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Study of Electron Transport Layer-Free and Hole Transport
Layer-Free Inverted Perovskite Solar Cells
Adva Shpatz Dayan and Lioz Etgar*
relatively similar to type (1), with the addition of a mesoporous TiO2 layer, that is,
ITO/FTO, electron transport layer (ETL),
mesoporous TiO2, hole transport layer
(HTL), and metal contact. Type (3) is an
inverted structure, which means that the
HTL is ﬁrst deposited, followed by the
perovskite, and then the ETL. The possible
HTL in this case is PEDOT:PSS or selfassembled monolayer (SAM, MeO-2PACz,
[2-(3,6-dimethoxy-9 H-carbazol-9-yl)ethyl]
phosphonic acid), and the ETL can be
phenyl-C61-butyric acid methyl ester
(PCBM).[12–16]
An additional possible SC function is to
eliminate the HTL or the ETL. In these
cases, the perovskite has to function simultaneously as a light harvester and a hole
conductor or an electron conductor. The
HTL-free PSC was ﬁrst reported in
2012,[17] Elimination of the HTL has several
advantages, such as avoiding oxidation,
simpler SC fabrication, and reduced cost.
Nevertheless, it is not obvious to simply
eliminate an important layer from the SC, as it will harm the
performance, even though a PCE of 11.6% was reported.[18,19]
In addition to HTL-free cells, there are a few reports on ETLfree cells,[20–22] whereas for inverted structures, there are even
fewer reports,[23] mainly due to the importance of this layer to
the PV performance. One of the main obstacles of ETL-free cells
(for an inverted structure) lies in the direct contact of the perovskite with the metal contact (due to the elimination of the ETL).
Perovskite tends to oxidize from the environment and therefore a
passivation layer is created between the perovskite and the metal
contact, which harms the PV performance.[24–26] In contrast, it
can also prevent degradation of the perovskite layer.[27,28] The
most common materials that can be self-assembled with high
electron mobility include fullerene derivatives,[29] carboxyl
groups,[30] pyridine,[31] and low-dimensional perovskite.[32]
Since 2018, bathocuproin (BCP) has been used as a passivation
layer in inverted structure cells.[33,34] It was found that BCP
passivates the defects in the perovskite layer in addition to
enhancing the perovskite’s resistivity to moisture without altering its structure.
Three main factors need to be taken into account when developing HTL- or ETL-free PSCs. The ﬁrst one is related to the difference in the energy levels between the perovskite and the metal
contact or the FTO glass. With ETL-free or HTL-free cells, this
energy difference is larger than that in the case of one of the common architectures discussed earlier. This energy difference can

The selective contacts in perovskite solar cells play a major role in solar cell (SC)
performance and optimization. Herein, the inverted architecture is focused on,
where systematically the electron transport layer (ETL) and the hole transport
layer (HTL) from the SC structure are eliminated. Three main architectures of the
SCs are studied: a fully inverted structure, an ETL-free structure, and a HTL-free
structure. Cathodoluminescence and photoluminescence are measured on
various architectures, revealing the electron and hole injection efﬁciency from the
perovskite to selective contacts. Moreover, surface voltage spectroscopy shows
the type and the band-edge transition of these layers. Finally, the photovoltaic
(PV) performance of different SCs shows that eliminating the HTL is most critical
for PV performance, compared with ETL-free and fully inverted SC conﬁgurations.
Currentvoltage hysteresis curves prove that efﬁcient selective contacts are
essential to eliminate this phenomenon. Measuring the ideality factor shows that
the dominant mechanism in ETL-free SCs is surface recombination, whereas in
the other cases, it is Shockley–Reed–Hall recombination. This work provides
knowledge about the functionality of methylammonium lead iodide as an electron
conductor and as a hole conductor.

