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ABSTRACT: Methylammonium lead iodide (MAPI) cells of the design FTO/sTiO,/
mpTiO,/MAPI/Spiro-OMeTAD/Au, where FTO is fluorine-doped tin oxide, sTiO,
indicates solid-TiO,, and mpTiO, is mesoporous Ti0,, are studied using transient
photovoltage (TPV), differential capacitance, charge extraction, current interrupt, and
chronophotoamperometry. We show that in mpTiO,/MAPI cells there are two kinds of
extractable charge stored under operation: a capacitive electronic charge (~0.2 nC/
cm?) and another, larger charge (40 puC/cm?), possibly related to mobile ions.
Transient photovoltage decays are strongly double exponential with two time constants
that differ by a factor of ~5, independent of bias light intensity. The fast decay (~1 ps
at 1 sun) is assigned to the predominant charge recombination pathway in the cell. We 10
examine and reject the possibility that the fast decay is due to ferroelectric relaxation or
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to the bulk photovoltaic effect. Like many MAPI solar cells, the studied cells show 0 10 20 30 40 50 60

significant J-V hysteresis. Capacitance vs open circuit voltage (V,.) data indicate that
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the hysteresis involves a change in internal potential gradients, likely a shift in band

offset at the TiO,/MAPI interface. The TPV results show that the V,, hysteresis is not due to a change in recombination rate
constant. Calculation of recombination flux at V, suggests that the hysteresis is also not due to an increase in charge separation
effciency and that charge generation is not a function of applied bias. We also show that the J-V hysteresis is not a light driven
effect but is caused by exposure to electrical bias, light or dark.

 wrrRoDUCTION

Photovoltaic cells constructed from methylammonium lead
iodide, CH;NH;Pbl; (MAPI), and related materials have
generated much interest in the last 2 years. The energy
conversion efficiency has been increasing very rapidly since
their first description at 3.8%'to the current reports ranging
from 15% to 18%.%* At the same time, there is much debate

about the optoelectronic mechanisms that allow this low
temperature material to deliver such high efficiencies. Debate
concerns the possible roles of crystal size, stoichiometry,
defects, and ferroelectric domains. There is debate about where
in the cell the voltage is generated, the type of recombination,
importance of traps, doping levels, and more. There is also
debate about how to correctly measure the recombination and
transport times, the charge density, and even the correct
measurement of efficiency.””'” The debate about character-

ization centers on the interpretation of various time constants
that can be measured by optical and electrical means. These
time constants range from <1 to >100 ps. It is not yet agreed

which time constants correspond to major recombination and
transport pathways. We believe we can correctly assign some of
these times based on the data presented herein. The debate
about efficiency measurement stems from an unusually large

hysteresis in the typical current-voltage (J-V) measurement,

in which the efficiency can depend on the history of the cell
prior to the J-V measurement. Several authors haye reported
on this effect and speculated about the causes. Some

recent articles present cell designs that minimize this
hysteresis.”** In this article, we describe the hysteresis effect
in additional detail. We examine the measurement of charge
density and charge recombination times in MAPI cells with a
particular aim to understand the J-V hysteresis and its roots in
the material’'s chemistry.

The effect generally referred to as “hysteresis in the J-V”
manifests itself in several ways. Most often, when a cyclic J-V




measurement is performed from 0 V to forward bias (to or
beyond open circuit voltage, V,.) and back, the return sweep
shows a larger current, fill factor (FF), and V, than the forward
sweep. This is illustrated in Figure la. The difference in
efficiency between the two sweeps varies from a few percent, to
as much as 90%, depending on the cell components,
fabrication, and aging/degradation. It also depends on the
sweep speed. Another manifestation of the hysteresisis as
follows: The cell is placed at forward bias (e.g., 1.2 V) for a
short time (e.g., 1 min). Then a J-V is recorded, under light,
from the forward bias potential back to 0 V. It is observed that
the time at forward bias changes the state of the cell such that
the subsequent J-V shows a high current, FF, and V...
Unfortunately, in the majority of cases, the improvement is
transient, requiring from seconds to minutes to decay when the
cell is held at short circuit. From our observations, the most
general description ofthe hysteresis effect is as follows: Assume
the cell gives a particular steady state current under a given light
intensity and voltage. When the cell is placed at any voltage
further into forward bias, in light or dark, and is then returned
to the original voltage, the photocurrent measured is higher
than the previous steady state for some period of time.

In order to simplify further discussion of this characteristic of
MAPI cells, we propose to giveit a more specific name than
“hysteresis”, since hysteresis really only applies to a cyclic J-V
measurement. We wish to avoid words with existing physical
meaning such as polling or polarizing until the actual physical
mechanism is established. For lack of a better word, we refer
herein to the “TEBB effect” from “temporary enhancement by
bias”. Holding a cell at a forward bias, prior to measurement at
a lower bias, is thus “TEBBing” the cell. We find that the effect
of previous TEBBing can be removed by holding the cell at
reverse bias for a few seconds, thus we refer to this process as
“de-TEBBing”. Finally, if the cell is equilibrated at short circuit
(SC) in the dark and then placed at some forward bias (e.g.,
maximum power point (MPP) or open circuit) in the light, the
photocurrent (or V) will increase with time as the cell internal
state adjusts to the new applied potential. We call this effect
“self-TEBBing”. Self-TEBBing can take seconds, minutes, or
even hours depending on the details of the cell.”™ Self-TEBBing
can also occur under illumination at “short circuit” because the
series resistance of the cell places the active layer under forward
bias if photocurrent is flowing. The existence of the TEBB
effect in MAPI cells has caused considerable confusion in the
literature. As we show below, TEBBing affects more than just
the J-V efficiency. It is often not made clear whether the cell

has or has not been purposely or accidentally TEBBed before
any given measurement. Morcover, because some typical J-V

systems allow the cell to rest, illuminated, at V.  before
scanning the -V (independent of the J-V direcfion), 'if is not

always obvious to the authors of papers what degree of
TEBBing may have taken place. Luckily the TEBB effect is
becoming well-known, and the better articles are including
specific details of preconditioning of the cells before the -V
measurement.

Because of the high importance of the TEBB effect, other
papers have examined some aspects of the effect. The original
paper on the hysteresis suggested an origin in traps, mobile
ions, or ferroelectric effects.'® All three of these possibilities
remain in the debate,™'****** along with the addition of
crystal size effects.”' It has been proposed that an optimum
mesoporous TiO, film thickness minimizes the J-V hyste-
resis.” Alternatively, it has been suggested that cells with no

TiO, layer can show zero hysteresis.”* It has been suggested
that nonstoichiometry, introduced in fabrication, can control
the doping level in the MAPI films'® and that passivation of
surface nonstoichiometry can affect trap density.'” In a recent
conference, several authors highlighted the effects of excess
methylammonium halide or excess lead halide on cell
performance and hysteresis. However, there are usually
multiple effects on the MAPI layer that result from a given
change in precursor concentrations. Very recently, two
additional papers have examined the hysteresis effect in
MAPI cells. In one, the authors use variable scan rate J-V
measurements, voltage pretreatments, and voltage step experi-
ments to examine mesoporous-TiO,/MAPI cells similar to the
ones examined here.”® The authors conclude that ion
movements in the MAPI during TEBBing are changing the
built in potential. The second paper examines hysteresis in
MAPI cells without mesoporous TiO, and also across
horizontal MAPI layers between gold microelectrodes.”” The
authors provide electrical and visual evidence that ion drift is
occurring during TEBBing. Although evidence is accumulating
that ion drift is important, the existence of virtually hysteresis
free cells using poly(3,4-ethylenedioxythiophene) (PEDOT)
and phenyl-C¢;-butyric acid methyl ester (PCBM) contacts
complicates the picture.”* If bulk ion drift is possible, it would
also occur in these cells, yet no hysteresis is observed. Thus,
electrode specific interactions seem to be required to generate
the hysteresis effect.

