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After demonstration of 23 % power conversion efficiency, a high operational stability is the next most
important scientific and technological challenge of perovskite solar cells. A potential failure mechanism is
tied to bias-induced ion migration, which causes current-voltage hysteresis and a decay in device
performance over time and hence needs to be supressed.

Here, we show the different ability of alkali salts to mitigate hysteresis and stabilize device performance in
n-i-p hybrid planar PSCs. Different alkali-salts of potassium chloride, iodide and nitrate (KCI, KI and
KNOs3) as well as sodium chloride and iodide (NaCl and Nal) were deposited from aqueous solution onto
the n-type contact based on SnO, prior to deposition of the “triple cation”
Cs0.05(FA0.83MA.17)0.95Pb(lo.ssBro.17)s as perovskite absorber. Introducing potassium based alkali salts
suppressed current-voltage hysteresis and stabilized the operational device stability at maximum power
point. We attribute this to the suppression of hole trapping at the n-type selective transport layer
(SnOy)/perovskite interface observed by surface-photovoltage spectroscopy (SPV), which we interpret to
reduce interfacial recombination and improve charge carrier extraction. The best and most stable
performance of 19% was achieved using KNOjs as interface modifier. Devices with higher and more stable
performance exhibited a substantially lower current transient response observed during voltage perturbation

around maximum power point.
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1 Introduction

Organic—inorganic hybrid perovskite solar cells (PSCs) are of great promise for next generation solar
energy conversion, particularly because they exhibit ideal properties to enable low-cost multi-junction
devices™™ .. After impressive power conversion efficiencies (PCE’s) of over 23 % have been reached on
lab-scale small-are a (<1cm?) devices!® the scalability and stability of PSCs are now among the most
important technological challenges. Thin film perovskite solar cells with the perovskite absorber layer
processed on top of an n-type selective contact, such as zinc, titanium, indium and tin oxide (ZnO, TiOg,
InO; and SnOy)E %131 are among the most commonly employed device architectures and referred to as
“regular” or n-i-p devices. SnO, was realized as a better n-type selective contact due to energetic match
between SnO, and perovskite conduction bands and low temperature processing compared to TiO, ETLI
141 However, n-i-p devices often exhibit substantial discrepancies between current-voltage measurements
— hysteresis - in different scan directions®®l. These discrepancies between forwards and reverse J-V
measurements in PSCs have been proposed to originate from charge carrier recombination® 16 171
unbalanced charge transport(*®l, capacitive effects™ and ion migration at the interface of transport layer
(TL) and perovskite absorber layer!™®. lonic defects at metal-oxide/perovskite interfaces and defect
accumulation/migration have been suggested to be the origin of current voltage hysteresis?>-?2, These
interface defects directly mediate non-radiative recombination and indirectly induce disorder in the quasi-
Fermi level splitting which reduced carrier concentration, and loss of Voc leading to lower in device
performance of PSCs[?®l. In addition, defect migration is found to be detrimental to device stability®*. To
resolve these issues, efforts have been made to modify the metal-oxide/perovskite interfacel?" 22 as well as
introducing additives to mitigate ionic defects in the perovskite absorber layer. With respect to the latter,
several reports have shown alkali metals (Li, Na, K, Rb and Cs) introduced as additives in the perovskite
precursor solution to increase device performance as a well as reduce hysteresis??>3. Very few reports have

introduced these alkali metal salts directly to the interface 2 33, where defects predominantly reside.



