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Abstract Hysteresis in the current-voltage characteristics of hybrid organic-inorganic perov-
skite-based solar cells is one of the fundamental aspects of these cells that we do not under-
stand well. One possible cause, suggested for the hysteresis, is polarization of the perovskite

layer under applied voltage and illumination bias, due to ion migration within the perovskite. To

study this problem systemically current-voltage characteristics of both regular (light incident
through the electron conducting contact) and so-called inverted (light incident through the hole
conducting contact) perovskite cells were studied at different temperatures and scan rates. We
explain our results by assuming that the effects of scan rate and temperature on hysteresis are
strongly correlated to ion migration within the device, with the rate-determining step being ion
migration at/across the interfaces of the perovskite layer with the contact materials. By corre-
lating between the scan rate with the measurement temperature we show that the inverted
and regular cells operate in different hysteresis regimes, with different activation energies of
0.28+0.04 eV and 0.59+0.09 eV, respectively. We suggest that the differences, observed be-
tween the two architectures are due to different rates of ion migration close to the interfaces,
and conclude that the diffusion coefficient of migrating ions in the inverted cells is 3 orders of
magnitude higher than in the regular cells, leading to different accumulation rates of ions near
the interfaces. Analysis of Voc as a function of temperature shows that the main recombination
mechanism is trap-assisted (Shockley-Read Hall, SRH) in the space charge region, similar to

what is the case for other thin film inorganic solar cells.
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Introduction

Light to electrical power conversion efficiencies of hybrid organic-inorganic lead-halide perov-
skite-based solar cells have grown rapidly over the past few years, starting from ~3% in 2009 to
> 20% recently." The exceptional efficiencies of MAPbls—based cells have been attributed to
many factors*?, among them the high degree of crystallinity of these solution-processed ab-
sorbers, their very high extinction coefficient and sharp optical absorption onset, low defect
state density within the band gap and long diffusion Iength4. A shadow over the MAPbI; based
solar cells is their stability, especially the often seen hysteresis in their photovoltaic current-
voltage characteristics. Overcoming this problem requires understanding of the mechanism(s)

that give rise to hysteresis. Among possible origins, suggested for hysteresis, we note:

(1) ferroelectric polarization of the perovskite Iayer.s’6 This is questionable, because as yet no
direct proof for ferroelectric behavior of Halide Perovskites (HaPs), including MAPbIs, has been

found under the conditions that the materials are used in PV cells’;

8,9,10,11,12,13

(2) charge accumulation at the interfaces due to trapping and de-trapping and

14,15,16

(3) ion migration of MA"/ I - related defects under applied bias, which, naturally, could

also be a cause for (2).

Here we focus on the hysteresis observed in two types of MAPbI; solar cells, to help understand
the origin(s) by performing J-V scans at different temperatures, scan rates, and illumination in-
tensities and analyzing the results with the help of modeling. The devices were so-called ‘n-i-p’
and ‘p-i-n’ ones, i.e., with compact TiO, and Spiro-OMeTAD as the n- and p-type contact layers,
and with PEDOT:PSS (poly(3,4-ethylenedioxythiophene) : polystyrene sulfonate) and PCBM
(phenyl-C61-butyric acid methyl ester) as the p and n-type contact layers, respectively, based
on whether the contact through which the cell is illuminated is the ‘n’ or the ‘p’ one. Our study
demonstrates how supposedly “hysteresis-free” p-i-n devices actually do show hysteresis in the
J-V curves, depending on the temperature and scan parameters, and we conclude that inter-
face-dependent ionic migration/accumulation, is the main cause for the observed hysteresis in

MAPbI; cells. By correlating between the scan rate and the temperature we also show that the



rate of ion migration at the interfaces of the perovskite layer is the rate-determining step and is
highly dependent on the -p or -n contact materials. Furthermore by analyzing the different
timescales in which hysteresis is observed in the n-i-p and p-i-n cells, we show that two differ-
ent effective diffusion coefficients for ion migration are obtained, which are associated to the
system as whole and not to the pure perovskite (which hereafter we refer to simply as the dif-
fusion coefficient), 10 and 10° cm? s for the n-i-p and p-i-n cells, respectively, suggesting
that although the different cell structures contain the same absorber material, the different

contact materials determine the rate of ion migration.

Experimental section
Sample preparation

FTO-coated glass sheets (7Q/sheet, Pilkington) were used as transparent electrode and sub-
strate. To obtain the required electrode pattern, FTO layer was etched with zinc powder and
2M HCI. The sheets were then washed with 2% Hellmanex in water, deionized water, acetone,

ethanol and iso-propanol, respectively followed by cleaning in oxygen plasma for 10 min.

p-i-n device: Precursor solutions for CH3NH3Pbl; were prepared separately by dissolving lead
iodide (Pbl,) in DMF (450 mg ml™), and MAI in isopropanol (50 mg ml™), respectively. The hole
transporting layer (~20 nm) was deposited from PEDOT:PSS (Al 4083, HERAEUS) solution on to
the patterned FTO sheets. The CH3NH3Pbl; perovskite layer was prepared following methods
described elsewhere.'” To form CHsNH;Pbls on a PEDOT:PSS layer, a Pbl, layer was first depos-
ited by spin-coating at 6000 rpm for 30s from its precursor solution, followed by drying at 70°C
for 5 min. Then a MAI layer was deposited on the dried Pbl, layer by spin coating at 6000 rpm
for 30 s from a precursor solution, followed by annealing in a N, glove box for 1 hour. The n-
type collection layer, PCBM, dissolved in dichlorobenzene, 2 wt% was spin-coated on top of the
perovskite layer, followed by spin-coating a buffer layer of bathocuproine (BCP) from its solu-
tion in isopropyl alcohol. Finally, devices were completed by thermal evaporation of silver (70

nm) as electrical contact.



n-i-p device: The patterned FTO sheets were coated with a TiO, compact layer (~¥80 nm) by
spin-coating using a titanium sol precursor at 2000 rpm for 1 min. The titanium sol precursor
was prepared by dropwise adding a solution of 350 uL of tetra-titaniumisopropoxide in 2.5 mL
of ethanol into a solution of 35 pL of 2M HCl solution in 2.5 mL of ethanol. The coated FTO sub-
strate was then heated to 300 °C for 20 min, then ramped up to 500 °C for 20 min. 38 wt% per-
ovskite precursor solutions were made by dissolving MAI and PbCl; (in a 3:1 molar ratio) in di-
methylformamide (DMF). Perovskite precursor solution was coated onto the FTO substrate with
a compact TiO, layer by a two-step spin-coating process i.e., at 1400 rpm and 3000 rpm for 20
and 15 s, respectively, under controlled 15-17 % relative humidity. The resultant thin film was
allowed to dry at room temperature for 15 min then at 70 °C for 10 min. The dried perovskite
film was annealed at 100 °C for 90 min and then at 120 °C for 15 min in a box oven. Spiro-
OMeTAD (2,2(7,7(-tetrakis-(N,N-di-pmethoxyphenylamine)9,9(-spirobifluorene))) was used as
hole transporting material. 98 mg of Spiro-OMeTAD was dissolved in 1 ml chlorobenzene along
with 10 ul of tert-butylpyridine and 32 pl of lithium bis(trifluoromethylsulfonyl)imide salt solu-
tion (170 mg ml™) in acetonitrile. An Ag metal contact layer was deposited as the top electrode

on the HTM layer by thermal evaporation.
Sample characterization

The electrical measurements were carried out in a cryogenic probe station (TTPX Lakeshore).
First the sample was placed at room temperature (RT) in a vacuum of ~2x10™ mbar, and then
the sample was cooled down to 200K, and kept at that temperature for 1 h for stabilization. J-V
curves were recorded by a Keithley 6430 sub-fA SourceMeter unit. The probe station was
equipped with micromanipulator probes using BeCu tips with a diameter of 3 um. J-V data were
recorded at 200 K, 240 K, 280 K and 320 K; at each temperature the sample was allowed to sta-
bilize for 1h prior to recording the J-V scans. Since studies have shown that the J-V curve of
these cells can be greatly influenced by the conditions prior to the measurement (voltage/light-
soaking),'® we wanted to avoid such pre-biasing effects, and performed all the measurements
under the same conditions, regardless of the order of the measurements. Therefore all the J-V
measurements were done in the following order — starting from higher to the low light intensi-

ty, in steps of 0.01 V for the 5, 50 and 300 mV sec™ scan rates and 0.1 V for the 1500 mV sec™



scan rate. The applied bias varied from -0.3 to 1.2 V and then back from 1.2V to -0.3 V. At high
negative bias our measurements indicate that irreversible degradation of the cells is occurring;
therefore, we chose to limit the reverse bias to -0.3V. At each temperature, starting from the
high to low light intensities, the sample was first allowed to reach equilibrium by illumination
for 60 s under open-circuit conditions; then the slowest scan was performed (5 mV sec™), fol-
lowed by another 60 s under illumination at open-circuit, then a faster scan was performed,

and this procedure was followed for each of the light intensities.