In this paper, we examine the measurement of charge density
and recombination in cells that exhibit significant hysteresis.
Previous authors have used transient photovoltage (TPV),
impedance, microwave absorption, and luminescence to
examine recombination in MAPI cells.”*'**® However, as yet
there is no consensus on the recombination lifetime or on the
correct model for cell operation. In part, this may be because it
has been assumed that when impedance is performed in the
dark, the TEBBed or relaxed condition of the cell does not
change with time and voltage. This is incorrect, as we will show
below. How to characterize cells in the relaxed and TEBBed
state is still not fully understood, not the least because of the
short lifetime of these states in many cells. Here we look at cells
with mesoporous TiO, layers under short and long periods of
self-TEBBing at V. We have chosen cells where the self-
TEBBing time scale is ~100 s. In order to characterize cells at

intermediate degrees of self-TEBBing, it {s necessary to use
techniques that require less than ~5 s to perform. Thus; we are

led to measurements such as transient photovoltage (TPV),
transient photocurrent (TPC), charge extraction (CE), and
current interrupt (CI). Frequency domain measurements at
applied voltage or V,, can take too long to give a picture of the
partially TEBBed or relaxed states, because the cell state will be
evolving during the measurement. Our results highlight some
important differences between MAPI cells and other related
technologies such as dye-sensitized solar cells (DSSCs) and
polymer/Cg, cells. We also demonstrate that careful evaluation
of the TPV lifetimes and charge densities is required and self-
consistency checks are imperative when assigning kinetic
features in new and complicated solar cell materials.

In this work, the device structure was FTO/sTiO,/mpTiO,/
MAPI/SOT/Au, where FTO is fluorine-doped tin oxide, sTiO,
indicates solid-Ti0,, mpTiO, is mesoporous TiO,, and SOT is
Spiro-OMeTAD. Most cells were made by the 1:3 ratio PbCl,
and methylammonium iodide recipe. We will call this the
MAPIC synthesis route; however, we refer to the product as



MAPI cells throughout, since there is debate whether any
significant chloride remains in the cells. Any cells made with the
iodide only recipe will be noted in text.

l EXPERIMENTAL METHODS

The methylammonium leadiodide (MAPI) solar cells were fabricated

using modifications of standard recipes.’’ Methylammonium iodide
(MAI) was prepared as previously described.*® Fluorine-doped tin
oxide (FTO) coated glass (TEC 15, Hartford Glass Co.Inc.) was
patterned by etching with zinc powder in 2 M HCI, cleaned with DI-
H,0O and isopropanol and heated at 450 °C for 30 min. A dense TiO,

(~100 nm) blocking layer (sTiO,) was deposited on the FTO glass
substrates via spray pyrolysis.” An ~400 nm layer of mesoporous

titanium dioxide, mpTiO, (Dyesol DS-18NRT or G24i (22-TB)), was
applied by spin coating onto the FTO/sTiO, substrates, followed by
sintering at 450 °C for 30 min. For the “chloride route”, the deposition
solution was prepared by mixing PbCl, (Sigma-Aldrich) with MAI
(1:3 molar ratio) in DMF. The solution was filtered through 0.2 um
syringe filters (PTFE). This solution was transferred into the glovebox
for all subsequent steps. The solution was placed onto the mpTiO,,
allowed to sit for 45 s, and then spun at 2000 rpm (2000 rpm/s ramp)
for 60 s. The coated substrates were dried at room temperature for 30
min and then at 100 °C for 90 min, resulting in a MAPI layer with an

~300 nm capping layer over the mpTiO,. The deposition solution of

SOT was made as follows: 93 mg of SOT was dissolved in 1 mL of

cholorbenzene; 175 mg lithium bis-trifluoromethanesulfonimide
(LiTFSI) was dissolved in 1mL of acetonitrile; 32 pL of the LiTFSI
solution was added to the SOT solution along with 10 pL of tert-butyl
pyridine. The SOT solution was placed on the MAPI layer and then
spun at 2000 rpm (2000 rpm/s ramp) for 60 s. This process resulted

in an ~300 nm film of SOT. A gold counter electrode of ~80 nm was
evaporated onto the SOT layer. Cell areas measured were 0.08-0.2
cm®. The devices were encapsulated in a nitrogen-filled glovebox
immediately after electrode evaporation usinga glass coverslip and a
Surlyn (DuPont) gasket. The seal was made by heating the gasket
around the cell with the tip of a soldering iron.

Calibrated current/voltage (J-V) measurements were performed
under simulated 1 sun illumination (AM 1.5) usinga 150 W xenon

lamp with an AM 1.5 global filter. Calibration was performed with a
silicon photodiode before measurements. The J-V measurements

were typically performed as follows. First, the cell was at open circuit
(OC) at ~1 sun for a few minutes while it was aligned in the simulator
and while other cells on the same plate were run. For the

measurements, the short_circuit current (J;) was first allowed to
stabilize (20-100 s), and then the cyclic -V was swept toward
forward bias and return at ~0.1 V/s. The data were recorded using a

Keithley 2400 sourcemeter. Other J-V measurements were performed
under 1 “sun equivalent” light from white light-emitting diodes
(LEDs) using various voltage and light sequences as specified in the
text.

Transient and charge extraction measurements were performed
using the IC designed and built TRACER system.*> The TRACER
system provides bias light from 10 1 W white LEDs with focusing
optics (Lumileds). Pulse illumination is provided with 5 1 W red
LEDs. Both bias and pulse are controlled by fast solid-state switches.
Fall time of the pulse is ~300 ns. Pulse times were 10 ps unless
otherwise stated. Data were collected on a 16 bit data acquisition
board with 0.8 ps/point resolution. Averaging was employed to
achieve a noise level below 50 pV to allow detection of both fastand
slow components of the decay. As well as transients, current and
voltage can be measured while bias light, voltage, and SC/OC status
are varied in in an arbitrary sequence for up to 100 different steps. The
steps are accomplished with three fast solid-state switches with <1 ps
switching and synchronicity. Charge density at V,, was measured by
charge extraction by integrating the current pulse after the cell had
been rapidly switched from open circuit under light to short circuit in
the dark. Capacitance was measured using transient photovoltage and
transient photocurrent results as published previously.*** A slightly
modified procedure was used, as explained along with the results.

sz

Current interrupt (CI) measurements were also made as a function
of . at different bias light levels. Current interrupt voltage is measured
by first allowing the cell to equilibrate at short circuit under
illumination. At time zero, the light is switched off and the cell is
simultaneously switched to open circuit. The V  transient that follows
is measured. The voltage transient is explained as follows. When the
cell is illuminated at SC, the balance of charge generation and
transport creates a steady state concentration of excess electrons and
holes. These excess holes and electrons create a separation of the
electron and hole quasi-Fermi levels in the interior of the photoactive
layer. The object of the CI measurement is to determine this
separation or at least changes in it. Ifthe cell at short circuit is quickly
switched to open circuit and the light is simultaneously shut off, the
existing field across the cell (or concentration gradients) will continue
to move the charges toward the electrodes. This will cause a buildup of
voltage on the external contacts. The voltage will grow until the charge
distribution reaches equilibrium. The voltage will then start to decline
as the charges recombine. If the transport is sufficiently faster than
recombination, the peak CI voltage will be related to the separation of
the quasi-Fermi levels in the interior of the cell at SC. The charge
concentration at a given J . is related to the charge mobilities. For a
heterojunction cell, the quasi-Fermi level separation is related to the
charge concentration, the band offsets, and the band density of states.
A shift in the peak CI voltage caused by some treatment is thus most
likely a change in band offsets or possibly a change in the charge
mobilities. For completeness, we note that changes in CI voltage might
also result from changes in an unbalanced distribution of hole and
electron traps in the photoactive layer.

