggest that they are either not
present in PCBM, or that PCBM is able to passivate traps in
the perovskite.*’

In conclusion, we have shown that the dominant
recombination mechanism responsible for the observed
hysteresis in perovskite solar cells is occurring at or near the
interface with the TiO, selective contact. Low-temperature
measurements enabled the progression of this recombination
process to be observed over time as the ions migrated away
from the interface in response to the change in electric field
under illumination. We observed a long-lived negative transient
effect which indicates that there may be more than one ionic
species responsible for this behavior. Even though hysteresis
might not be considered important in “real world” applications,
we have shown that this technique can be used to study
detrimental recombination processes which are otherwise
hidden by other effects.

DOI: 10.1021/acsenergylett.7b00490
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