1. Introduction
The power conversion efﬁciency (PCE) of perovskite-based
solar cells (SCs) has increased dramatically in the last 10 years
to more than 25%, competing well with other exciting SC
technologies.[1–3] Organicinorganic perovskite has unique and
superior properties such as broad absorption, a long diffusion
length, and it can be composed of a solution that makes it very
suitable to function as a light harvester in SCs.[4–7’8]
Perovskite solar cells (PSCs) have three main architectures:
1) a planar structure; 2) a mesoporous structure; and 3) an
inverted structure.[9–11] Type (1) has the structure ITO/FTO,
ETL (compact TiO2 or SnO2), a perovskite layer, HTL
(S2,2,7,7-tetrakis-(N,N-di-methoxyphenylamine)-9,9-biﬂuorene
(spiro-OMeTAD) or poly-triarylamine (PTAA), or poly(3-hexylthiophene-2,5-diyl) (P3HT)) and metal contact. Type (2) has layers
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be a source for recombination centers and other possible resistances. The second point is related to the electronic properties of
each material. HTL usually involves aromatic rings that enhance
hole mobility, whereas ETL is usually a metal oxide, such as TiO2
or ZnO, which encourages the injection of electrons into the
anode. The third point is the solvent engineering of the different
layers in the SC. When one layer is eliminated, it is important to
ensure that the solvent of one layer will not harm the layer
beneath it. In this work, we studied the effect of electron and
hole transport layers in inverted perovskite-based SCs. This study
investigated the optical and physical properties as well as the photovoltaic (PV) performance of several combinations of ETL-free,
HTL-free, and fully inverted perovskite SCs.
Figure 1 shows the structures of the SCs studied in this work.
Figure 1a shows an inverted structure with PCBM as the ETL and
PEDOT:PSS as the HTL. The other two cases are an ETL-free cell
(Figure 1b) and a HTL-free cell (Figure 1c).

2. Results and Discussion
Figure 2a shows the absorbance spectra of the perovskite (i.e.,
MAPbI3) used in the three SC architectures; the Eg value is
1.57 eV and it is similar for the three cases. We chose
MAPbI3 to reduce any possibility of phase segregation or other
effects that can inﬂuence the device performance other than the
selective contacts studied here.[35]
To study the luminescence of the SCs’ architecture, we measured the cathodoluminescence (CL) (Figure 2b) and photoluminescence (PL) (Figure 2c). Regarding the CL measurement, the
excitation was carried out using an electron beam of 5 V, which
penetrates deeply into the SC layers. Figure S1, Supporting
Information, shows a simulation of the penetration depth for
the three cases; as shown, in all three cases, the beam penetrates
through all the layers. However, the PL measurement is based on
excitation by a light source, where the signal detection is mainly

Figure 1. Schematic illustration of the three architectures studied in this work. a) An inverted PSC; b) an ETL-free SC; and c) an HTL-free SC.

(a)

(b)

(c)

(d)

Figure 2. a) Absorbance spectra for the three different architectures: a fully inverted SC, an ETL-free SC, and an HTL-free SC. b) CL spectra for the three
architectures. Right: A schematic illustration of the CL-measured samples. c) PL spectra for HTL-free and ETL-free SCs, and the perovskite (MAPbI3) layer.
Right: A schematic illustration of the PL-measured samples. d) PL decay for the HTL-free and ETL-free SCs and the perovskite (MAPbI3) layer (Table S1,
Supporting Information, shows the ﬁtting parameters).

Sol. RRL 2021, 2100578

2100578 (2 of 9)

© 2021 Wiley-VCH GmbH

www.advancedsciencenews.com

www.solar-rrl.com

from the surface of the substrate. A schematic illustration of the
samples’ conﬁguration for the PL and CL measurements is
shown in the right of Figure 2.
The full width at half maximum (FWHM) of the CL measurements for the three SC structures is very similar (Figure 2b). In
contrast, the peak position is blue-shifted for the HTL-free case
(725 nm), compared with the ETL-free and full cells (750 and
753 nm, respectively). The CL measurements were performed
on the structures, as presented in the upper right of Figure 2.
The blue-shift in the CL is due to several factors, 1) the passivation of defects in MAPbI3 by lead iodide which forms a type II
structure; and[36] 2) the passivation of the perovskite’s surface by
PCBM, which reduces the trapped electrons at this interface.
In the case of ETL free, as there is no PCBM layer, there are more
trapped electrons. Moreover the CL measurements penetrate
through the entire layers of the cell (as discussed previously);
as a result, in the case of full cells, the PEDOT:PSS minimizes
any bulk charge recombination, while in the case of HTL-free
cells, the bulk charge recombination is enhanced, which provides
a blue-shift in CL.[37]
It can be seen that with the HTL-free cells, the grain size is
smaller (0.9 μm) than the grain size for ETL-free cells
(2.6 μm) (Figure 3a–d). Moreover, there are more large
pinholes with the HTL-free cell than with the ETL-free cell.
When the perovskite is deposited on top of the HTL (PEDOT:
PSS), its roughness is smaller than when the perovskite is
deposited directly on a bare ITO layer, which results in larger
perovskite grains.[38,39]
The PL measurement (Figure 2c) was carried out on the samples’ structure, as presented in the bottom right of Figure 2.
A clear difference can be observed in the PL intensity; in the case
of only perovskite on glass, there is no electron injection from the
perovskite to the substrate; therefore, the radiative recombination is high. In the other two conﬁgurations, the perovskite
is deposited on ETLs (PCBM, HTL-free cells) or HTLs