B resuLts

fferent subjects are covered in the results
Because several di
section, we provide a short summary of the logical flow here. In

Figure 1 and related text, we present the basic characteristics of
the hysteresis effect as 1t appears in the J-V curves and in a new

experiment based on simultaneous changes in applied voltage
and light intensity. In the remaining figures, we characterize
some different physical aspects of mpTiO,/MAPI cells and
examine how the results illuminate (or do not) the hysteresis
effect. In Figure 2, we provide a measure of the excess charge
density in the cell at open circuit (OC). We find that there are
two different kinds of stored charge, and we posit that one is
made up of electrons and holes and the other of ions and/or
dipoles. In Figure 3 and text, we provide an independent
measurement of charge density at OC. We argue that this
second technique allows us to quantify only the electronic
charge. The electronic charge data indicate that the hysteresis
effect is linked to a band edge offset change that occurs when
the cell is held at forward bias. In Figure 4 we present the
current interrupt voltage (CIV) as a function of light intensity
at short circuit. Evidence for a band edge shift also shows up in
the CIV, supporting the interpretation of Figure 3. Figure 5 and
Table 1 and the discussion thereof serve two purposes. The first
is to establish the correct time scale for electron/hole
recombination in TiO,/MAPI cells, which has been under
debate. The second is to provide support for our assertion that
the charge measurements in Figure 3 are electronic charge. If
that assertion seems a priori reasonable to the reader, the
section can be skipped. We also observe (Figure 5) that the
small perturbation photovoltage decays are all double
exponential. We propose that both the time constants relate
to electron/hole recombination. In order to convince ourselves,
and the reader, that this is possible, in Figure 6 and text, we
present two reasonable electronic models that create double
exponential decays similar to those measured. The last two
sections discuss and discard some alternate explanations for the



data in Figure 5 and estimate the impact of uncertainty and
error on the conclusions from Figure 3.

Regarding the usage of “1 sun”, all measurements except for
those in Figure 1a use white LEDs for bias light. There is a large
spectral mismatch using white LEDs to illuminate MAPI cells,
thus it is not technically correct to refer to any intensity of the
LED bias light as “1 sun”. A given LED light intensity was
defined as “1 sun equivalent” if it gave approximately the same
J,. as the cell under the solar simulator. In the case of the data
herein, the “1 sun equivalent” intensity was slightly too high,
giving 10-20% higher maximum photocurrent compared with
the solar simulator. In general, this offset has no impact on the
conclusions, since all measurements used the same bias light
and no energy efficiency calculations are made. For simplicity,
we retain the use of “1 sun” despite the offset. Where absolute
values are important, the offset will be noted.

J-V Measurements, Chronoamperometry, and Hys-
teresis. Figure 1a shows the cyclic J-Vs of a typical mpTiO,/
MAPI/SOT cell made at ICL. The initial J-V (green) gave an

efficiency of 8.2% on_the forward sweep and 9.6% on the
reverse sweep, thus a hysteresis of ~20%. The dashed line in
Figure lais a fastreverse sweep J—V after holding for 60 s at

0.9 V forward bias (TEBBing). The “V,” in the TEBBed
condition was 0.89 V, and the “efficiency” was 12.6% (see
Introduction for our use of the verb “TEBBed”). After a month
of storage in room lights with occasional 1 sun exposure, the
stable J began to decline and the hysteresis to increase (Figure
1a). After 4 months of storage, the J-V efficiency was down to

2.5% and 6.2% for the forward and reverse scan (]Figure la, red
line). The steady state efficiency at the MPP declined to ~2.5%
as well. We notée that even after 4 months, a J-V similar to the

dashed line in Figure 1a could still be achieved by TEBBing the
cell for >60 s at'1 V forward bias and performing a very fast
reverse scan (2 V/s). This kind of J-V could be used to give a

false impression of stability, when in fact the steady state
efficiency had decreased dramatically. Figure 1b shows the
importance of pretreatment on the J-V measurement of the

same cell, aged 100 days. In Figure 1b, the cell was allowed to
relax for 25 min in theé dark before the first J-V measurement
with the shortest TEBBing time. Between each successive J-V
measurement, the cell was deTEBBed for 1 min at -1 V,

relaxed for 2 min at 0 V, and TEBBed for the indicated time at

1 V, and then_the light was turned on and the voltagﬁ was
scanned at —2 V/s. It is apparent that the pretreatment has a

hu% effect on, this cell, once it has been fully relaxed in the
dark. The “effciency” measured from these J-V measurements

would vary between 0.1% and 9%. This behavior is not
restricted to aged cells. If a fresh cell shows significant
hysteresis, it gives similar results. Also, it is clear that sufficient
reverse bias is able to overcome the lack of TEBBing. At—4 'V,
the cell shows >22 mA/cm? photocurrent without any
TEBBing (Figure S1, Supporting Information). Thus, it
would seem that the low efficiency without TEBBing is due
to poor collection rather than poor charge generation.

A deeper view of the TEBBing effect can be found by
examining the photocurrent and dark current at a fixed forward
bias (Figure 1c). The black line in Figure 1c is the current that
flows after a jump from 0 to 0.9 V forward bias in the dark. We
assume that the dark current flows as hole/electron
recombination in the bulk of the MAPI layer or at one of the
MAPI interfaces. Under this assumption, the increase in dark
current with time is due to better charge injection into MAPI or
better charge transport within the MAPI layer. We believe a
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Figure 1. (a) J-Vs for a typical mpTiO,/MAPI/SOT cell vs aging of
the cell. Light source: 1 sun AM1.5 simulator. The cell was fabricated
and sealed in a glovebox. (b) Reverse direction J-Vs of the same cell
after TEBBing at 1 V forward bias with TEBBing time as labeled. (c)
Forward bias current of the same cell at 0.9 V in dark (black), light
(red), and chopped light (blue). At 40 seconds, the cell is placed at
short circuit and the light is turned on. Inset: magnification of the first

4 s of forward bias, For the cho;gpedlight curve (blue), the gray areas
represent time in the dark. Light source for partsb and ¢ was ~1 sun

equivalent white LEDs. Cell age 100 and 60 days for parts b and c,
respectively.
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Figure 2. (a) Charge extraction current after 60 s self-TEBBing at 1 sun, V. = 0.88 V. Red dashed line is an exponential fit. (b) The same charge
extraction transient viewed at a longer time scale. Black dashed line is a different exponential. (c) Charge extracted from V  vs bias light applied, for
long and short self-TEBBing (ST) times. (d) Charge extracted from V. vs V . for long and short self-TEBBing times. Green circles are charge
extraction data from a typical DSSC witha 7 pm mpTiO, film, normalized down by a factor of 25.