During the temperature-dependent measurements of the p-i-n devices the vacuum varied be-
tween 1x10™ to 1x10™ mbar. Illlumination was by a white light LED (no UV or IR emission). Illu-
mination intensities were equivalent to 0.60, 0.39 and 0.14 sun, i.e., lower than one sun equiva-
lent, and were calibrated using a Si solar cell. The illuminated area was 0.13 cm? for both types

of the studied solar cells.

Results

Figure 1 shows the comparison between the TiO, / MAPbIs; / Spiro-OMeTAD, ‘n-i-p’ device, and
the PEDOT:PSS / MAPbl3 / PCBM, ‘p-i-n’ device, at RT.
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Figure 1: J-V curves of the studied p-i-n cell (red) and n-i-p cell (black), measured under 60 mW cm’ light intensity

at a scan rate of 50 mVs™ at room temperature. Arrows indicate the scan directions.



As can be seen from Figure 1, there is essentially no hysteresis at RT for the p-i-n device in this

study, in agreement with previous reports,'>?° which showed that in this architecture, no hyste-

resis occurs at RT, while for the n-i-p devices hysteresis is observed mainly in the FF and slightly
in the Voc and Jsc.
1. Temperature dependence of the p-i-n cells

Figure 2 shows the J-V characteristics of the p-i-n cells in different temperatures, at a constant

scan rate of 50 mV s and 0.6 sun illumination.
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Figure 2: J-V curves of p-i-n device measured under light intensity of 60 mW cm” at a scan rate of 50 mVv st

dashed line represents the J-V curve taken after heating back up to 300K; arrows indicate the scan directions.
The results, shown in Figure 2 indicate that as the temperature is lowered, several changes oc-
cur:

(1) Voc increases, as expected from theory, and discussed further below.
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(2) The fill factor and Jsc decrease, due to decrease in shunt resistance with decreasing temper-
ature. The decrease in shunt resistance with decreasing temperature might be a result of en-
hanced recombination of charge carriers at the interfaces with the contacts. Such an increase
could be due to enhanced accumulation of ions at the interfaces as the temperature is lowered,
acting as recombination centers, an idea which will be further discussed later. The temperature
dependence of charge transport within the MAPbI; layer needs also to be considered, but be-
cause at low temperature both the carrier mobility and the lifetime of the perovskite increase %

this cannot explain the decrease in conductivity with decreasing temperature;

(3) No irreversible degradation is observed, and the cell performance returned to its original

performance after the 300 to 200 to 300 K temperature cycle (dashed black line).

(4) Hysteresis starts to appear, becoming more pronounced at low T, but disappears when the

temperature is raised back to 300 K.

We thus studied the effects of the temperature and scan rate and illumination intensity on the
extent of hysteresis observed in the J-V curves under illumination for the p-i-n devices and re-
sults are shown in Figure 3, which shows the J-V data measured at 200 K and 320 K (for the J-V
data between 240-280 K and intermediate light intensity, 39 mW cm?, see the Sl), for the stud-

ied p-i-n device.
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Figure 3: J-V curves of p-i-n device measured under low and higher light intensity (a, b: 14 mW cm? ;c, d: 60 mW
cm'z) and at different scan rates at 320K (a, c) and 200K (b, d); arrows in b and d indicate the scan directions.
In order to find a correlation between the hysteresis and scan rate/temperature, we chose to
guantify the hysteresis observed in Figure 3 in each of the curves in a comparable manner by

defining an empirical hysteresis factor (HF) as follows:

HE = |1 - et 1

AVoc—>]sc

where A denotes the area under the J-V curve for either the scan from Jsc to the V¢ (backward
scan) or the scan from the Vo to the Jsc (forward scan). We quantified the hysteresis in such a
way so as to reflect contributions from Voc AND Jsc AND the FF, instead of various existing

definitions in the literature™?* which use the current density at a specific voltage point.

1.2



Figure 4 illustrates the behavior of HF as a function of the scan rate, light intensity and temper-

ature.
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Figure 4: Hysteresis factor (HF, as defined is Equation (1), as a function of light intensity and temperature for scan
rates of 5 (a) 50 (b) 300 (c) and 1500 mV s (d). The color map indicates the value of the hysteresis factor ranging

from 0 (dark blue, no hysteresis) to 0.45 (red, maximum hysteresis) for the p-i-n device.

The main trends observed in Figure 4, are:

1. The hysteresis factor increases with increasing scan rate.

2. The hysteresis factor is higher for lower temperatures.

2. Temperature dependence of the n-i-p cells

Unlike the case with the p-i-n devices, when n-i-p devices are measured from 300 K down to
240 K, their performance not only degrades upon lowering the temperature, showing a pro-
nounced increase in series resistance, but also does not return to the initial state upon heating
back to RT (Figure S5). This indicates that an irreversible change occurred to one or more of the
layers/interfaces when measuring these cells between 300 and 240 K in vacuum, and this hin-
ders a systematic study of hysteresis in such devices as function of temperature over this tem-
perature range. Furthermore, when n-i-p cells are measured in vacuum without cooling (only
slight heating to 320 K), a pronounced degradation is observed (Fig. S6). These results suggest
that measuring the n-i-p cells in vacuum might de-dope the Spiro-OMeTAD layer by removal of

oxygen23 and, hence significantly lower its conductance and increase the series resistance, an
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explanation that requires further investigation, beyond the scope of this work. Thus, to study
the effect of temperature on the n-i-p cells, measurements were performed in a N, environ-
ment, over a limited temperature range, between 280 K (lower limit prior to ice formation on
the sample) and 330 K (upper limit, due to the phase change from tetragonal to cubic struc-
ture). If measurements were done in ambient air for prolonged duration ( > 15 min) at slightly

elevated temperatures, substantial degradation was observed, as shown in Figure S7).

Figure 5a shows the J-V curves of the n-i-p device, between 280 K to 330 K, under ~0.6 AM1.5
equivalent illumination in an N, environment, with 50 mVs ™ scan rate. The effect of the scan

rate at different temperatures is shown in Figures 5b-d.
The following trends are observed from Figure 5:

(1) Voc increases with decreasing temperature, as for p-i-n cells, as expected from the general

diode model and discussed further below.

(2) Hysteresis is largest at the lowest temperature, 280 K, and decreases with increasing tem-

perature.
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Figure 5: J-V curves of n-i-p device measured under 60 mW cm? light intensity at different temperatures at a scan

rate of 50 mV's™ (a) and at different scan rates at 330 K (b), 310 K (c) and 280 K (d); arrows in b, ¢ and d indicate

the scan directions.

As can be seen from Figure 5b-d, the effect of scan rate and temperature in n-i-p cells is more

complex than in p-i-n ones, and in order to better observe the interplay between the scan rate

and temperature, the corresponding HF maps, as shown in Fig. 4 for the p-i-n cells, are plotted

in Figure 6.
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Figure 6: Hysteresis factor (HF, as defined is Equation (1)) for n-i-p devices as a function of light intensity and tem-

perature for scan rates of 50 (a) 300 (b) and 1500 mV s (c). The color map indicates the value of the hysteresis

factor ranging from 0.05 (least hysteresis) to 0.60 (red, maximum hysteresis). See also Fig. S9 in the Suppl. info. for

more detailed 2-D plots for each of the scan rates.
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Although the temperature range used to study the n-i-p cells (60 K) is narrower than that used
for the p-i-n ones (120 K), it can already be seen from figure 6 that the temperature depend-
ence of the HF is stronger for the n-i-p cells, which suggests that in this case the temperature-

activated process, which is the cause for the hysteresis, has a significantly higher activation en-

ergy, E,, than in the p-i-n case. We also note that there is little dependence of the HF on the
light intensity in the range of scan rates and temperature that we could access and we cannot
exclude that stronger effects may occur if the light intensity is varied over several orders of

magnitude.