(PEDOT:PSS, ETL-free cells); therefore, it can indicate the electron or hole injection of the perovskite into selective contacts.
As the PL intensity of the ETL-free cell is lower than that of
the HTL-free cell, we can assume that with MAPbI3, hole injection is more efﬁcient than electron injection. To get a more
general conclusion, we study another two HTLs (P3HT, CuSCN)
and additional two ETLs (C60, TiO2). Figure S3, Supporting
Information, shows the PL spectra of the four samples. The same
trend is observed also in these cases, which lead us to the conclusion that hole injection is more efﬁcient than electron injection in the case of MAPbI3.
Following the CL and PL measurements, we performed PL
decay measurements for the three cases on the same structure
of samples as for the PL (Figure 2d). A longer electron lifetime
was observed for the MAPbI3 layer on glass, whereas the
HTL-free cell displayed the shortest electron lifetime, which corresponds to 1.62 ns, suggesting more radiative recombination,
which is not beneﬁcial for SC performance, as will be seen in
the PV results.
Figure 3a shows the scanning electron microscope (SEM)
micrographs for HTL-free samples (Figure 3a,b) and perovskite
on top of HTLs (Figure 3c,d). It is clear that the substrate on
which the perovskite layer is deposited plays a major role in
the morphology observed.[40,41] Regarding the HTL-free cell,
the perovskite is deposited directly on the ITO substrate, whereas
for the ETL-free cell, the perovskite is deposited on the PEDOT:
PSS ﬁlm. This affects the grain size and the pinholes in the ﬁlm,
as mentioned previously. Figure S2, Supporting Information,
shows the histograms of the size distributions for the two cases,
where the grain sizes are bigger when deposited on top of
PEDOT:PSS compared with the case when deposited directly
on ITO. In addition, the morphology of the crystals also changes.
Figure 3c shows a well-deﬁned crystal with a “lego-like” pattern
(which was reported previously[42]), whereas in Figure 3b, in the
case of HTL-free cells, the crystals are less well deﬁned.

Figure 3. a,b) SEM micrographs for the HTL-free sample. c,d) SEM micrographs for the ETL-free sample.
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The morphology of the perovskite deposited on other HTLs
(i.e., P3HT and CuSCN) was studied, as shown in Figure S4,
Supporting Information. Consistent with the previous results
(Figure 3c–d), the perovskite ﬁlm shows a continuous layer
without pinholes when deposited on the HTLs, which further
supports the difference in the perovskite layer when it is directly
deposited on ITO (i.e., HTL free).
Next, surface photovoltage spectroscopy (SPV) was applied to
the[40,43] different materials used in this study. This method is
based on the classical Kelvin probe technique, which measures
the difference in the work function (also known as the contact
potential difference [CPD]) between a metallic reference probe
and a semiconductor surface.[44] The SPV analyses of multilayer
structures offer the possibility of performing contactless and
nondestructive electrical and optical characterization of buried
interfaces. Figure 4a shows the SPV measured in the dark
and under white light for the different ETLs, HTLs, and perovskite cells used in this study. The Fermi level and the quasi-Fermi
level can be extracted from this measurement; therefore, the type
of material can be observed; PEDOT:PSS and MAPbI3 are p-type
materials, whereas PCBM and BCP are n-type materials based on
the SPV measurements. This is in good agreement with the SC
conﬁgurations. Figure 4b shows SPV measurements of a full
SC where all the layers can be recognized. An increase in the

CPD results in a p-type behavior, whereas a decrease in the
CPD results in an n-type material. In the different areas in
the graph, this can be attributed to MAPbI3, PCBM, and BCP.
This is further supported by extracting the bandgaps (“band-edge
transition”) of the different materials to be 1.5 eV for MAPbI3,
2.1 eV for PCBM, and 3.4 eV for BCP, which are in good
agreement with the bandgap calculated from the absorption
measurements. (The SPV for the other architectures is shown
in Figure S5, Supporting Information.) Figure 4c shows the
energy levels’ positions based on literature values, which are
in good agreement with our SPV measurements.[45,46]
SCs based on the three architectures were fabricated to study
the PV properties of each SC. Figure 5 shows the efﬁciency (a),
JSC (b), VOC (c), and ﬁll factor (FF) (d) of the SCs. (A summary of
the PV results is shown in Table S2, Supporting Information.) It
can be seen that the full architecture of the SC displays the best
PV parameters. However, when the ETLs or the HTLs layers are
removed, the PV performance decreases. The most affected
parameter is Voc, which decreases from 0.88 V to 0.75 V and
0.56 V for a full SC, an ETL-free, and a HTL-free cell, respectively
(Figure 5c). In addition to Voc, the ﬁll factor is also dramatically
affected by the device structure, where it decreases from 67% to
50%, which has a major effect on the efﬁciency of the SCs. Both
the ﬁll factor and Voc are affected by the recombination process in