In the present work, we introduced different alkali salts and choline halides as interface modifiers (IMs) by
spin-coating on SnO, from aqueous solution. The alkali salts investigated include sodium iodide and
chloride (Nal and NaCl) as well as potassium chloride, iodide and nitrate (KI, KCI and KNOs3). Choline
chloride and iodide (ChCI, Chl) were compared as non-alkali interface modifiers to account for the effect
of the halide ion. Solar cell devices with different IMs were compared in terms of their PCE derived from
J-V measurements, the discrepancy between forward and reverse J-V measurements expressed as a
hysteresis index, their maximum power point (MPP) performance as well as their transient current response
to a voltage perturbation at MPP. The latter is a methodology we refer to as transient analysis maximum
power point tracking (TTAMPPT) recently proposed by our team as a means to investigate the steady-state
and transient device response concurrently. Details regarding this methodology can be found elsewhere/are

included in the supporting informationt41,

We find that all potassium salts had a beneficial effect on device performance, reduced hysteresis and
caused more stable steady state performance. KNOj3 yielded the best PCE of 19.3% under 1 sun illumination
and most stable devices performance. Comparing different potassium salts, we establish a correlation
between the solubility of the IM salt in the perovskite precursor solution and the benefit on device

performance.

2 Experimental

Detailed information on device fabrication and characterization can be found in the supporting information.
The device architecture of n-i-p hybrid PSCs investigated here was ITO/SnO/perovskite/Spiro-
OMeTAD/Au, illustrated by a color-coded SEM cross-section image in Figure 1b. In short, n-type selective
SnO; layers were deposited on transparent ITO substratest 4 by spin-coating, the perovskite layer
consisted of Cso.05(FA0.83MA0.17)0.95Pb(lo.s3Bro.17)s (Cs-FAMA) was deposited using one-step solvent

engineering technique described elsewhere), and p-type selective spiro-OMeTAD (2,2°,7,7°-tetrakis-



(N,N-di-p-methoxyphenylamine)-9,9°-spirobifluorene) with additives were spin-cast on top of the
perovskite absorber layer. The different alkali metal salts including Nal (sodium iodide), NaCl (sodium
chloride), K1 (potassium iodide), KCI (potassium chloride) and KNO3 (potassium nitrate) as well as choline
iodide (Chl) and chloride chloride (ChCI) were spin-cast from solutions of 2.5mg/ml in deionized water
onto SnO- prior to deposition of the perovskite layer. The corresponding molarity of solution can be found

in table S1 in the supporting information.

To investigate whether interface modifying alkali salts are indeed deposited onto the SnO, substrates and
the potential effect of alkali salt deposition on the substrate work function, we carried out ultraviolet
photoelectron spectroscopy (UPS) and X-ray photoelectron spectroscopy (XPS) experiments on selected
alkali salts of KI, KNO3 and NaCl. Photoemission measurements were performed using a JEOL JPS 9030
system comprising sample preparation (base pressure: 1 x 108 mbar) and analysis chambers (base pressure:
1 x 10° mbar). Ultraviolet photoelectron spectroscopy (UPS) was performed using a UV laser (10.2 eV).
The work function was determined from the secondary electron cutoff (SECO) spectra, which were
recorded with a -10 V bias applied to the sample in order to overcome the analyzer work function. XPS
measurements were carried out using monochromated Al Ko radiation. The energy resolution was 190 meV

for UPS and 0.76 eV for XPS measurements!3l.

To characterize a potential effect of introducing interface modifiers (IMs) on the composition and
morphology of the perovskite thin films, X-ray diffraction (XRD) as well as scanning electron microscopy
(SEM) were carried out. In order to characterize a potential effect of introducing interface modifiers (IMs)
on the morphology of the perovskite thin films, we have performed SEM measurements of perovskite films,
deposited on top of SnO;, substrates treated with different interface modifying salts. In Figure S4 the SEM
images of (a, b) pristine SnO,, (c, d) SnO/KI, (e, f) SNO2/KNO3 and (g, h) SnO2/NaCl are shown. These
results show that different IMs do not substantially alter the appearance of the perovskite thin film
morphology acquired for the top surface. Compared to the sample without interface modifier, there is a

slight reduction of the lighter small grains, which might be an indication of a reduction of the secondary