decreased injection barrier at one of the MAPI contacts is most
consistent with other data shown below. Along the black line, at
40 s, the cell is switched to SC and the 1 sun light is turned on.
A large photocurrent, 26 mA/cm? is recorded that decays to a
steady state value over 20 s. (The maximum J in Figure lc is
about 20% higher than that in Figure 1a because the LED bias
light intensity was equivalent to about 1.2 “suns”, as explained
above.) The transient photocurrent in Figure 1c is not a
capacitive discharge. The capacitive discharge caused by
switching from 0.9 V to SC in the dark decaysto <1 mA/
cm? in <100 ps (Figure S1b, Supporting Information). The
transient photocurrent results from a semistable TEBBed state
of the cell. Asnoted by others, the TEBBed state has a near

100% photon to current conversion efficiency at SC. We note
that 2 s of de-TEBBing at -1 V removes most of the effect of

40 s TEBBing at forward bias. The red line in Figure 1c is the
current that flows at 0.9 V forward bias under 1 sun
illumination. Initially, the forward bias current is ~3 times

larger in the light, a feature often referred to as a photoshunt.
(We use photoshunt herein without indicating it can be viewed
as a parallel resistance.) After ~15 s, the photoshunt begins to

decrease, and at 35 s the current under light crosses the dark
current curve, and a “photocurrent” is recorded. At 40, the cell
is set to SC, still under 1 sun illumination. At SC a
photocurrent peak is recorded that is identical to that shown
after 40 s TEBBing in the dark. The blue line in Figure 1c is the
current recorded at 0.9 V forward bias when the 1 sun light is
chopped with varying intervals. The inset shows a magnification
ofthe first 5 s. When the light is turned on, for example, at 0.2
s, there is an immediate jump from the dark curve to the light
curve. This jump takes <3 ms; thus we believe that the

photoshunt must be electronic in nature as opposed to moving
ions or dipoles. However, after the light is turned off (e.g., at 3
s), the photoshunt decays much more slowly, requiring about 1
s to disappear. The photoshunt is almost certainly not an
electronic photoconductivity effect in the MAPI lag/er, where
charges have lifetimes of hundreds of nanoseconds.™>*® After
~10 s in chopped light, the net photoshunt begins to decrease,
and after 24 s the light on periods show positive photocurrent
instead. At 40 s, the cell is short circuited with the light on,
again giving 26 mA/cm? and a similar decay.

The first important observation regarding Figure 1c is that
the hysteresis in MAPI cells is not a light driven process. The
photocurrents (and the J-V measurements, not shown) that
result from TEBBing at forward bias in the light or dark are
almost identical. We observe this to be true over many cells
including those with mpTiO,, planar cells, cells made with the
MAPIC or iodide only procedures, and even cells with
formamadinium instead of methyl ammoniun. A few authors
have asserted that hysteresis is a light driven effect.'®'® Instead,
we note that the faster rise of the photocurrent under chopped
light (Figure lc, 10-30 s), relative to the fully illuminated case,
indicates that light actually interferes with the beneficial effects
of TEBBing to some extent. A second conclusion is that effects
of TEBBing do not arise from a single physical process. As the
photocurrent increases after 25 s, there is still a negative
transient immediately after the light is turned off (see the light
off transient at 38 s). This indicates that the photocurrent
measured is a balance between charge generation and
photoshunting. We believe the photoshunting is not related
to the positive influence of TEBBing, thus there are at least two
separate processes evolving in Figure 1c. The evolution of the
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Figure 3. (a) Transient photovoltage (TPV), after 60 s self-TEBBing (ST), using a 10 ps red pulse on top of a white bias light, the latter varying
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in the text. (d) Integrated capacitance vs V. “Cell charge” refers to the integral of the capacitance above the flat baseline observed at low voltage.
The “cell charge” of the 60 s self-TEBBed cell at 1 sun is indicated by the shaded red area in panel c.

dark current (fast increase for 0.3 s, plateau, then further
increase) hints at three separate processes.

Charge Density from Charge Extraction. Critical to
understanding the physics of MAPI cells is measurement of the
charge density under various conditions. In DSSCs and
polymer cells, the charge extraction (CE) measurement has
been found to be accurate and useful (see Experimental
Methods for details).>>?"*® Figure 2a shows the charge
extraction current collected after the cell was switched from 1
sun OC to dark SC. The peak current measured was 180 mA/
cm?’. The current decays to <1 mA/cm? in about 50 ps. Most of
this decay is nicely fit by an exponential with a lifetime of ~6
ps. When the charge extraction current is integrated out to 50
us, the charge collected is ~8 x 1077 C/cm® With a 500 nm
cell thickness, this would correspond to an average charge
density of 1 x 10"/cm? if the charge were uniformly
distributed (which seems unlikely). Although the charge
extraction current decay in Figure 2a looks complete at 50
us, closer inspection shows that it is not (Figure 2b). There is a
second portion of the decay with a maximum current of 50 pA/
cm?® that decays exponentially with a lifetime close to 1 s.
Although the current is 1000 times lower than that of the fast
component, the time is sufficiently long that the integrated
charge collected is about 50 times higher, ~3.6 x 107 C/cm?.
The two very disparate time scales give some clue that there are
least two ways in which photogenerated charge is stored in this
system. Figure 2c shows the total extracted charge from V,,
using 4 s integration, as a function of light intensity. In Figure
2c, the blue diamonds show the amount of charge extracted
after 5 s 1 sun light exposure at OC (i.e., “self-TEBBing”). The

red circles show the amount of charge extracted after 60 s of
self-TEBBing at the 1 sun V, (Figure S2a, Supporting
Information, shows the evolution of the V, under self-
TEBBing at 1 sun and 1/10 sun). It is apparent in Figure 2¢
that longer self-TEBBing increases the amount of extracted
charge by a factor of 2.5 for a given light level. Figure 2d shows
the same charge data plotted versus V, along with normalized
data from a dye sensitized cell. In contrast to Figure 2c, at a
given V, the extracted charge is similar for the long and short
self-TEBBing. There is some hint of larger charge for a given
V,. after longer self-TEBBing, but we have not found a
convincing trend over several measurements and cells. Figure
2d also shows the charge extraction results for a typical DSSC,
divided by 25 to account for the difference in the mpTiO,
thickness. The charge vs V. trend is remarkably similar for the
two types of cells. The charge stored in a DSSC is known to be
mixed ionic/electric charge, where electrons in TiO, are charge
balanced by ions in solution inside the mesoporous TiO,
network. One might speculate that the charge in the MAPI
cell is also electrons in TiO, and mobile ions in MAPI.
However, we caution there are important differences in the
time evolution of the charge extraction current. In DSSCs, 95%
of the extracted charge is collected in the first 40 ms, leaving a
current of <1 pA/cm?® after 0.1 s (Figure S2b, Supporting
Information). In the MAPI cell, it takes over 2 s for 95% of the
charge to be collected. If there are moving ions in the MAPI/
SOT, they are moving much slower than those in the
electrolyte of a DSSC. There are additional problems with
assigning the charge extraction results to “electrons in TiO,”, as
we detail below.