Hysteresis was also observed in the dark J-V characteristics of the p-i-n and n-i-p cells under
certain scan conditions. While for the n-i-p cells no clear trend with temperature or scan rate
was found (Figure S13), for the p-i-n cells, the extent of hysteresis increased with decreasing
temperature, roughly similar to the trend observed in Figure 4 (although no obvious trend with
scan rate was found), as shown in Figs. S11-S12. These results indicate that the presence of

photogenerated e-h pairs in the device is not a necessary condition for hysteresis
3. Modelling results

A numerical model was used to simulate the effect of temperature on the J-V hysteresis in hal-

ide perovskite solar cells. While temperature will affect ion mobility in a rather straightforward

—Ea
manner (i.e., increase of ion mobility, i, with increasing temperature, 4 « e 7 ), changes in the

extent of hysteresis due to temperature-dependent trapping is a more complicated process,
and we thus used numerical modelling to help identify such effects.

Basically, the model describes generation, recombination, transport, trapping, injection and ex-
traction of electronic and ionic carriers in a full perovskite solar cell. More details on this model
can be found in the Supporting information. Simulations were performed similarly to those re-
ported in Ref.”* where it was shown that hysteresis originates from the combination of both bi-
as-dependant ion redistribution that depends on the bias history of the cell, and charge trap-
ping at the interfaces. The ion distribution affects the spatial distribution of free carriers by its

25,26

effects on the electrostatic potential landscape*”. The redistribution of free carriers leads to

changes in the trapped carrier densities near the perovskite interface(s). The non-radiative re-

12



combination rate at recombination centres near the perovskite interface(s) is proportional to
the trapped carrier densities of both signs. Thus, overall, the ion distribution affects the non-
radiative recombination rate(s) near the perovskite interface(s), as well as the charge injec-
tion/extraction rate as it depends on the energy barrier that needs to be overcome at the inter-
faces, the combined result of which leads to the appearance of hysteresis in the J-V curve.

To model temperature effects due only to traps, (ion transport was not modelled due to exces-
sively long calculation times, thus ions and traps were independent of each other) on hysteresis
in perovskite solar cells, devices were first allowed to stabilize (i.e., reach “steady state”) at ei-
ther Viabiized = 0.0 V or 1.2 V. During this time, ions were allowed to move by setting their mo-
bility at 10 em?v's™. This high value has no further effect on the calculations and was used to
speed up calculations (and is still orders of magnitude lower than the slowest electronic pro-
cess). The ion transport was allowed to reach steady-state, indicated by the ion current density
approaching zero, thus simulating the case of a very slow (<< 1mV s™) J-V sweep. Note that af-
ter steady-state conditions are reached, the ion distribution is independent of ion mobility as
ion drift and diffusion, both of which are proportional to the ion mobility, are then in equilibri-
um. Furthermore, the ion densities only vary by maximally 10 % for the temperature range used
here, independent of ion mobility, indicating no significant difference in ion density for the dif-
ferent temperatures. After reaching steady-state, the ion mobility was set to zero and a homo-
geneous electronic charge carrier generation rate (G) was applied to the perovskite layer, re-
sulting in approximately 1 sun generation rate in total. Then the bias voltage was swept to rec-
ord I-V characteristics, which are plotted in Figure 7a. These characteristics were calculated at 5
different temperatures, i.e., T (K) = 200, 250, 300, 325, 350 for Viabiized (V) = 0.0 and 1.2. In
these simulations, no temperature effects related to ion motion are possible as the ions are
fixed. Therefore these results only show the temperature effects related to other processes.
Note that performing the simulations at two different calculation steps, as outlined above, i.e.,
imposing the constraint of not allowing both ions and electronic charge carrier to move simul-
taneously during voltage scans, will have a moderate effect on the final result, and further-
more, from the practical point of view, such simulations will require extremely long calculation

times.
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The results show clear hysteresis effects that depend on the temperature. At higher tempera-

tures, the hysteresis loops are observed to shrink and V. is also reduced.

The dependence on temperature can be rationalized by a temperature-dependent detrapping
rate of trapped carriers at the interface between the perovskite and the electron extraction
layer, taken to be proportional to exp(-qEi/kT), where E; is the interfacial trap energy (which is
interpreted as a theoretical activation energy). Figure 7a shows the temperature dependence
of the hysteresis when the trap depth is set at 0.2 eV, demonstrating that the hysteresis in-
creases as the temperature decreases due to a decreased de-trapping rate. Modelling the hys-
teresis for various trap depths in the perovskite (Figure 7b) shows that hysteresis is enhanced
by deeper trap depths. The results in Figure 7a and b, taken together, show that the largest hys-
teresis effect is obtained when the detrapping rate (~exp(-Ei/kT)) is as low as possible, either by
reducing the temperature or increasing the trapping energy, E;. We note that the large temper-
ature effect shown in Figure 7a would not be present for larger trap energies as the detrapping
rate will rapidly become negligible with increasing E;, as shown in Figure 7c. Already for a 0.1
eV larger trap depth, i.e., E; = 0.3 eV, the detrapping rate decreases ~ 60 x at 300K (exp(-0.1/kT).

Thus, our model suggests weaker temperature dependence of the HF as the trap depth in-

creases.
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Figure 7: J-V characteristics of modelled halide perovskite solar cells at G = 2.5 nm?s? for a) varying temperature
and 0.2 eV trap depth and b) different trap depth energies at 300 K. c) varying temperature and 0.5 eV trap depth;

The value of Vwiized is indicated for the corresponding characteristics in (a,c).

Discussion

The experimental results in Figures 3-6 demonstrating the interplay between hysteresis, scan
rate and temperature, both for the n-i-p and p-i-n devices, show that hysteresis in the J-V curve
for a device containing MAPbI3 is highly dependent on the J-V scan conditions. Tress et al.
showed that the hysteresis in n-i-p devices (comprising TiO, and Spiro-OMeTAD as the n and p
contact layers, respectively), increases with increasing scan rate at RT,'® as observed in Figure 3
for the p-i-n device, and in Figure 5b for the n-i-p device. They concluded that the main reason
for this phenomenon is a so-called "slow" process, probably ion migration, which does not fol-
low the change in applied voltage when high scan rates are employed. Further suggestive evi-
dence for ion migration was provided by Beilsten-Edmands et.al’, Yang et al.”> and Eames et
al.*, who claimed that iodide vacancies are mobile in the perovskite and can move in an elec-
tric field. This ion movement could lead to build-up of ions near the contacts under the influ-
ence of an electric field (by the internal built-in field or by an external applied bias). It has been
well-established by Riess et. al. in a series of papers over the past decades that show how such

27-29

ion build-up will alter the electric field within the device. Depending on the direction of the

15



change, this can improve the charge collection efficiency when scanning from Voc to Jsc com-
pared to the scan from Jsc to V¢, as seen from Figures 3 and 5 and agrees well with previous
findings.14 The result is hysteresis in the J-V curves, which is mainly expressed via the FF and the
Jsc. Recently Bryant et al.?? showed that by measuring p-i-n cells at low temperatures, one can
also see the emergence of hysteresis in the J-V curves upon cooling, as we also observe in this
study. Charge trapping at one of the MAPbI; interfaces was also suggested to cause hysteresis

in the J-V curves via non-radiative trap-assisted recombination®®>!

, and the expected effect of
the trap depth (energy) according to our model is shown in Figure 7b. The temperature de-

pendence of the trap population will lead to enhanced hysteresis for reduced temperature.

While for the p-i-n device, hysteresis clearly increases with increasing scan rate, or reduced T, in
the n-i-p device the results shown in Figures 5-6 suggest that there are two ways to decrease
hysteresis in the J-V curves: (1) scanning at a low scan rate (< 50 mV s™) at high T, or (2) scan-
ning at very high scan rates (> 1500 mV s) at low T. This observation suggests that under the
conditions of (1), the slow process, which is accelerated due to the elevated temperature, can
follow the relatively low scan rate better than at lower T, leading to less hysteresis, while under
the conditions of (2), the slow process is decelerated due to the lower temperature, and thus at
high scan rates almost cannot follow at all, leading again to less hysteresis. These considera-
tions lead to the conclusion that there should be some intermediate scan rate/temperature
conditions for which maximum hysteresis is observed. Therefore our experimental results, in
which the effects of scan rate and trapping-de-trapping kinetics of charge carriers are coupled
to one another and cannot be separated, show more hysteretic effects than those predicted by

the simulations (which exclude ion motion during the J-V scan).