phase of Pbl,. The presence of Pbl, stems from a slight excess in the precursor solution and the presence of
this secondary phase can be confirmed by XRD data shown in Figure S5. For the SnO2/KNO3 sample, the
perovskite film exhibits a slightly larger perovskite grain size but it is currently unclear, whether and how
the underlying KNO3z modified substrate has a direct influence on the thin film morphology, which needs
to be investigated further. The peak positions in XRD patterns comparing samples prepared on different
substrates are nearly identical, indicating that there is no change in the crystal structure and composition of
the perovskite absorber upon addition of potassium salts as IMs. In the case of Kl used as interface modifier,
the amount deposited as interface modifying agent does not seem to be sufficient to considerably change
the lattice spacing by replacing bromide for iodide, as shown for the case when Kl is added as an additive

directly in the perovskite precursor solution as reported elsewhere[?3 371,

Solar cell devices were compared in terms of their current density-voltage (J-V) response under AM 1.5G
1000 W/m? from a solar simulator (class AAA Wavelabs Sinus-70) calibrated with silicon solar cell
(Fraunhofer ISE). Measurements were carried out in a staircase voltammetry fashion with 20 mV steps, a
delay time of 40 ms and current sampling time of 20 ms defined in a custom LabVIEW program controlling
a digital source meter (Keithley model 2400). For comparison, J-V measurements in a broad dynamic range
were carried out ranging from delay times of 0.1 ms to 1000 ms (see table S2 in supporting information ).
Device performance metrics of open circuit voltage, Voc, short circuit current-density, Jsc, and fill factor,
FF, as well as the power conversion efficiency, PCE, were derived from J-V measurements. The J-V
discrepancy between reverse (“R”: V > Voc scan directions towards V < 0V) and forward (“F”: V < 0V —
short circuit - towards V > Voc) scan directions was captured by a hysteresis index calculated according to:

Iy RO 2C (V)

HI
Iy TRV

(1)

We conducted transient analysis maximum power point tracking (TrAMPPT), measurements recently

proposed by our team to investigate the steady-state as well as transient device response under similar



conditions (see manuscript attached for referee purposes). By fitting the dynamic response with the bi-

exponential function given below,

t—tg

_ t-t,
J(@) = Jss + Agaste (Tf““> + Aszowe_(ﬁ> )
the transient time constants (zsiow and zrast) and amplitudes (Asow and Asast) are extracted together with the
steady state current (Jss). In addition, we find the discrepancy between transient currents in response to
reverse and forward voltage steps illustrative to compare differences in the amplitude and transient response

of different devices.

SPV measurements were carried out using a custom-built system where details are given in reference .
The samples were measured in nitrogen atmosphere by modulated SPV spectroscopy. lllumination was
performed with a halogen lamp and a quartz prism monochromator. The position of the electrode remained
unchanged for illumination from the front and back side. SPV signals were detected with a double phase
lock-in amplifier’*®!. The modulation frequency was 23 Hz. The in-phase (X) and phase-shifted by 90° (Y)
signals are sensitive to variations in processes much faster and slower, respectively, than the modulation

period.

3 Results and Discussion

-Effect of interface modifying alkali salts on the perovskite layer

As discussed in section 2, introduction of alkali halide salts at the SnO, perovskite interface did not cause
a dramatic difference in the thin film morphology of perovskite absorber layers judged from top-view SEM
images shown in Figure S4. Neither did we observe differences in XRD patterns that would indicate a

change in crystallite size, orientation or phase composition as shown in Figure S5.

Determination of the relative atomic ratios (%) by XPS measurements confirm the presence of potassium,

sodium, chloride, iodide and nitrogen upon deposition of the IMs KNOs, KI and NaCl on top of the SnO;



layer as summarized in Table S3. For the KI-modified SnO, substrates we did not observe any signatures
from iodide. For NaCl and KNOs-modified SnO, substrates, we observed that the ratio of cation to anion
suggest an imbalance which may either indicate selective absorption of ions on the substrate or a preferred
arrangement of cations and anions on the substrates surface that may give rise to a surface dipole layer. We
observe that after washing with the solvent, the ratio of the alkali ion and the counter ion (anion) is changed
with the relative increase in the percentage of alkali ion. These results prove, that the alkali salts are indeed
deposited onto the SnO; substrates, however, we are at this point unable to tell with certainty, whether the
IM layer remains intact after deposition of the perovskite absorber or whether constituent ions may become

incorporated into the perovskite during deposition or through diffusion post-deposition.