Charge Density from Differential Capacitance. “Differ-
ential charging” is another technique that has been used to
measure capacitance and thus charge density in both DSSCs
and polymer/PCBM solar cells. It was found in both these cell
types that the differential charging method gives essentially the
same stored charge as the charge extraction method.**~**** We
show herein that this is not true for mpTiO,/MAPI cells. The
differential capacitance can be measured by combining transient
photovoltage (TPV) and transient photocurrent (TPC) results
to find C = dQ/dt/(dV/dt). Figure 3a shows representative
TPV transients taken usinga 10 ps square pulse (650 nm) at
different bias light intensities. In the early part of the pulse, the
increase in charge separation flux causes an increase in charge
density that is approximately linear in time. For small
perturbations, this gives rise to a linear increase in the voltage,
which is dV/dt. Figure S3a, Supporting Information, compares
TPV transients for 5 and 60 s self-TEBBing. In order to find
dQ/dt during the pulse, we use the photocurrent transients.
Figure 3b shows photocurrent transients at SC made using the
same LED pulse, with bias light intensities of 1 sun and 0.05
suns. The plateau transient photocurrentat SC can be used as
an estimate of the charge generation flux using the same pulse
at OC. The estimate is reasonable under the following
assumptions: (i) that their are no significant collection losses
at short circuit and (ii) that charge generation efficiency is
similar at short circuit and open circuit. Either of these
assumptions could be wrong. However, for the measurements
presented here, we can show (below) that any corrections
required would not change the main conclusions drawn from

the data. We note that a better way to find dQ/dt during TPV is
to measure the transient absorption (TA) of the charges
simultaneously with the TPV.*’ The TA can then be converted
to charge if the absorption coefficient is known. These data are
not available yet for the MAPI system.

Figure 3c shows the differential capacitance at V, for a range
of light levels from 0.005 to 2 suns (Figure S3b, Supporting
Information, shows similar data for additional cells). Integration
of the capacitance vs voltage gives the charge stored (Figure
3d). In Figure 3d, the solid symbols are the integral of the full
capacitance and the open symbols are the integral of the part of
the capacitance above the flat baseline between 0 and 0.3 V.
Assuming that the flat baseline represents the charge on the
contact electrodes, the open symbols represent the charge
stored in the bulk of the solar cell, including at the internal
interfaces.

There are two notable features of Figure 3c,d. The first is the
magnitude of the capacitive charge relative to the charge

measured by charge extraction. The total capacitive charge
stored at 1 sun is ~0.2 uC/cm*. This is 200 times smaller than

the 40 uC/cm* measured in the charge extraction experiment
(Figure 2d). Thus, unlike in DSSCs and polymer cells,
differential capacitance and charge extraction give very different
results in MAPI cells. Interestingly, the capacitance in Figure 3¢
is also about 10 times less than would be expected for a solid-
state dye-sensitized cell using a similar mpTiO, film thick-

ness.**™* This implies either that the traps in the TiO, are

passivated by the MAPI or they are not all accessible at a given
potential. The latter is a reasonable result for a p-i-n structure
where the potential drops across the MAPI and mpTiO,/MAPI
layers. Atany V,, < Vy; (where Vy; is the built in potential), the
Fermi level will be farther below the TiO, conduction band
edge for positions farther from the FTO contact. Thus, only the

TiO, electron states near the FTO will be filled to the level
implied by the V..

The second notable feature in Figure 3¢ is the ~120 mV
right shift of the capacitance vs voltage curves when the self-
TEBBing time is increased from 5 to 60 s. We have also
observed this shift for mpTiO,/MAPI cells made using other
TiO, sources and somewhat different MAPI deposition
procedures (Figure S3b, Supporting Information). In DSSCs,
shifts of the capacitance vs voltage are frequently observed
between cells and within cells with time. These shifts occur
when the acid/base characteristics of the electrolyte are
changed intentionally or change with time or light expo-
sure.”*! In DSSCs, the shift in the capacitance curves has been
assigned to adsorption/desorption of ions or dipoles that
change the electric field between the TiO, and the electrolyte.
For this reason, it is tempting to assign the shifts observed for
mpTiO,/MAPI cells to ion movements or dipoles near the
surface rather than to, for example, bulk ferroelectric effects.
The shift may be related to the aligned dipoles found in some
modeling of the TiO,/MAPI interface.”” More certain
assignment must await further evidence.

Current Interrupt Voltage and Band Offsets. Current
interrupt voltage is another way to examine shifts in internal
electric fields between treatments and samples.”* The method
measures the voltage that can be generated at OC by the charge
that is accumulated at SC (see Experimental Methods section
for details). Figure 4a compares the current interrupt voltage
transient from two similar J, values, for 5 and 60 s self-
TEBBing at SC. In each case, there is a voltage rise as charge is

0.25 0.85 Suns, 60 seconds ST

Jsc=12.7 mA/cmz,

1 sun, 5 seconds ST

Current Interrupt Voltage, Volts

0.10 5
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Figure 4. (a) Voltage transients following current interrupt from 1 sun
short circuit for 5 and 60 s self-TEBBing (ST) at J. Bias light level
chosen to give similar photocurrents, as indicated. Same cell as
previous figures. (b) Current interrupt voltage peak vs J,, for 5 and 60
s self-TEBBing times.
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transported toward the contact electrodes, followed by a decay
as the charge recombines. Figure 4b shows the peak CI voltage
recorded (at ~2 ms) for a series of different bias light levels and

for 5 and 60 s self-TEBBing at SC. In Figure 4b, longer; self-
TEBBing time gives an ~60 mV higher CI'voltage for a given

photocurrent. (It is also possible to find the initial CI voltage by
extrapolation of the voltage decay back to time zero (dashed
lines in Figure 4a). The extrapolation does not change the shift
between the 5 and 60 s self-TEBBed conditions.) The peak CI
voltage for a given current is determined by the amount of
charge required to carry that current and how much voltage
that amount of charge generates after the cell is switched to
OC. If the mobilities of the charges remain similar, so that the
amount of charge remains the same, an increase in CI voltage
indicates an increase in the band offset at the voltage generating
interface(s) in the cell. It has been suggested that the V, in the
cell is primarily generated by the electron extraction layer/
MAPI contact.' If so, then the shift in the CI peak voltage in
Figure 4b indicates changes in dipole/charge density at the
mpTiO,/MAPI and/or sTiO,/MAPI interfaces. The capaci-

tance in Figure 3c, 2 pF/cm?, is similar to the capacitance

measured for planar TiO, films facing electrolyte. On the other
hand, we have performed some initial measurements of
capacitance for MAPI cells with different mpTiO, thickness.
There appears to be a trend for larger capacitance with thicker
mpTiO,, but we would not say the case is closed (Figure S3d,
Supporting Information). It has also been suggested that the
V,. in MAPI cells is developed across the MAPI layer.11 This
could also be consistent with the low capacitance in Figure 3b,
although the hypothesis may require a chemical potential
gradient in the MAPI that has not yet been detected. We note

last that an alternative explanation for the 60 mV shift in CI
voltage in Figure 4b would be an ~3 fold decrease in charge
mobility after 60 s self-TEBBing. This would cause an ~3 fol

increase in the charge for a given J, consistent with Figure 4b.
A significant decrease in charge mobility in the longer self-
TEBBed condition does not seem likely, given that self-
TEBBing increases the photocurrent.

Recombination Lifetime. We now turn to the decay
dynamics of the photovoltage transients and their possible
interpretation as recombination time constants. Figure 5a
shows the TPV decayunder 1 sun bias light after 5 and 60 s
self-TEBBing. Both of these decays are strongly double

exponential. Figure 5a shows the double exponential fits and
the residuals. IT both cases, the fastpart has a lifetime of 1-2

ps and the slow part 5-10 ps. Figure 5b highlights the double
exponential nature of the decay and the poor quality of a single
exponential fit. This is in agreement with several previous
reports of TPV decays on MAPI cells.™" Figure 5c shows the
two TPV lifetimes for both the short and long self-TEBBing

times, as a function of cell charge. The fast and slow lifetimes
differ by a factor of ~5. The error bars (shown as 2 standard

deviations) are usually <5% and are <20% for all cases. The fast
and slow lifetimes are thus significantly different at >90%
confidence level for all transients. The double exponential
nature of the decays has also been verified using 20 ns laser
pulses as excitation and a data time resolution of 8 ns (Figure
S5a, Supporting Information).