This rationalization suggests plotting HF as a function of only one variable that contains both
the scan rate and the temperature. Such a variable, R, can be defined empirically and to a first

order approximation, as the ratio between the scan rate and the response rate of the system

Scan rate

(system response rate): R =
System respone rate
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A schematic illustration of the expected behavior of HF as a function of R is shown in Figure 8:

Scan rate << Scan rate = Scan rate >>

System System System
response rate responserate responserate

Scanrate

R
System response rate

Figure 8: Schematic illustration of the HF (for either p-i-n or n-i-p cells) as a function of R, defined as the ratio be-

tween the scan rate to the response rate of the system

Each point on the X axis of Figure 8 represents both a scan rate and a temperature, which will
determine the extent of the observed hysteresis in the J-V curve (HF value). Qualitatively, one
can see from the HF maps of the p-i-n (Figure 4) and n-i-p (Figure 6) devices that in the n-i-p de-
vice, all the 3 regimes depicted in Figure 8 are observed experimentally, while for the p-i-n de-
vice, only the left and center parts are observed. In order to quantitatively plot HF(R), an ex-
pression is needed for the slow process rate, and as a first order approximation, one can take

the rate of the rate-limiting step (slowest process occurring) to have an Arrhenius-like

_Ea
form: k < e kT, where E, is the activation energy for the system response rate. To estimate the
activation energy, which, based on the different temperature dependences of the p-i-n and n-i-
p devices, differs between them, one can use the scan rate as an effective rate, which defines

the rate “imposed” on the system.
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Since in the J-V scan we are measuring the current at every voltage point, we can start observ-
ing hysteresis when the response time of the “slow” process, whatever its nature, does not
keep up with the voltage scan rate. In order to monitor the extent of the hysteresis in a system-
atic manner we changed (experimentally) both the scan rate and the temperature in such a way
that a time lag would occur between the voltage sweep and the response of the sample, i.e. by
measuring at a very high scan rate (1500 mV s in our case), during which the system does not
reach voltage-current steady state, or by slowing the slow process by lowering the tempera-
ture. The fact that at a scan rate of 5 mV s we do not see hysteresis in the studied tempera-
ture/light intensity range for the p-i-n case, suggests that at this scan rate, the system reaches a
steady state for every measured point, even at 200 K, and the time to reach this “steady state”
can be estimated to be between 10 mV / (5 mV s ) = 2s (typical voltage step, lower limit) to
3000 mV / (5 mV s*) = 10 minutes (entire voltage range, upper limit). This demonstrates that
the so-called “slow process” is occurring on a timescale of a few seconds to minutes, much
slower than electronic conduction and recombination processes (<us), as observed by oth-

18,32,33,34

ers . Because ionic migration is highly temperature dependent, our results are con-

sistent with the hypothesis (cf., for example, ***>%

) that such migration is necessary for the ob-
served hysteresis in MAPbI; cells, and is the rate-limiting step in the process. At higher scan
rates, when the dwell time at each voltage (which we calculate by dividing the voltage step — 10
mV, by the scan rate) is less, i.e., 200, 33 and 6.7 ms for the 50, 300 and 1500 mV st scans, re-
spectively, it is less likely that the system will reach steady-state before taking the next current
measurement at the next voltage point. This rationalization allows us to estimate an activation
energy required to reach the steady-state for a given scan rate in the p-i-n device. If we take the
scan rate and consider it an “effective rate” by which the system reaches steady-state, we
would expect that at every effective rate (scan rate), there will be a different temperature on-
set at which hysteresis will begin to appear (HF increasing from 0 to 0.05), which can be seen as
the transitions from dark blue to blue in Figure 4 for each of the scan rates. We see that this
transition is reached at higher temperatures as the scan rate increases, reaching nearly 310 K at
the highest scan rate of 1500 mV s (roughly similar for all light intensities +10 K). Thus, by

plotting the logarithm of the scan rate (effective rate) vs. 1/kT, where T is the observed tem-
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perature for the transition to HF = 0.05 (since the HF was found to be weakly dependent on the
light intensity, the value was taken at the maximum light intensity used, 60 mW cm™, to be a
close as possible to 1 sun illumination), we can experimentally extract an activation energy, E,,
of the slow process for the p-i-n devices. Note that we estimate the error for the transition
temperature to HF = 0.05 from Figure 4, to be £ 10 K, which takes into account the deviation
from an abrupt transition between the regions).

Because the same exercise cannot be performed for the n-i-p device, as the HF was larger than
0.05 at all the different scan rates studied, instead, the common value of HF for the 3 scan rates
used can be the maximum point of the observed hysteresis at each scan rate at the maximum
light intensity used, 60 mW cm (for more details see SI, page 8). Then for the n-i-p device, the
slope of a plot of the logarithm of the scan rate vs. (kT)™, where T is the temperature at which
HF reaches the maximum for each scan rate in Figure 6a-c, (using the contour lines in Figure S8)
we estimate the maxima to be at 280 K, 300 K and 325 K, for 50, 300 and 1500 mV s, respec-
tively, with an estimated error of 5 K) will yield the corresponding Ex. Figure 9 shows the re-
sulting activation energies for both types of devices, yielding Ex = 0.28+0.04 eV and 0.59+0.09

eV for the p-i-n and n-i-p devices, respectively.
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Figure 9: Semi-log plot of scan rate vs. (kT)'l and the corresponding experimentally derived activation energies, E .
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HF

scan rate . .
—F,— even slight changes of Ex will

e kT

Since R (cf. Fig. 8) is an exponential function of Eo, R =

induce order-of-magnitude changes in the values of R. If R is indeed the variable that will solely
determine the extent of the observed hysteresis, all HF values obtained for the different scan
rates should fall on the same curve, which should have a peak shape (i.e. Gaussian), as shown in
Figure 8. Thus, another method for extracting Ex will be to find the value of E for the p-i-n and
n-i-p devices that will yield the best fit to a Gaussian curve, having all scan rates on the same
plot. We find that by plotting HF as a function of log(R), rather than (R), using the obtained acti-
vation energies from Figure 9 can indeed yield a Gaussian shaped curve, as shown in Figure 10.
The physical origin for the log(R) dependence requires future study. The reason for the relative-
ly low HF values in the 300 mV s scan rate close to the maximum for the n-i-p cell remains un-
clear, and this discrepancy might be resolved using more sophisticated definition of the HF, be-
yond the scope of the present analysis. Using other values for the activation energy results in

poor fitting of the HF(R) curves to a Gaussian, as shown in Figure S10.
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Figure 10: Semi-log plot of HF as function R (cf. Fig. 8) for the n-i-p (a) and p-i-n devices (b), showing the different

scan rates: 5mV's™ (squares), 50 mVs? (circles), 300 mvs? (diamonds) and 1500 mV st (triangles).
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The main difference between the n-i-p and p-i-n devices is visualized nicely in Figure 10: for the
n-i-p case, reaching low HF values could be obtained experimentally by using R values either far
below the peak, i.e. R = 10 (low scan rate and high T) or far above the peak, R = 10'* (high scan
rate and low T), while for the p-i-n case, only the R values below the peak, positioned at R =
5*%10°, were observed experimentally. Furthermore, Figure 10 allows us to predict important
scan parameters, i.e., for the n-i-p device, the scan rate in which a nearly hysteresis-free J-V
curve should be observed at RT, using the value of R = 10° yields a scan rate of ~1 mV s, slow
enough for the slow process to follow completely the scan rate. Using the other extreme value
of R = 10" yields ~100 V s, fast enough so that the slow process will not cause any significant
changes to the system during the scan and is also in good agreement with the result observed
by Tress et al.'®. Alternatively, using a typical scan rate of 50 mV s, the temperature at which a
hysteresis free J-V curve should be observed will be either above 373 K for R = 10° a tempera-
ture which is high enough for accelerating the slow process enough to follow the scan rate, or
below 220 K for R = 10", decelerating the slow process so that no significant change will occur
in the system during the scan. For the p-i-n device, Figure 10b allows to predict from which
temperature a hysteresis-free J-V curve will be observed above the peak (located at R = 5*10°).
Taking a typical scan rate of 50 mV st and using the right extreme value of R = 10* yields ~140
K, or 160 K for the highest scan rate used in this study (1500 mV s), 40 K below the lowest
temperature at which the p-i-n device was measured (where maximum hysteresis was ob-
served). Furthermore, using the observed peak position, the scan rate at which hysteresis will
be at its maximum at RT can be calculated for the p-i-n cells. Using R = 5*10° and T=300 K yields

a scan rate of ~10° mV s™.