The experimentally determined work functions of SnO2/K1, SnO2/KNO3 and SnO,/NaCl interface modifiers
together with SnO, ETL only as shown in Figure S1 and table S3. With respect to the untreated SnO,
electron selective contact layer, the work function of the KNO3 treated SnO; is lowered to 4.86 eV and
slightly raised to 4.92 eV for the Kl-treated SnO; layer. For the NaCl treated SnO; the work function is
increase to 5.2 eV. These results indicate that IMs alter the substrates work function probably due to dipole

formation at the interface as reported elsewherel*,

Effect of different interface modifiers on device performance

In solar cell devices, we observed an impact of different interface modifiers (Nal, NaCl, Kl, KCI, KNOs,
Chl, and ChCI) with respect to untreated SnO; reference devices in terms of the average PCE. Jsc, FF and
Voc values achieved for individual test devices. Values for obtained reverse and forward scan directions are
indicated as error bars in Figure 1 a. Compared to the untreated SnO, reference devices, the PSCs
containing Nal did not show any performance improvement with PCEs of 15.7% vs 15.5 % and hysteresis
indiceds, HI, of 0.07 vs 0.08 measured at a delay time of 40 ms. The average Voc was found to be slightly

decreased and the average FF slightly increased. Samples with NaCl interfacial layer showed a relative



increase of ~10% in the PCE to 16.7% and a reduced average HI of 0.06 compared to control device. We
hence conclude, that for the n-i-p devices investigated here, sodium does not seem to change or substantially
enhance the device performance. This is contrary to results published by Wang et al.*®l, who previously
reported a significant PCE enhancement effect when using Nal as interface modifier in PEDOT:PSS based
inverted p-i-n devices that they attributed to compensation of iodide vacancies. In comparison, the
perovskite composition investigated here contained a slight excess of iodide. Comparing the two different

anions, chloride seems to more beneficially affect device performance.

The potassium (K) based alkali metal salts KI, KCI and KNOs introduced as IM to the SnOa/perovskite
interface all exhibit an improved average PCE and reduction of the HI compared to the control device.
PSCs based on KCI show average Jsc of 21.4 mA/cm?, FF of 69.3%, Voc of 1.15 V, and PCE of 17.0%,
which amounts to a 11% relative PCE increase compared to the SnO, reference samples (see Figure 1a).
Compared to the other devices investigated, samples comprising potassium all exhibit a slightly larger
spread in Jsc and, for KCl and KNOs, the average Voc, FF and PCE were increased relative to the reference
devices. Kl based solar cell devices showed a negative HI of -0.01, calculated according to equation (1)

and a lower average PCE of 15% compared to the reference devices.

As for Nal, the average Voc of KI modified devices appeared to be lower with respect to reference devices.
Hysteresis was significantly reduced to an HI of -0.01 for KI, 0.008 for KCI, and 0.002 for KNOs. The
lower Voc as well as the slightly negative average HI indicated that excess iodide at the SnOa/perovskite
interface is actually detrimental and not beneficial. The best performance of, on average, 17.8% was
obtained for KNOs;, which amounts to a relative PCE enhancement of 15% compared to the reference
device. While a change in work function upon deposition of different interface modifying salts was
observed in UPS measurements, summarized in Table S3, solar cell devices did not exhibit a clear trend in
neither Jsc or Voc that would indicate changes in the charge carrier extraction efficiency due to shifts in the
substrates work function. We therefore presume that the increase in average Voc of the KNO;-modified

device is due to reduced interfacial recombination. This is in agreement with the higher relative



luminescence measured for perovskite samples deposited on KNO3/SnO, relative to untreated SnO»