Surprisingly, self-TEBBing causes less than a factor of 2
change in either the long or short TPV lifetimes (Figure 5c).
Moreover, at one sun, both the short and long lifetimes get
shorter with increasing self-TEBBing time. This is despite the



Table 1. Charge in Device, Transient Photovoltage (TPV) Lifetime, and Calculated Recombination Current (J,..) at V,, for
Long and Short Self-TEBBing Times at V,, under Two Different Bias Light Intensities™

TEBBing time bias light charge meas. charge (nC/  component of TPV decay ~ TPV decay lifetime® order s line
(s) (~suns) type cm?) time (us) factor (mA/cm?) no.
short 0.93 44 22 1
60 1 C 89
long 4.4 2.9 6.9 2
short 0.93 5.8 39 3
60 1 T 210
long 4.4 44 11 4
short 5.5 3.1 2.6 5
60 0.1 C 44
long 21 3 0.7
short 5.5 5.1 5
1 T 14
60 0 0 long 21 4.6 1.4 8
hort 1. 2. 2 1
5 1 C 94 sho! 5 7 3 a
long 7.5 2.2 5.6 2a
short 1.5 43 28 3a
5 1 T 180
long 7.5 3 8 4a
short 6.3 24 24 Sa
1
> 0 ¢ 36 long 28 2.8 0.46 6a
short 6.3 33 4.9 Ta
5 0.1 T 103
long 28 4 0.9 8a
short 0.93 3.1 14000 9
60 1 CE 40000
long 4.4 2.7 3000 10
a]  values highlighted in the bold lines are physically reasonable (as described in the text). ®The charge in the device was determined either by

integrating the differential capacitance measurements up to V,, (total charge, T) or integrating the capacitance above the baseline value (“cell
charge”, C) up to V.. Alternatively the charge was determined from charge extraction measurements (CE); see text and Figure 3d for full details.

“The TPV lifetimes were well fit with double exponential functions; the calculations ofJ,

of these decays.

rec Were performed using either the short or long component

fact that self-TEBBing increases the V,, by 0.12 V. Plotting the
TPV lifetime vs bias light gives the same picture (Figure S5c,
Supporting Information). Figure 5d shows the magnitude of
the long and short lifetime component of the decay for 5 and
60 s self-TEBBing time. We see here that the main effect of self-
TEBBingon TPV is to increase the absolute and relative
magnitude of the slow part of the TPV decay. For example, at 1
sun, self-TEBBing increased the transient height from 3.4 to 5.2
mV, and the slow component increased from 10% to 27% of
the signal. Although these trends are interesting, overall, the
TPV results indicate that decreased recombination rate is not
the cause of the large increase in V,, seen during the self-
TEBBing of the cell. This result supports the aforementioned
hypothesis that the increase in voltage is due to changes in band
offset, most likely from changes in interface surface charge
caused by moving dipoles or ions.

Our data show that at 1 sun, >70% of the transient
photovoltage decays with a lifetime of ~1 ps. This result falls at

the short end of what has been reported in the literature.
Bisquert et al. recently reported 1 sun TPV lifetimes that varied
from 100 to 2 ps, depending on the material (MAPI or
formamadinium lead iodide) and the fabrication procedure
(single or two step).” They came to the conclusion that these
decay times could not be associated with electron/hole
recombination. Most other papers using transients or
impedance have found a 90-200 ps characteristic time,

which they have assigned to charge recombination. Unfortu-

nately only one of the TPV based papers presented raw
transient data. In that paper, the photovoltage transient had a
20 ps rise time that would have obscured any fast decay
components that might have been present.® We have also found
that the shape of the transient decay depends on the length of
the pulse used to create the transient. For example, square
pulses >20 pus in length generate decays with a third
component that has a lifetime in the 200 ps to 1 ms range
(Figure S5d—f, Supporting Information). The magnitude ofthe
third decay component grows with pulse length. To avoid the
third component, we have used a pulse length of 10 ps for the
data presented here.

Implied Recombination Flux at V. In a new technology
such as perovskites cells, it is risky to assume, without
verification, that a given impedance signal or photovoltage
decay lifetime corresponds to a particular process. We propose
here that the 1 ps lifetime that we observe in TPV is a result of
the predominant electron/hole recombination channel, and
thus the average charge lifetime, at the 1 sun 'V, is close to 1 ps
in these cells. In the paragraphs below, we test this assignment
for consistency with the photocurrent and charge density. We
do so by combining the TPV lifetimes in Figure 4c with the
charge in Figure 3d to find the implied “recombination current”
inside the cell. The recombination current (J ., with units mA/
cm?) is calculated witheq 1.

Joo = QW) / (2(V,) * OF) W



where Q is the charge in the cell, T is the TPV lifetime, and OF
is the order factor. An OF is required if the recombination
lifetime varies with charge density (i.e., the effective order of the

process is not 1). The OF is given by (=S + 1) where S is the

slope of log(t) vs log(Q) in Figure 5¢.%47 We can make this
calculation for the short and long lifetimes and total or above
baseline charge (Table 1). Ifthe implied recombination current
is not physically reasonable, then the specific TPV decay is
unlikely to be a measure of recombination in the cell. For
example, for 60 s self-TEBBing at 1 sun V_, using the shorter
lifetime (0.93 ps, Figure 5¢) and the “charge above baseline”
(89 nC/cm? Figure 3d) with an order factor of 4.4 (from
Figure 5c), we calculate a recombination current of 22 mA/cm?
(see Table 1, line 1). This valueis reasonable given that the

intensity of the LED bias light was equivalent to ~1.2 suns. At

the same intensity, the maximum J after 60 s TEBBing is ~26

mA/cm? (Figure 1c). The implication of an estimated
recombination current of 22 mA/cm? at the 1 sun V,, is that
charge generation efficiency is not significantly reduced at V,,
relative to short circuit, if at all. In other words, charge
generation from absorbed photons is not a function of internal
electric field. We believe this is reasonable given the high
dielectric and low exciton binding energies proposed for MAPI.

In Table 1, we give the recombination current calculation
using other combinations of t and charge and also for 10% bias
light intensity. For example, the calculated recombination
current for 60 s self-TEBBing, 10% sun, the short lifetime, and
the charge above baseline is 2.6 mA/cm? (Table 1, line 5), quite
close to 1/10 of the estimate at 1 sun. On the other hand, the
J.e calculated for the short lifetime, with the total capacitive
charge, is 39 mA/cm? (line 3). Because this is ~50% higher
than the maximum possible, it is clearly not physically
reasonable. The implication is thus that the charges held in
the baseline capacitance do not participate in the fast
recombination process.

Two additional conclusions can be drawn from Table 1. First,
the recombination current at V, before and after self-TEBBing
is similar. For example, the recombination currents at 5 and 60
s self-TEBBing, at both 1 and 10% sun are almost identical
(lines 1 and 1aand 5 and 5a). This indicates that the increase in
J. and V after self-TEBBing is not due to an increase in charge
generation efficiency in the bulk of the film. By extension, if the
ferroelectric domain structure of the cell is involved in self-
TEBBing, it is not by a simple increase in charge generation.
Second, the last two lines of Table 1 show the recombination
current calculated using the fast or slow TPV lifetime and the
charge measured by charge extraction (40 pC/cm?, Figure 2d).
The implied recombination currents are 14 and 3 A/cm?
respectively, which are both >100 times the maximum possible
charge generation current. We can conclude that the charge
measured by charge extraction does not contribute to the TPV
decays shown in Figure 5 and is thus almost certainly not
electronic in nature. It must instead be due to moving ions or
reorienting dipoles.