There are three possibilities to describe the slow process, to which the above-calculated activa-

tion energy is attributed, in the p-i-n or n-i-p cell:

(1) drift / diffusion of ionic species within the perovskite layer;

(2) de-trapping of charge carriers from trap states close to the conduction band maximum
(CBM) at the interface with the n-type layer and/or close to the valence band minimum VBM at

the interface with the p-type layer;
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(3) drift / diffusion of ionic species from the perovskite layer across/into the n or p interfaces.

While there is still much controversy regarding the physical process, to which the observed ac-

tivation energy, E,, should be attributed, our study shows that E,4 for the slow process can vary

greatly even in the same laboratory under the same measurement conditions for different de-

vice architectures. E4 values between 0.1 to 0.7 eV have been reported in the literature, as can

be seen in table 1.

TABLE 1: Summary of reported values of the activation energy, E,, for the slow process in

MAPbIs-based device configurations

36

0.36 Lateral de- Photothermal-induced reso- Electromigration of
vice nance (PTIR) microscopy MA ions
0.39-0.43 | Large pellets Electrical conductivity lonic conductivity 1> 37
0.50+0.02 p-i-n cell Thermally simulated current Deep traps in the 38
[TsC] perovskite film
0.24, 0.66 n-i-p cell Temperature dependent Ca- | Trap states below the 39
pacitance-frequency meas- | CBM in the perovskite
urements film
0.12 p-i-n cell Chronoamperometry Not mentioned 22
0.60 n-i-p cell Chronoamperometry lodide vacancy migra- 14
tion
0.42+0.09 n-i-p cell Chronoamperometry lodide defect migra- 40
tion
0.28 - Calculation Migration of MA" ions 4
0.29 - Calculation Migration of H" ions 42
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Both values of the activation energies in this study fall within the reported range of the values
listed in table 1. Interestingly, the measured value of E, = 0.28+0.04 eV for the p-i-n devices is in
excellent agreement with the calculated values of 0.28 eV for the defect migration of MA"
ions* or 0.29 eV for H" migration,*” and is also quite close to the experimentally observed val-
ue of 0.36 eV attributed to MA" defect migration, derived from photothermal-induced reso-
nance (PTIR) microscopy. The fact that the activation energy in the n-i-p device is higher than in
the p-i-n device also agrees with the reported values, measured using chronoamperometry
14,2240 Relating the activation energy to option (1) above implies that the crystallization of the
MAPbI; layer on TiO, and PEDOT:PSS is remarkably different, leading to such different mor-
phologies that will affect the energy required for ion migration within the MAPDbI; layer. This is
quite unlikely, and was also ruled out recently by Kim et al., who observed that although the
morphology of the perovskite film is dependent on the underlying substrate, the hysteresis in
the J-V curves remains similar, irrespective of the morphology of the perovskite film deposited
on the different substrates'?. Option (2) implies that the measured activation energy is related
to the de-trapping rate of charges at one of the interfaces. We exclude this option due to the
fact that if the trap energy is indeed ~0.6 eV below the CBM for the n-i-p case, our simulations
(Figure 7c) show that in the studied temperature range (280-330K) such deep traps will be near-
ly full, and the de-trapping rate will be negligible.

Option (3) requires different rates of permeabilities across (if they are permeable at all) and/or
accumulation of ions at one or both of the interfaces. These rates should depend on the differ-
ent permeabilities/reactivities of the n or p contact layers to/with the migrating ions. In the
case of the p-i-n device, both the n- and p-type contact layers are comprised of non- or at best
semi-crystalline, low density organic materials, PCBM and PEDOT:PSS, compared to the n-i-p
device in which only the p-type layer, Spiro-OMETAD, is such an organic, while the n-type layer
is the denser inorganic, TiO,. Since it is known that organic semiconductors can be easily doped
using even large ions, It is possible that MA" or |” ions from the perovskite layer can dif-
fuse/migrate into the organic layers (PCBM or PEDOT:PSS) depending on the permeability of
that layer to the specific ion, as recently suggested by De Bastiani et al.”® This possibility, which

awaits actual experimental proof, in turn, can limit accumulation of excess ions at the interfaces
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and any resulting trap formation due to this excess, thus limiting interfacial recombination.
However, in the n-i-p case, ions might accumulate near the TiO, interface due to the expected
lower permeability of TiO, compared to organic contact materials. Such accumulation would
change the electrostatic potential profiles at the interfaces and affect trap formation, leading to

hysteresis, which is already observed at RT for devices containing Tio, oM

. At lower tempera-
tures the permeability of the organic layers in the p-i-n device to ionic species will probably be
lower than at RT, leading to more ion accumulation as the temperature is lowered. Once ions
are accumulated at a certain interface, for example I ions at the interface with —n type layer
and MA" ions at the interface with the —p type layer, they will form electrostatic traps for the
counter charge carriers — i.e. holes will be trapped by I ions, and electrons will be trapped by
MA" ions, resulting in hysteresis at low temperature. It is important to note that the tempera-
ture dependence observed in the simulations can still be present in the experiments, but, if the
experimental results are dominated by ion migration effects then the temperature dependence

of detrapping cannot be measured separately by our experiments, and is a subject of future

study.

To estimate the effective rate of diffusion of the migrating ion in the n-i-p or p-i-n cells, we use
the 1-D diffusion approximation: L = v/Dt, where D is the diffusion coefficient, L the diffusion
length and 7 the diffusion time, which we will now estimate and compare to the dwell time at
each step during the J-V scan. We then use 71 to get a rate, which we take as the rate that de-
termines the system response. We consider the following two scenarios: (1) the diffusing ion
moves throughout the entire perovskite layer, i.e. L ~ 300 nm (typical absorber layer width in
solar cells, made with MAPbIs); (2) the diffusing ion moves across the interface, i.e., L ~ 3 nm,
while using D values that were deduced/estimated in the literature, which are ~10% " and ~10

1214 cm? st the resulting T for each of the cases is shown in the table below:

24



TABLE 2: Estimated system response rates based on 1-D diffusion approximation

D [cm®s™] 10°® 10°® 10" 10"
L [nm] 300 3 300 3
T [sec] 0.09 0.000009 | 900 0.09
T1[s] ~10 ~10° ~10° ~10

For the n-i-p cells, in the J-V scan, the relevant timescale to observe hysteresis in the studied
scan rates is between 0.01-0.2 sec (calculated by dividing the voltage step (10mV) by the scan
rate (1500mV s or 50mV s*); based on table 2, option (1) —diffusion through the entire perov-
skite layer with D~10® cm? s™%, or option (4) — diffusion only through the interface with D~10*
cm? s, are the only relevant cases for which hysteresis will be observed in the J-V scans. How-
ever, option (1) is excluded, because if this were the case the activation energies for the n-i-p
and p-i-n cells should be very similar to identical. This leaves option (4), i.e., the rate-
determining step is diffusion across the interface, with D~10™"2 cm? s™ for the n-i-p cells, sup-
porting our earlier conclusion of the critical role of the interfaces. This value agrees with the

one that was calculated by Eames et al.**, but is different from that deduced by Yang et al.”®

The latter used large pellets between carbon contacts, i.e., without any —n or —p contact layers.

For the p-i-n cells, the relevant timescale to observe hysteresis at RT can be estimated using the
calculated scan rate from Figure 10b, which was found to be 10° mV s™, leading to a timescale
of ~0.1msec. Using this value to calculate the diffusion coefficient yields D~10° cm? s for these
cells, 3 orders of magnitudes higher than that estimated for the n-i-p cells. Interestingly, this
value is quite close to that obtained by Yang et al.”® (2.4*10® cm? s), from experiments with
Carbon-based electrodes. Such electrodes may have permeability for the migrating ions from
the halide perovskite, roughly comparable to the organic PCBM and/or PEDOT-PSS contact lay-

ers that we used in the p-i-n cell.

One of the most striking differences between the observed hysteresis in the p-i-n devices com-

pared to the n-i-p ones is the lack of hysteresis in the Voc in the p-i-n devices. Our simulation
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results in Figure 7b show that hysteresis in Voc is only observed for relatively strong hysteresis
effects, i.e. for trap depths > 0.3 eV. Comparing Figure 7b with the experimental results sug-
gests relatively deep trap states are present in the n-i-p cell as opposed to the p-i-n one, leading

to much stronger hysteresis in general in the n-i-p cells.