substrates shown in Figure S6.
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Figure 1. The statistics of different n-i-p PSCs. Calculated average values and error bars extracted from reverse and
forward scans values of all PV parameters (a): (I) Jsc, (1I) FF, (111) Voc, (IV) PCE and (V) hysteresis index (HI) of
PSCs with different alkali interface modifiers: Nal (purple), NaCl (olive), KI (magenta), KCI (blue) and KNOs (red)
and other modifiers such as Chl (wine), ChCl (green) and only with SnO, (black) layer measured under 1 sun
illumination. Figure (b): device architecture of ITO/SnO,/Cs-FAMA/Spiro-OMeTAD/Au N-i-P hybrid perovskite solar
cells (PSCs), (c) J-V curves in both forwards and reverse scan directions of PSCs devices with KNOs alkali interface

modifiers where the KNOs layer was deposited over SnO, layer by spin coating route (red circle) and control cells



with only SnO; layer (black circle) measured under AM1.5G, 1000 W/m? irradiation with scan rate of 0.33 V/s, (d)

EQE spectra along with integrated current density with and without alkali interface modifiers.

Using KNO; as the best-case example with respect to untreated SnO, we will now focus on further
illuminating the differences in steady device performance and transient behavior. The current density—
voltage (J-V) curves of the best performing KNOs—modified PSCs is compared to the non-treated control
cell in Figure 1c. The control device delivered maximum PCE of 17.5% along with short circuit current
(Jsc) of 21.6 mA/cm?, open circuit voltage (Voc) of 1.12 V and fill factor (FF) of 71.8% and substantial
hysteresis. The highest PCEs of the perovskite solar cell has been measured with incorporation of KNO3
IM Over SnO, ETL. The cells with KNOz delivered maximum PCE of 19.3% with a Jsc of 21.9 mA/cm?,
Voc of 1.20 V and FF of 73.3% with negligible hysteresis. External quantum efficiency (EQE) spectra are
included in Figure 1d along with the integrated photocurrent density with respectto AML.5 (int. Jsc), which
show <5% discrepancy for both control device and KNO3 based device compared to Jsc values determined

from J-V measurements.

We attribute the substantially reduced hysteresis for K-based IMs to changes in the charge carrier extraction
efficiency at the n-type selective contact. Previous work!?® 4% already showed that the addition of potassium
to the perovskite precursor solution was shown to improve and stabilize device performance as well as
reduce hysteresis. Son et al. suggested K* to be incorporated into the perovskite lattice preventing halide
interstitials and vacancies as they observe an increase in lattice spacing!. However, even when added to
the perovskite precursor solution, potassium was found to reside at interfaces or form secondary phases of
KI, KBr and non-perovskite KPbls rather than being incorporated into the perovskite structure. The change
in lattice dimensions upon Kl addition was hence interpreted to be due to bromide decorporation from

Cs0.05(FA0.83MA0.17)0.95Pb(lo.83Bro.17)3 rather than potassium incorporation?® 371,

When introduced as interface modifiers, we observed no effect of potassium salts on the XRD-patterns

(Figure S3) and therefore conclude that the amount of potassium salts introduced as IMs is either too little



or the salts do not dissolve and become incorporated into the perovskite structure upon perovskite

deposition.

With respect to the counter ions, chloride and nitrate counter ions seem to be beneficial for device
performance and suppressing hysteresis more efficiently compared to iodide. For the choline derivatives,
however, device performance was not substantially improved nor hysteresis reduced with respect to the
reference devices. This can be related to the availability of ionic species introduced to the interface. The
IM salts investigated here can be categorized based on their solubility both in aqueous solution and mixed
DMSO/DMF solvents, summarized in Table S2. The alkali-iodides Nal and Kl are 2-3 orders of magnitude
more soluble in DMF and DMSO compared to the chloride analogues KCI and NaCI™, This indicates that
iodide IMs will be to a larger degree dissolving in the perovskite precursor solution upon deposition,

changing the halide ratio and cation ratio.