It remains to discuss the assignment of the slower phase of
the TPV decay. Lines 2 and 4 give the calculated J.., using the
longer TPV lifetime and the total or above baseline charge. The
values, 11 and 6.9 mA/cm? respectively, are well below the
measured photocurrent following 60 s self-TEBBing. All the
other J .. estimates using the longer lifetimes also give values
that are smaller than the J, produced in the same condition
(see Table 1 lines in italics). If we were to make the assumption
that the slower TPV lifetime represents the main electron/hole

recombination, we would have two issues. First, we would have
to explain the fast decay by some other process. We give
evidence against this possibility further below. Second, the low
Jiee Would imply that charge generationat V. is significantly
less efficient than that at short circuit. Lacking other evidence to
support this possibility, we assert that the slower lifetime does
not correspond to the predominant channel of electron/hole
recombination in the bulk of the device. The results do not rule
out that the slow phase of the TPV results from a secondary
recombination channel. However, this cannot be proven or
disproven using Table 1. All possible sums of J ., for one fast
and one slow phase exceed the maximum possible recombina-
tion current (e.g., line 1 plus line 2 gives 29 mA/cm?).
However, the uncertainty in the calculation is probably larger
than the difference. (We note that the statements in this
paragraph are also true for J.. values calculated with the
integrated capacitance below the baseline, not included in the
table for brevity.)

Modeling Double Exponential TPV Decays. To examine
under what conditions the double exponential decay could
represent two channels of recombination in the cell, we have
looked for physically reasonable models of the cell that can
recreate the TPV decays. In constructing a model, we have
assumed that it is the presence of the mpTiO, that creates the
double exponential decay. In some preliminary tests, we find
that cells of the type FTO/sTiO,/MAPI/SOT/Au show only
single exponential TPV decays (Figure S6a, Supporting
Information). The fact that the two TPV time constants keep
the same ratio as V,, changes indicates that there is a link
between the sources of the two time constants. Thus, another
possible model, where voltage is created and decays separately
at the TiO,/MAPI and MAPI/SOT interfaces, seems less likely.
Figure 6a shows a possible model. Though this model looks
similar to those used for DSSCs, we caution that the
interpretations of the components are different. Also, the
placement of the electrical components with respect to the
physical components should be held as an open question. We
intend this model to be a starting point for discussion, not as a
final assignment. We also point out that this model does not
concern the TEBBing effect. We could include a band edge
offset variable to recreate the effect of TEBBing on V, but this
would not mimic the effect on FF or dark current, so we have
not done so.

We can use the model in Figure 6a in two ways. For the first,
we assume that the sTiO,, mpTiO,, and MAPI are not doped
and that the SOT is highly doped, thus the cell has a p-i-n
structure. In a p-i-n structure, the built in voltage (Vy,;) drops
more or less linearly across the intrinsic active region of the cell.
The capacitance, C3 (Figure 6b), represents the geometrical
capacitance between the FTO and SOT layers. The magnitude
of C3 is dependent on the thickness and dielectric constants of
the mpTiO, and MAPI layers. When light is absorbed by the
MAPI, holes and electrons are created. Electrons drift toward
the sTiO, layer under the influence of V;. Along the way, some
of the electrons are injected into the mpTiO,. Evidence
suggests a significant fraction of the electrons could reach the
sTi0O, and be transferred to the TiO, at that point. The fraction
of electrons injected into the mpTiO, may be dependent on the
fabrication method used and may even vary with applied
potential. For the p-i-n model, we assume that electrons
injected into the sTiO, charge C3 directly, and Cul is set to
zero. Electrons from C3 recombine with holes via Rrel. In the
p-i-n model, electrons injected into the mpTiO, create no
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Figure 6. (a) Schematic electrical model of mpTiO,/MAPI cell. (b)
Measured and modeled TPV transients. Measured and modeled
decays for 0.1 sun have been divided by 3 to improve clarity. Model
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1.3 and 1.15 for 1 sun and 0.1 sun, respectively. Inset: table with
measured and modeled V, and the short and long lifetimes from
double exponential fits of the TPV decays.

significant electric field between the mpTiO, and the MAPI but
change the trap occupancy and quasi-Fermi level in the
mpTiO,. Electrons in the mpTiO, are transported by drift to
the sTiO, (Rtr2), or they can recombine with holes (Rre2).
Transport is modeled with a charge density dependent
mobility, and Rre2 is modeled using a charge density
dependent lifetime, both as power laws. The exponents with
respect to charge for both are 2.5, taken from Figure 5. For this
simple model, we have neglected the transport of holes and the
diffusion of electrons. More details of the model are given in
the Supporting Information. Despite the obvious over-
simplification, this model can reproduce the V , the two
TPV lifetimes, and their trends with bias light intensity (Figure
6b). In this model, the faster component of the TPV decay
represents recombination of the excess electrons in C3 through
Rrel. As this decay occurs, additional excess electrons flow to
C3 by transport from Cp2. This current decays with the time
constant of recombination through Rre2. This simple model
can also reproduce the TPV peak heights and magnitude of the
two components at 1 sun. However, as we show in the next
paragraph, this model is not unique; thus we will not draw any
physical conclusions from it at this time.

Our preliminary data on planar MAPI cells (FTO/sTiO,/
MAPI/SOT/Au) indicates that the short lifetime in Figure 3 is
a result of the mpTiO, layer (Figure S6a, Supporting
Information). This would be consistent with the generally
higher voltage reported for planar cells. We were unable to find
parameter sets for the above model where-in the fast decay
came from the mpTiO,, presumably because a drift only model
cannot move electrons from the sTiO, out to the mpTiO, to

recombine. Thus, we have constructed a second model. For this
model, we assume that the MAPI shields most of the built in
potential to the edges of the MAPI layer. This could be due to
accidental n or p doping during fabrication, movement of ions,
or alignment of dipoles. We can model this case using Figure 6a
by using Cpul to model the capacitance at the sTiO,/MAPI
interface, and by ignoring the effect of V,; on the transport of
electrons in and out of the mpTiO, We set the decay of
electrons from the mpTiO, to be faster than that from sTiO,.
We use the difference in electrochemical potential between
Cul and Cp2 to determine which way current is flowing. With
relatively large values of Rtrl and Rtr2 to semi-isolate the two
systems, this model can reproduce the measured data as well as
does the previous model (Figure S6b, Supporting Information).
Further experimental evidence on the electric field inside the
MAPI layer will be required before a choice can be made
between these two models or others. Lastly, one might also be
tempted to assign the slow component of the TPV decay to
recombination directly from TiO, to SOT. However, the
recombination lifetimes in solid state DSSCs, which also have
mpTiO,/SOT contact, are on the order of 1 ms, 100 times
longer than the slow decay seen here.***'*®

Other Possible Sources of Fast TPV Decays. In the
above discussion and modeling, we have asserted that the fast
component of the TPV decay represents the main loss of
charge in the cell. However, before accepting this assignment
we should examine the alternatives. The only way that the pulse
can create a voltage signal is by causinga net separation of
positive and negative charge along a vector normal to the cell
contacts. The decay of the voltage corresponds to the decay of
the net separation. However, the decay does not have to be
recombination. There are (at least) three ways that the TPV
pulse could establish a voltage that would decay by a
mechanism different from recombination. These are as follows:
(1) Ilumination that is strongly absorbed on one side of the
active layer can create charges that separate because of unequal
mobility. In this case, equilibration of the charge distributions
can cause decay of the photovoltage without recombination.
(2) In the “bulk photovoltaic effect”, the absorption of light in a
non-centrosymmetric material can resultin a net separation of
charges along some directions in the crystal. The voltage can
again decay by equilibration of the charge distributions without
recombination. (3) A photo-“isomerization” effect can turn
dipoles or shifts ionic charges rather than electronic charges. In
this case, the photovoltage decay occurs by rotation or
movement of atomic charges rather than recombination of
electronic charge. For all three of these possibilities, we believe
it is possible to show that they are not the source for the fast
component of the TPV decays measured on our cells.