The fact that for the p-i-n cells, Voc shows very little dependence on scan direction or scan rate
due to the very small hysteresis observed in this parameter, allows us to analyze the tempera-
ture dependence of the V¢ of a fresh p-i-n cell down to 80 K in a systematic way. Such analysis
can provide details on the recombination mechanism that occurs in the solar cell, and has been
used previously to this end for CdTe, CIGS, a-Si and other types of thin film solar cells*** As a
reference point we used a “state of the art” GaAs solar cell (28% eff., NREL) and its V¢ depend-

ence on T is shown in the inset of Figure 6:

——— ——— ———— T ———————
1.6 4 . 1.44... 4
p-i-n MAPbI_ | GaAs
[ : . Z Illl.ihl..

AN o 1.24 “u., i

15 " ~::\ o ..

\::x > -..."l

1.4 4 e 101 T
< T 0 50 100 150 200 250 300
8 1.3 4 ‘:\. TIK] -
> 4 . 1
1.2 - O -

2 N
n.t
1.04 ® 3 mw-cm? ‘e i
' A 39mw-cm?
0 50 100 150 200 250 300 350

TIK]

Figure 11: Voc as a function of temperature for a fresh p-i-n cell at 31 mW cm” (black circles) and 39 mW cm (blue
triangles). Inset: Voc as a function of temperature for a state of the art (28% efficient) GaAs cell (red squares, at 60

mW c¢m” illumination intensity).
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The temperature dependence of Voc shows the expected increase of the Voc as the tempera-
ture is lowered*® with a temperature coefficient of close to 2 mV K, a typical value for photo-
voltaic cells (see Table 3 below). When approaching 200 K, the Vqc slightly deviates from the
trend, and seems to saturate at a maximum value around 1.15 V; this saturation will be dis-

cussed below.

In the ideal case (neglecting series and shunt resistance effects), when extrapolating to 0 K, the
Voc should reach an Eg/e value which, at room temperature, is ~1.6 V for MAPbI33 (the band
gap decreases only slightly upon cooling through the phase transition from tetragonal to ortho-
rhombic phase47), based on Equation (2):*®

Voc = 20 _ n_kT(ln ]S_OD (2)

e e JF

where n is the diode ideality factor, Jsq is the reverse saturation current and J is the photocur-
rent. As can be seen from the inset of Figure 11, the temperature dependence of the studied
GaAs cell obeys Equation (2), and by extrapolating the Voc to 7=0 K, we get Voc = 1.40 V in good
agreement with the (RT) bandgap of GaAs which is 1.42 eV, suggesting very minor interfacial
recombination.*” This result implies that the dominant recombination mechanism occurs in

4649 as expected for such an efficient GaAs solar

the space charge region of the absorber layer,
cell (we also note that even at T=80 K, when performing the J-V scan at the highest scan rate
tested of 1.5 V sec’’, no hysteresis was detected for the GaAs cell). If we repeat the same exer-
cise for the MAPDbI; p-i-n cell, while ignoring the points below 225 K (discussed later), we obtain
a value of 1.55 + 0.01 eV, which agrees well with the experimental band gap and with a very
recent result obtained for a mesoscopic MAPbI; cell (which showed hardly any hysteresis) by
Leong et al.>°, and resembles the result of the GaAs cell, also suggesting that the dominant re-
combination mechanism occurs in the space charge region of the absorber layer. In our case
this could be the entire MAPbI; layer since it has been shown that for good MAPbI; cells the
MAPblI; is nearly intrinsic.* Such low interfacial recombination suggests very low trap density at
the interfaces, or the existence of very shallow traps in the case of the p-i-n device. This might

explain why hysteresis in these devices does not appear at RT, but, rather, at low T, where de-

trapping of charges at the interface is less efficient, and why there is little if any hysteresis in
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the Voc for the p-i-n devices in this study. However, we also note that if all recombination was
absent at the heterojunctions, as well as within the absorber space charge region (SRH recom-
bination), we would expect the luminescence efficiency of these devices to be very high, and
the open-circuit voltage to approach 1.25 V at room temperature.>! Since this is not the case?,

we expect there still to be recombination at the heterojunctions, but not via deep trap states.

The observed saturation of the Vgc at 200 K can be rationalized as follows: Even in the absence
of a significant density of trap states, the system can reach the maximum splitting of the quasi-
Fermi levels upon illumination (i.e., the Voc limit), because the built-in potential of the device
will be dictated by the band gap, doping density and Fermi level positions at the contacts of the
MAPbIs. When this limit is reached, the system will not anymore follow Equation (2). This can
be confirmed by analyzing the saturation of the Voc as a function of illumination intensity and
temperature (Fig S8), and it can be seen that at higher light intensities, the saturation tempera-
ture is shifted to higher values without changing the saturation value of the Voc, thus confirm-
ing that we have reached the maximum quasi-Fermi level splitting which is limited by the con-

tact materials.

Another important parameter which can be extracted from Figure 11, when a well-behaved
temperature dependence of the V¢ is observed as is the case here, is the temperature coeffi-
cient of the cells, which is determined from the slope (averaged over 3 different p-i-n cells), and

is found to be -1.7+0.4 mV K, and is compared to other types of solar cells in Table 3:

TABLE 3: Dependence of Ve on temperature for several types of solar cells

CIGS -2.0to-3.3 53
Crystalline Si p-n junction -19to-2.5 54
CdTe -2.1to-2.2 55
Solid-state dye-sensitized -1.4 56
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TiO,:SpiroMeOTAD

Bulk-heterojunction organic

-0.6t0-0.7 >
P3HT:PCBM
p-i-n MAPbI; -1.3 to-2.1 This study
GaAs -1.6 to-1.7 This study

Although the p and n contact layers in the MAPbI; cells in this study are materials which are
used for organic solar cells (PEDOT:PSS and PCBM), it can be seen that the temperature coeffi-
cient of the p-i-n perovskite solar cells is much larger than that of organic BHJ (bulk-
heterojunction) cells (-0.6 to -0.7mV k™), and similar to that of other inorganic solar cells such
as GaAs, CIGS, Si and CdTe cells, suggesting that the working mechanism of the p-i-n devices is

similar in nature to that of other thin film crystalline solar cells.
Conclusions

In summary, by performing a detailed study on the effect of the scan rate, temperature and
light intensity on the J-V characteristics of MAPbIs-based solar cells, we were able to conclude
that hysteresis can be observed for p-i-n, PEDOT:PSS / MAPbl; / PCBM devices under specific
working conditions. We deduce that ion migration at the interfaces of the perovskite layer is
the rate-determining step in both n-i-p and p-i-n devices, and the rate of such migration is high-
ly dependent on the contacting materials, thus leading to different activation energies between
the two types of solar cells. We also stress that the main differences between the n-i-p and the
p-i-n devices originate from the different contact materials, organic non- or semicrystalline ver-
sus more crystalline and denser inorganic oxide, rather than the configuration of the device. We
conclude that controlling the interfaces using different -p or -n contact materials can suppress
the observable hysteresis at a certain scan rate or temperature, as many studies have shown.
However, the main cause for hysteresis will remain due to the presence of mobile ions within

the MAPBI; layer. Thus any device that contains MAPbI3 is prone to hysteresis in the J-V curve,

29




and the contacting materials will only determine at which scan parameters the hysteresis in the

J-V curve will be observed experimentally.

Our results can be understood by connecting the emergence of hysteresis to the different per-
meabilities to mobile ionic species in the MAPbI; into the -n and -p contact layers of the devic-
es, with different ionic diffusion coefficients that depend on the contact material, an idea that
requires further research, yet already explains the wide spread of reported activation energies
and diffusion coefficients for MAPbIs-based devices. In any cases, our findings imply that the
combination of PCBM and PEDOT:PSS contact layers generates superior electronic interfaces
compared to that of TiO, and Spiro ones, suggesting less limitations on the V¢ in such devices,
and the potential to induce a larger built-in field which might also improve other types of cells

such as ones based on CsPbBr; and MAPbBrs;.

Acknowledgements:

We thank the Leona M. and Harry B. Helmsley Charitable Trust, the UK-Weizmann fund, Israel
Ministry of Science and the Israel National Nano-Initiative for partial support. PKN thanks the
European Commission for Marie Sktodowska-Curie actions individual fellowship, MSCA-IF (REA
grant number: 653184-MPerS) and SM thanks VATAT Program for Fellowships. The authors
thank Prof. D. Friedman (NREL), for providing GaAs solar cells. David Cahen holds the Schaefer

chair in Energy Research.

Supporting Information Available: Including the J-V curves of p-i-n cells under intermediate

light intensities and temperatures, the J-V curves of n-i-p cells under different environments,
details on the HF maps of n-i-p cells, dark curves for both the n-i-p and p-i-n cells and detailed

description of the Modelling section.