Transient analysis during maximum power point tracking

The inconsistencies in J-V meaurements of the PSCs are due to change in scan rate, device light soaking
behavior and variations in solar light intensity as well as cations being redistributed upon changes in the
bias. Thus, maxmium power point tracking (MPPT) is a more trustworthy technique to in order to determine
the steady-state device performance accounting for these effects compared to the maximum power point
determined from J-V scanning methods. We here performed MPPT measurements based on a perturb-and-
observe algorithm. Additionally, we introduced a deliberate voltage perturbation phase around maximum
power point, where we investigate the dynamic response of a device, which we refer to as transient analysis
during maximum power point tracking (TrAMPPT). In Figure 2, typical TrAMPPT results of the
SnO2/KNO;3 (Figure 2b) and unmodified SnO; (Figure 2a) based PSCs are shown, results for other IMs
studied here can be found in the SI. The total MPP tracking sequence can be devided in four different phases

indicated in Figure 2.
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Figure 2. TrAMPPT measurements of (a) SnO, and (b) SnO/KNOjs interfacial layer based PSCs. The top view:
maximum power point efficiency, voltage Vmep and current density, Juwep. The four regions are marked as I, 11, IlI, IV

layer based PSCs respectively.



Phase I and 1l represent the devices equilibration to steady conditions around MPP. During phase lll, the
MPP is sampled for voltage perturbation steps of 10 mV to assess the steady state response of the PSCs.
What is evident from the data sets compared in Figure 3 is that the unmodified SnO.-based sample (Figure
2a) exhibits a steady state response of ca 15.3% with a distinct performance decay of 0.4%/minute during
the duration of the measurement. The KNOs; modified device showed a steady-state efficiency of 18.7%
with negligible change in device performance and even a slight increase in PCE of 0.01%/minute during

MPPT monitoring.

Particular to the TrAMPPT procedure, a voltage perturbation phase (phase 1V) with comparatively large
voltage steps of about 50 mV is introduced to deliberately assess the dynamic current response to a votlage
perturbation around MPP. Figure 2c, d show a zoom-in on the current density response during the 50 mV
perturbation cycle. The transient response for the control device is visibly slower and the amplitude larger

compared to the KNOs IM device.

In Figure 3, the transient time constants, zrast and zsiow, amplitudes Asast and Asow and Jss extracted from Eq.
(2) of different IM based PSCs in comparison to the unmodified SnO-based solar cell are shown. Data sets
of TrAMPPT measurements as well as analysis of the current transient response can be found in Figures
S7-S11 of the supporting information. We observed that 7.t and zsiow Values for PSCs of different IMs and
the control device are similar. This indicates that the underlying processes causing zrast and zsiow Of the
dynamic response are relatively similar irrespective of the introduction of different IMs in PSCs. However,
there is a relative change in the amplitudes, Asst and Asiow, for different IMs based PSCs. For K-based IMs,
the amplitude of the slow transient response is dramatically reduced. The change in steady state current
output, AJss, included in Figure 3, clearly shows the suppression of performance degradation upon

introduction of potassium-based IMs.
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As we describe in more detail in the supporting information and discussed elsewhere, the difference in the
dynamic current density response, AJ(t) between a forward and reverse voltage step with respect to the

steady-state photocurrent density, Jss gives a measure of the magnitude of current transients around MPP.

A](t) — ]trans,R(t)_]trans,F(t) (3)
Iss Jss
The comparison between A]]—(t) caculated from current density transients during dynaMPP measurements
SS

can be related to the HI obtained from J-V meausurements at different delay times (voltage settling times),

calculated according to equation (1). Figure 4 compares the A]]—(t) derived from TrAMPPT in comparison
SS



to HI values determined from J-V measurements in reverse and forward scan directions for different delay

times tgelay, ON @ logaritmic time scale.