With respect to mechanism 1, the photovoltage decay occurs

by charge transport. The hole and electron mobi}iGtizgs4 9in MAPI
are reported to be in the 2-20 cm?/(V s) range. >*>* At the 1
sun V,, (~0.85 V), there will remain a builtin field of perhaps

0.3 V. Under this field, the transit time of electrons and holes
across the film is only a few nanoseconds. Thus, any voltage
decay that depends on charge transport rather than

recombination should fall in the <20 ns time scale. Consistent
with this, when using a 20 ns laser pulse, >80% of the voltage
rise occurs within the pulse (Figure S5a, Supporting
Information). The fast component of the TPV decayis 1 pus
at 1 sun. This is at least 50 times longer than the apparent
charge transport times, indicating that the fast TPV decay is not
due to mechanism 1 in the previous paragraph. Further, the



optical density of our films at 650 nm is about 1. This means
that only about twice as many photons are absorbed in the
front half of the film. This absorption is a bit weak to cause a
voltage signal by mechanism 1.

With regard to the bulk photovoltaic effect, we can ask
whether there are enough photons in the pulse to create the
observed voltage increase during the first 2 ps of the pulse. The
bulk photovoltaic effect occurs when absorption of light directly
creates a separation of electrons and holes. The separation is
said to be limited to at most a few mean free paths. In Figure
3a, the first 2 ps of the pulse results in absorption of ~4 x 10'%/
cm? photons and creates a voltage increase of 4 mV. Using a
relative dielectric constant of 20, the electron/hole separation
per photon would have to be 10 nm.>° Although this is
probably too large, it might be possible. However, the argument
from the proceeding paragraph holds here as well. Given the
published values for the mobility, it should take only a few
nanoseconds for these charges to re-equilibrate after the end of
the pulse, instead of the 1 ps measured. With respect to
mechanism 3, we assume that each absorbed photon can rotate
at most one methylammonium (MA) dipole. The partial charge

on the MA dipole is abou 0.3% During the first 2 ps of the
pulse, rotation of ~4 x 10" MA dipoles in the film volume

(300 nm x 1 cm?), ar%ain using a dielectric_ constant of 20,
should give rise to a voltage signal of only ~0.2 mV. Although

this is too small relative to the fast component of the TPV
decay, it is similar to the magnitude of the slow phase,
especially for the cell with the 5 s self-TEBBing time (Figure
5d).

Discussion of Error in Capacitance Calculation. The
next two paragraphs discuss the possible errors in the
calculation of the capacitance. There are two kinds of errors
that might be present: those that change the absolute
magnitude of the two capacitance curves (short and long self-
TEBBed) and those that change the voltage shift between
them. The measurement of dV/dt from the voltage transient
appears unlikely to have significant error. The main source of
error is our estimate of dQ/dt at V, from the SC photocurrent
transients. Taking the 26 mA/cm’ photocurrent after full
TEBBing as ~100% internal photocurrent quantum efficiency

(Figure 1c), we estimate the internal quantum efficiency at
shott circuit as ~45% for 5 s selt-TEBBing and ~60% for 60 s

self-TEBBing. The photocurrent transients in Figure 3b could
be underestimating the amount of charge created by the pulse
at V.. If so, the correct capacitance could be up to 2 times
higher than we have calculated. This correction would have
essentially no effect on the large difference between the charge
measured by charge extraction and that measured by differential
capacitance, one of our primary observations. The correction
also would not remove the shiftin the capacitance vs voltage
curves in Figure 3c, though it could reduce it from 120 to 100
mV.

The second assumption we have made is that the charge
generation effciency does not decrease when moving from SC
to OC. This assumption has turned out to be correct for both

DSSCs and many types of polymer cells.***"? 1t turns out to
give a self-consistent estimation of recombination flux using eq
1. However, it can only be proven by transient absorption
experiments. If in fact charge generation efficiency is smaller at
OC, then the dQ/dt values estimated from the Jg, transients are
too large. The correct capacitance would be significantly smaller
than that shown in Figure 3d. A self-consistent calculation with

eq | would then probably require the total charge, instead of
the charge above baseline.

| concrusions

We have demonstrated that in mpTiO,/MAPI cells there are
two kinds of extractable charge stored when the cell is held at
V,.: a capacitive electronic charge (~0.2 pC/cm?) and another,
much larger charge (40 uC/cm?), which could be the result of

dipole realignment or the effect of mobile ions. The capacitive
charge is ~10 times smaller than that in mpTiO,/dye/SOT

cells with similar mpTiO, thickness. By measurement of the
capacitive charge after different equilibration times at V., we
show that the J-V hysteresis in mpTiO,/MAPI cells involves a
change in internal potential gradients, most likelya shift in
band offsets at the TiO,/MAPI interface. In mpTiO,/MAPI
cells, the transient photovoltage decays are strongly double
exponential with two time constants that differ by a factor of
~5, independent of bias light intensity. The fast decay (~1 ps
at 1 sun) can be assigned to the predominant charge
recombination pathway in the cell. The TPV results show
that the V, hysteresis is not due to a change in recombination
rate constant. Calculation of recombination flux at V. shows
that the hysteresis is also not due to an increase in charge
separation efficiency and that charge generation is not a
function of applied bias. We also show that the J-V hysteresis is
not a light driven effect but is caused by exposure to forward
bias, light or dark.

In addition, we want to stress the complexity of the hysteresis
displayed by these cells. As mentioned above, there seem to be
two or three different processes visible in Figure 1c, occurring
on the 0.5 to 20 s time scale. In addition, there is the ~1 ms
time scale process shown in Figure S5e, Supporting
Information. These results are consistent with the multiple
processes measured on the 100 ps to seconds time scale in
impedance studies. If the 1 and 5 ps TPV decays (at 1 sun)
account for all of the electronic recombination in the cell, as
seems likely from Table 1, then all these slower processes are
chemical in nature. By “chemical”, we mean they involve the
movement of atoms (dipoles or ions) instead of, or in addition
to, electrons. How to reconcile the simultaneous increase in
dark current and increase in photocurrent in Figure 1c will
require careful separation of the bulk changes and interface
changes occurring during TEBBing.

| ASSOCIATED CONTENT
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Additional J-V measurements, capacitive discharge current,
time evolution of the J, and V, under illumination,
comparison of charge extraction current in MAPI cells and
DSSCs, photovoltage transients after short and long TEBBing
times, capacitance vs voltage for additional cells, full TPV
decays covering 0.05-2 suns, photovoltage transients as a
function of pulse length, photovoltage transients for planar
MAPI cells, and details of the electrical models. This material is
available free of charge via the Internet at http://pubs.acs.org.
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