30



References

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

Berry, J.; Buonassisi, T.; Egger, D. a.; Hodes, G.; Kronik, L.; Loo, Y.-L.; Lubomirsky, I.;
Marder, S. R.; Mastai, Y.; Miller, J. S.; et al. Hybrid Organic-Inorganic Perovskites (HOIPs):
Opportunities and Challenges. Adv. Mater. 2015, 27, 5102-5112.

Hodes, G.; Cahen, D. Photovoltaics: Perovskite Cells Roll Forward. Nat. Photonics 2014, 8,
87-88.

Jung, H. S.; Park, N. G. Perovskite Solar Cells: From Materials to Devices. Small 2014, 11,
10-25.

Edri, E.; Kirmayer, S.; Mukhopadhyay, S.; Gartsman, K.; Hodes, G.; Cahen, D. Elucidating
the Charge Carrier Separation and Working Mechanism of CH3NH3Pbl(3-x)Cl(x)
Perovskite Solar Cells. Nat. Commun. 2014, 5, 3461.

Frost, J. M.; Butler, K. T.; Walsh, A. Molecular Ferroelectric Contributions to Anomalous
Hysteresis in Hybrid Perovskite Solar Cells. APL Mater. 2014, 2, 081506.

Wei, J.; Zhao, Y.; Li, H.; Li, G.; Pan, J.; Xu, D.; Zhao, Q.; Yu, D. Hysteresis Analysis Based on
the Ferroelectric Effect in Hybrid Perovskite Solar Cells. J. Phys. Chem. Lett. 2014, 5,
3937-3945.

Beilsten-Edmands, J.; Eperon, G. E.; Johnson, R. D.; Snaith, H. J.; Radaelli, P. G. Non-
Ferroelectric Nature of the Conductance Hysteresis in CH3NH3PbI3 Perovskite-Based
Photovoltaic Devices. Appl. Phys. Lett. 2015, 106 , 173502.

Snaith, H. J.; Abate, A.; Ball, J. M.; Eperon, G. E.; Leijtens, T.; Noel, N. K.; Stranks, S. D.;
Wang, J. T.-W.; Wojciechowski, K.; Zhang, W. Anomalous Hysteresis in Perovskite Solar
Cells. J. Phys. Chem. Lett. 2014, 5, 1511-1515.

Almora, O.; Zarazua, |.; Mas-Marza, E.; Mora-Sero, I.; Bisquert, J.; Garcia-Belmonte, G.
Capacitive Dark Currents, Hysteresis, and Electrode Polarization in Lead Halide Perovskite
Solar Cells. J. Phys. Chem. Lett. 2015, 6, 1645—-1652.

Cojocaru, L.; Uchida, S.; Jayaweera, P. V. V.; Kaneko, S.; Nakazaki, J.; Kubo, T.; Segawa, H.
Origin of the Hysteresis in |-V Curves for Planar Structure Perovskite Solar Cells
Rationalized with a Surface Boundary Induced Capacitance Model. Chem. Lett. 2015.

Jena, A. K.; Chen, H.-W.; Kogo, A.; Sanehira, Y.; lkegami, M.; Miyasaka, T. The Interface
between FTO and the TiO2 Compact Layer Can Be One of the Origins to Hysteresis in
Planar Heterojunction Perovskite Solar Cells. ACS Appl. Mater. Interfaces 2015, 7 ,9817—
9823.

31



(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

Kim, H.-S.; Jang, I.-H.; Ahn, N.; Choi, M.; Guerrero, A.; Bisquert, J.; Park, N.-G. Control of I-
V Hysteresis in CH 3 NH 3 Pbl 3 Perovskite Solar Cell. J. Phys. Chem. Lett. 2015, 6,
acs.jpclett.5b02273.

Shao, Y.; Xiao, Z.; Bi, C.; Yuan, Y.; Huang, J. Origin and Elimination of Photocurrent
Hysteresis by Fullerene Passivation in CH3NH3PbI3 Planar Heterojunction Solar Cells.
Nat. Commun. 2014, 5, 5784.

Eames, C.; Frost, J. M.; Barnes, P. R. F.; O’'Regan, B. C.; Walsh, A.; Islam, M. S. lonic
Transport in Hybrid Lead lodide Perovskite Solar Cells. Nat. Commun. 2015, 6, 7497.

Yang, T.-Y.; Gregori, G.; Pellet, N.; Gratzel, M.; Maier, J. The Significance of lon
Conduction in a Hybrid Organic—Inorganic Lead-lodide-Based Perovskite Photosensitizer.
Angew. Chemie Int. Ed. 2015, 54 , 7905-7910.

Unger, E. L.; Hoke, E. T.; Bailie, C. D.; Nguyen, W. H.; Bowring, A. R.; Heumuller, T.;
Christoforo, M. G.; McGehee, M. D. Hysteresis and Transient Behavior in Current-Voltage
Measurements of Hybrid-Perovskite Absorber Solar Cells. Energy Environ. Sci. 2014.

Xiao, Z.; Bi, C.; Shao, Y.; Dong, Q.; Wang, Q.; Yuan, Y.; Wang, C.; Gao, Y.; Huang, J.
Efficient, High Yield Perovskite Photovoltaic Devices Grown by Interdiffusion of Solution-
Processed Precursor Stacking Layers. Energy Environ. Sci. 2014, 7, 2619.

Tress, W.; Marinova, N.; Moehl, T.; Zakeeruddin, S. M.; Mohammad K., N.; Gratzel, M.
Understanding the Rate-Dependent J-V Hysteresis, Slow Time Component, and Aging in
CH3NH3PbI3 Perovskite Solar Cells: The Role of a Compensated Electric Field. Energy
Environ. Sci. 2015, 8, 995-1004.

Docampo, P.; Ball, J. M.; Darwich, M.; Eperon, G. E.; Snaith, H. J. Efficient Organometal
Trihalide Perovskite Planar-Heterojunction Solar Cells on Flexible Polymer Substrates.
Nat. Commun. 2013, 4, 2761.

Im, S. H.; Heo, J.-H.; Han, H. J.; Kim, D.; Ahn, T. 18.1 % Hysteresis-Less Inverted
CH3NH3PbI3 Planar Perovskite Hybrid Solar Cells. Energy Environ. Sci. 2015, 8, 1602—
1608.

Chin, X. Y.; Cortecchia, D.; Yin, J.; Bruno, A.; Soci, C. Lead lodide Perovskite Light-Emitting
Field-Effect Transistor. Nat. Commun. 2015, 6, 7383.

Bryant, D.; Wheeler, S.; O’Regan, B. C.; Watson, T.; Barnes, P. R. F.; Worsley, D.; Durrant,

J. Observable Hysteresis at Low Temperature in “Hysteresis Free” Organic—Inorganic Lead
Halide Perovskite Solar Cells. J. Phys. Chem. Lett. 2015, 6, 3190-3194.

32



(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

Nayak, P. K.; Rosenberg, R.; Barnea-Nehoshtan, L.; Cahen, D. 02 and Organic
Semiconductors: Electronic Effects. Org. Electron. 2013, 14, 966—972.

Van Reenen, S.; Kemerink, M.; Snaith, H. J. Modeling Anomalous Hysteresis in Perovskite
Solar Cells. J. Phys. Chem. Lett. 2015, 3808—-3814.

Varsano, F. lon Potential Diagrams for Electrochromic Devices. J. Electrochem. Soc. 1998,
145, 4212.

Guillemoles, J. F.; Cahen, D. Qualitative Modelling of Mixed lonic/electronic Devices with
lon Potential Level Diagrams. lonics (Kiel). 1996, 2, 143-154.

Riess, I. Current-Voltage Relation and Charge Distribution in Mixed lonic Electronic Solid
Conductors. J. Phys. Chem. Solids 1986, 47, 129-138.

Riess, I. Mixed lonic—electronic Conductors—material Properties and Applications. Solid
State lonics 2003, 157, 1-17.

Riess, I. -V Relations in Semiconductors with lonic Motion. J. Electroceramics 2006, 17,
247-253.

Xu, J.; Buin, A.; Ip, A. H.; Li, W.; Voznyy, O.; Comin, R.; Yuan, M.; Jeon, S.; Ning, Z.;
McDowell, J. J.; et al. Perovskite—fullerene Hybrid Materials Suppress Hysteresis in Planar
Diodes. Nat. Commun. 2015, 6, 7081.

Wetzelaer, G.-J. A. H.; Scheepers, M.; Sempere, A. M.; Momblona, C.; Avila, J.; Bolink, H.
J. Trap-Assisted Non-Radiative Recombination in Organic-Inorganic Perovskite Solar Cells.
Adv. Mater. 2015, 27, 1837-1841.