Figure 4a, displays the A]](t)

SS

for measurements shown in Figures S10 for Nal and NaCl modified devices

compared to the SnO; control device. At short delay times, corresponding to fast scan rates, PSCs exhibit

large J-V descrepancies. While the A]](t)

sample from dynaMPP measurements clearly decays towards 0,
SS

the discrepancy between J-V scans quantified by the HI increases for all three samples. This illustrates an
important difference between the information regarding the transient device response gathered from
TrAMPPT measurements with respect to the J-V discrepancy between full J-V scans: additional capacitive
charging/discharging effects might be at play when changing the applied bias to a sample compared to when

staying within a narrow voltage range around MPP. Figure 4b shows the comparisons of J-V discrepancy

expressed by A]]—(t) and HI for the potassium-modified samples quantitatively agree quite well for KCI and
SS

KNOj; while there is some level of mismatch for the Kl devices with HI even becoming negative at 40 ms
delay time. This indicates that for KCI and KNOj3 IMs, J-V discrepancy due to ion redistribution seems
effectively suppressed while for Kl there might be additional dynamic components introduced due to the
addition of excess iodide. As discussed in the introduction, the dynamic response in perovskite devices is
related to internal distribution of charge carriers™™ 42, charge carrier trapping/de-trapping at interfacial
defects!*3%8 and ion migrationl*?. All of these may cause dynamic capacitive phenomena that will probably
occur on different time scales. Comparing devices in terms of their quantitative differences in their dynamic
response as we do here is therefore an important step towards disentangling capacitive form non-capacitive

effects and different electron and ionic charge carriers at play.

In conclusion, TTAMPPT enables the resolution of transient effects in devices around steady-state, which
is highly relevant to assess potential discrepancies during the operating conditions around MPP. However,

it does not account for potential discrepancies induced in the device due to the J-V scanning.
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Figure 4. The comparation between . caculated from current density transients and HI obtained from JV
SS

measuremnts at different delay time for both (a) SnO, and Nal, NaCl interfacial layer based PSCs and (b) KI, KCI

and KNO; based PSCs.

Surface photo-voltage measurements

As interfaces influence the crystallization process of metal-halide perovskite layers and can cause
differences in electronic states across the absorber layer, we carried out modulated surface photovoltage
(SPV) spectroscopy®® 51, Measurements in a fixed capacitor arrangement provides information, for
example, about exponential tail states below the band gap (E:, characteristic energy) and about the band gap
(Eg). By illuminating metal halide perovskite layers from the front or back side, differences in E; and Eg4 at
the internal interface and the external surface were found for the TiO, / CHsNH;zPhI3(Cl) systemf®8 50. 51,
As discussed in the previous section and summarized in Table S2, alkali salts deposited as interface
modifiers have different solubility in the solvents employed for the deposition of the metal halide perovskite
precursor solution. In order to clarify whether the interface modifiers of alkali salts influence the electronic
states across metal halide perovskite layers, modulated SPV spectroscopy measurements were performed

for front and back illumination of half cells.



In Figure 5, we show results of surface photovoltage (SPV) measurements for ITO/SnO»/KNOs/perovskite
layers stack, with and without KNOs. We illuminated this layer stack from both the sides: Front illumination
(illuminating from the perovskite layer) and back illumination (illuminating from the glass/ITO first) and

observed no difference with the stacks with KNOs interface modifier.

The x-signals (in-phase) were positive for all samples (in general) and for front and back illumination. This
means that photo-generated electrons are separated preferentially towards the internal interface of the metal
halide perovskite layers. The y-signals (90° phase-shifted) were negative for front and back illumination of
both samples. This means, in comparison to the x-signals, that there was one dominating process of charge
separation and relaxation. The x-signals of the untreated sample was about two times larger for the back
with respect to front illumination. In contrast, the x-signals of the sample with KNO3 pretreatment were
larger by roughly 30% for back illumination. This different behavior but also the order of magnitude
difference between the SPV signals for the untreated and KNOs-modifed sample can be explained by the

difference in hole trapping at the perovskite/SnO- interface.
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Figure 5. Surface photovoltage (SPV) spectra of sample without (top) and with interface modifer (IM), KNO3 based
ITO/SnO./perovskite layers measured with (left) illumination from perovskite/SnO2/1TO side and (right) illumination

from ITO/SnO,/perovskite side.