Sanchez, R. S.; Gonzalez-Pedro, V.; Lee, J. W.; Park, N. G.; Kang, Y. S.; Mora-Sero, |.;
Bisquert, J. Slow Dynamic Processes in Lead Halide Perovskite Solar Cells. Characteristic
Times and Hysteresis. J. Phys. Chem. Lett. 2014, 5, 2357-2363.

Gottesman, R.; Haltzi, E.; Gouda, L.; Tirosh, S.; Bouhadana, Y.; Zaban, A.; Mosconi, E.; De
Angelis, F. Extremely Slow Photoconductivity Response of CH 3 NH 3 Pbl 3 Perovskites
Suggesting Structural Changes under Working Conditions. J. Phys. Chem. Lett. 2014, 5,
2662-2669.

Zhang, H.; Liang, C.; Zhao, Y.; Sun, M.; Liu, H.; Liang, J.; Li, D.; Zhang, F.; He, Z. Dynamic

Interface Charge Governing the Current-Voltage Hysteresis in Perovskite Solar Cells. Phys.
Chem. Chem. Phys. 2015, 17, 9613-9618.

33



(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

Azpiroz, J. M.; Mosconi, E.; Bisquert, J.; De Angelis, F. Defects Migration in
Methylammonium Lead lodide and Their Role in Perovskite Solar Cells Operation. Energy
Environ. Sci. 2015, 8, 2118-2127.

Yuan, Y.; Chae, J.; Shao, Y.; Wang, Q.; Xiao, Z.; Centrone, A.; Huang, J. Photovoltaic
Switching Mechanism in Lateral Structure Hybrid Perovskite Solar Cells. Adv. Energy
Mater. 2015, 5, DOI: 10.1002/aenm.201500615.

Knop, O.; Wasylishen, R. E.; White, M. A.; Cameron, T. S.; Oort, M. J. M. Van.
Alkylammonium Lead Halides. Part 2. CH 3 NH 3 PbX 3 (X = Cl, Br, I) Perovskites:
Cuboctahedral Halide Cages with Isotropic Cation Reorientation. Can. J. Chem. 1990, 68,
412-422.

Baumann, A.; Vath, S.; Rieder, P.; Heiber, M. C.; Tvingstedt, K.; Dyakonov, V.
Identification of Trap States in Perovskite Solar Cells. J. Phys. Chem. Lett. 2015,
150601183749002.

Samiee, M.; Konduri, S.; Ganapathy, B.; Kottokkaran, R.; Abbas, H. A.; Kitahara, A.; Joshi,
P.; Zhang, L.; Noack, M.; Dalal, V. Defect Density and Dielectric Constant in Perovskite
Solar Cells. Appl. Phys. Lett. 2014, 105, 153502.

Domanski, K.; Tress, W.; Moehl, T.; Saliba, M.; Nazeeruddin, M. K.; Graetzel, M. Working
Principles of Perovskite Photodetectors: Analyzing the Interplay between
Photoconductivity and Voltage-Driven Energy-Level Alignment. Adv. Funct. Mater. 2015,
25, 6936-6947.

Yin, W.-J.; Shi, T.; Yan, Y. Unusual Defect Physics in CH3NH3PbI3 Perovskite Solar Cell
Absorber. Appl. Phys. Lett. 2014, 104, 063903.

Egger, D. A.; Kronik, L.; Rappe, A. M. Theory of Hydrogen Migration in Organic-Inorganic
Halide Perovskites. Angew. Chemie - Int. Ed. 2015, 54, 12437-12441.

De Bastiani, M.; Dell’Erba, G.; Gandini, M.; D’Innocenzo, V.; Neutzner, S.; Kandada, A. R.
S.; Grancini, G.; Binda, M.; Prato, M.; Ball, J. M.; et al. lon Migration and the Role of
Preconditioning Cycles in the Stabilization of the J-V Characteristics of Inverted Hybrid
Perovskite Solar Cells. Adv. Energy Mater. 2015,D0I: 10.1002/aenm. 201501453.

Thompson, C. P.; Hegedus, S.; Shafarman, W.; Desai, D. Temperature Dependence of VOC
in CdTe and Cu(InGa)(SeS)2-Based Solar Cells. In 2008 33rd IEEE Photovolatic Specialists
Conference; IEEE, 2008; pp 1-6.

Hegedus, S. S.; McCandless, B. E. CdTe Contacts for CdTe/CdS Solar Cells: Effect of Cu

Thickness, Surface Preparation and Recontacting on Device Performance and Stability.
Sol. Energy Mater. Sol. Cells 2005, 88, 75—95.

34



(46)

(47)

(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

Hegedus, S. S.; Shafarman, W. N. Thin-Film Solar Cells: Device Measurements and
Analysis. Prog. Photovoltaics Res. Appl. 2004, 12, 155-176.

Milot, R. L.; Eperon, G. E.; Snaith, H. J.; Johnston, M. B.; Herz, L. M. Temperature-
Dependent Charge-Carrier Dynamics in CH3NH3PbI3 Perovskite Thin Films. Adv. Funct.
Mater. 2015, 25, 6218-6227.

Rau, U.; Schock, H. W. Electronic Properties of Cu(In,Ga)Se 2 Heterojunction Solar Cells-
Recent Achievements, Current Understanding, and Future Challenges. Appl. Phys. A
Mater. Sci. Process. 1999, 69, 131-147.

Phillips, J. E.; Birkmire, R. W.; McCandless, B. E.; Meyers, P. V.; Shafarman, W. N.
Polycrystalline Heterojunction Solar Cells: A Device Perspective. Phys. status solidi 1996,
194, 31-39.

Leong, W. L.; Ooi, Z.-E.; Sabba, D.; Yi, C.; Zakeeruddin, S. M.; Graetzel, M.; Gordon, J. M_;
Katz, E. A.; Mathews, N. Identifying Fundamental Limitations in Halide Perovskite Solar
Cells. Adv. Mater. 2016, DOI: 10.1002/adma. 201505480.

Tvingstedt, K.; Malinkiewicz, O.; Baumann, A.; Deibel, C.; Snaith, H. J.; Dyakonov, V.;
Bolink, H. J. Radiative Efficiency of Lead lodide Based Perovskite Solar Cells. Sci. Rep.
2014, 4.

Tress, W.; Marinova, N.; Inganas, O.; Nazeeruddin, M. K.; Zakeeruddin, S. M.; Graetzel,
M. Predicting the Open-Circuit Voltage of CH 3 NH 3 Pbl 3 Perovskite Solar Cells Using
Electroluminescence and Photovoltaic Quantum Efficiency Spectra: The Role of Radiative
and Non-Radiative Recombination. Adv. Energy Mater. 2014, DOI: 10.1002/aenm.
201400812.

Krustok, J.; Josepson, R.; Danilson, M.; Meissner, D. Temperature Dependence of
Cu2ZnSn(SexS1-x)4 Monograin Solar Cells. Sol. Energy 2010, 84, 379-383.

Wu, C.-Y. Temperature Coefficients of the Open-Circuit Voltage of P-N Junction Solar
Cells. J. Appl. Phys. 1982, 53, 3852.

Phillips, J. E.; Shafarman, W. N.; Shan, E. Evidence for Amorphous like Behavior in Small
Grain Thin Film Polycrystalline Solar Cells. In Proceedings of 1994 IEEE 1st World
Conference on Photovoltaic Energy Conversion - WCPEC (A Joint Conference of PVSC,
PVSEC and PSEC); IEEE; Vol. 1, pp 303-306.

Snaith, H. J.; Schmidt-Mende, L.; Gratzel, M.; Chiesa, M. Light Intensity, Temperature,

and Thickness Dependence of the Open-Circuit Voltage in Solid-State Dye-Sensitized
Solar Cells. Phys. Rev. B 2006, 74, 045306.

35



(57)

Chirvase, D.; Chiguvare, Z.; Knipper, M.; Parisi, J.; Dyakonov, V.; Hummelen, J. C.
Temperature Dependent Characteristics of poly(3 Hexylthiophene)-Fullerene Based
Heterojunction Organic Solar Cells. J. Appl. Phys. 2003, 93, 3376.

36



TOC

n-i-p cell
at 300K

@® Scan rate = Scan rate >>

System System
response rate

Scan rate <<
System

response rate response rate

Hysteresis

p-i-n cell
at 300K

\

Scan rate
System response rate

37