The onset energy of the x-signals, Eonx, Were analyzed. The onset energy is found from the intersection
point of the slope in the inflection point and the axis of photon energy (Figure 5). The onset energy is close
to the band gap. For front illumination, the values of Eonx amounted to 1.573 eV for the untreated sample
and 1.583 eV for the KNO3z-modified sample. The slight variations of Eonx Were probably caused by some
minor fluctuations in the stoichiometry of the metal halide perovskite layers. We did, however, not find a

correlation between the slight variation of Eon x with the Voc and Jsc.

From the slope of SPV in-phase signal onset, quantitative values for the tail-state energies, E;, can be

determined. These values were about 20 meV for both the untreated and KNO3s-modified samples and no



difference was observed for front- and back-illumination. This indicates low disorder in the perovskite

semiconductor which is neither increased or decreased by interface modification with KNOs.

The SPV measurements showed that the pretreatments with alkali salts did not influence significantly the
electronic transitions and tail states in the metal halide perovskite layers. However, the order of magnitude
difference in signal amplitude indicates that the trapping of holes at the SnO./perovskite contact was greatly
reduced upon introduction of the KNOj3 interface modifier. This reduction in charge carrier trapping at the
perovskite/SnO; interface is a likely reason for the improved device performance for KNOs-modified

devices discussed in the previous section.

4 Conclusion and Outlook

In conclusion, we have compared different alkali and choline salts as interface modifiers (IMs) in n-i-p
hybrid planar perovskite solar cells. The potassium based alkali salts deposited onto the n-type SnO;
selective contact prior to deposition of the metal-halide perovskite led to an enhancement of the solar cell
performance as well as reduction of hysteresis. The PSCs with alkali metal (KNO3) treatment delivered
more than 19% efficiency extracted from standard J-V measurements and 18.6% from maximum power
point tracking (MPPT) measurements. In order to quantify differences in different devices transient
response, we compared current transients derived from a MPPT (TrAMPPT) measurements. All devices
exhibited similar transient time constants but their amplitude was dramatically decreased upon interface
modification particularly with potassium-salts. Concurrently, these devices also exhibited a much better
stability apparent in a small variation of the steady state current during MPPT measurements. Comparing
the dynamic device response derived from TrAMPPT measurements with the J-V discrepancy of devices
expressed in terms of the hysteresis index at different delay times, we observe that unmodified
SnO./perovskite devices and sodium IM modified devices exhibit a larger J-V discrepancy at long delay

times than expected from current transient decay around MPP. It makes hence a difference, whether device



performance is evaluated from current-voltage scans, which could lead to redistribution of charge species
during scanning, or from MPP measurements.

SPV measurements were performed to analyse charge carrier accumulation effects at the interface between
the n-type selective SnO; contact and the perovskite with and without interface modifiers. We find a clear
correlation between the magnitude of SPV amplitude, suppression of hysteresis due to suppression of
transient current response and device stability. Our findings indicate that potassium salts have a highly
beneficial role in compensating interfacial charge-up. These interface modifiers are easy to introduce into
devices using standard and scalable manufacturing technology and we hence foresee that the results
presented here will be of relevance for the development of PSC technology.

The results shown here provide evidence, that interfacial charge carrier extraction can improved by
introduction of potassium-based interface modifiers. We can, however, not comment on the exact nature
and mechanism of the beneficial effect of potassium-salts on interfacial properties. As evident from the
UPS measurements, the alkali salts have an impact on the substrate work function but the observed increase
device open circuit voltage (Voc) upon KNO; modification is likely related to the passivation of interfacial
defects. This is corroborated by the faster device response and lower hysteresis. Whether alkali ions
introduced at the SnO2 interface prior to perovskite deposition remain at the interface and predominatly
passivating interfacial defects or diffuse into the bulk of the perovskite layer during deposition or ion
diffusion during device operation needs to be further investigated. In future work, we aim to carry out in-
depth in-situ studies of charge carrier dynamics during metal-halide perovskite deposition, annealing and
device operation to illuminate the role of alkali and counter ions in perovskite thin film growth and device

operation.
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