Figure 4. a) Fermi level and the quasi-Fermi level for each layer in the full SC used in this study. b) SPV spectra for the full SC. c) Energy-level diagram of
the different materials used in this study (the data for the energy levels’ positions are taken from other studies[45,46]).
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Figure 5. PV parameters for the three different architectures. a) Efﬁciency, b) Jsc, c) Voc, and d) ﬁll factor.

the cell; once the ETL or HTL layers are eliminated, there are
more paths for recombination to take place. The main reasons
for the reduction in the Voc and FF of the cells are associated
with the pinholes in the perovskite layer, as shown in the
HTL-free conﬁguration (Figure 3b), and are due to the mismatch
in the energy levels, as shown in Figure 4c. Moreover an interesting observation comes from the hysteresis of the JV curves
(Figure S9, Supporting Information); the inverted full SC
structure shows negligible hysteresis, whereas in the case of the
HTL- and ETL-free cells, the hysteresis can be clearly observed.
This indicates that the selective contacts are responsible for the
hysteresis in such SC conﬁgurations. The HTL and ETL layers
are responsible for the extraction of the charge carriers from
the cell; once these layers are eliminated from the SC, the
charges cannot extract efﬁciently, which creates hysteresis.
The parameter that has the smallest change as a result of different SC structures is the current density ( Jsc), as shown in
Figure 5b. Figure 6a shows the JV curves for the different architectures, which clearly show that Voc is mostly affected by the SC
structure where the Jsc value is very similar. Figure 6d shows
SEM cross section of the full SC, where all the layers can be seen.
The external quantum efﬁciency (EQE) spectra of the three different architectures are shown in Figure 6b. EQE measurements
are based on the ratio of the number of incident photons to the
number of generated charge carriers. In general, it is possible to
present the total percent EQE as a multiplication of three different
components, ηcollection efficiency  xη injection efficiency  xηlight harvesting ;
ηcollection efficiency is affected by four main properties: the absorption
coefﬁcient (α), solar spectrum, diffusion length, and depletion

Sol. RRL 2021, 2100578

region width. The most affected parameter is the width of the
depletion region. This parameter can be changed with the voltage,
which can reduce the collection efﬁciency and create a shunting
effect.[47,48] The ηinjection efficiency is related to the ETLs/HTLs.[49]
The quality of these layers and the energy levels’ alignment affect
the injection efﬁciency. It is known that in MAPbI3 the electron
injection time is longer than the thermalizing process.[50] The
ηlight harvesing efﬁciency is mainly related to the perovskite layer,
MAPbI3, in this case.
In this study, the light harvesting material was kept the same;
therefore, it is believed that the other two factors mainly affected
the EQE spectra. The most dramatic change in the EQE spectra is
observed in the 620–800 nm region (green region in the graph).
In this region, the HTL has the major contribution, which is
related to the injection efﬁciency.[51] The EQE spectra of the
HTL-free cell start to decrease from 585 nm, whereas the EQE
spectra of the full SC start to decrease from 740 nm; this suggests
that the HTL contributes to the EQE spectra in this region.
The other interesting part of the EQE spectra is related to the
300400 nm region (yellow region in the graph). This range
is commonly associated with the ETL (ηcollection efficiency ,
ηinjection efficiency ).[52] It can be observed that in the ETL-free SC
the increase in the EQE is much sharper and its maximum is
lower than that of the EQE spectrum of the HTL-free SC and
the full SC. Finally, the integrated Jsc (calculated from the
EQE measurement) and the Jsc, measured at the solar simulator,
are observed in the inset of Figure 6b; the corresponding graphs
are shown in Figure S6, Supporting Information. There is good
agreement between both Jsc values.
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Figure 6. a) JV curve of the champion cells of each architecture. b) EQE spectra. c) CE measurements for the three architectures. d) Cross-section SEM
image of the full PSC.

Charge extraction (CE) analysis is shown in Figure 6c. This
measurement can provide knowledge about the transport, trapping, and back reaction of the charges in the SC. A typical CE
experiment is composed of 1) a two-second step in which the cell
is discharged in the dark; 2) the cell then disconnected and illuminated for 2 s (illumination time); 3) the light that is then
switched off and the system that waits a certain time called delay
time. In this step, a charge recombination occurs inside the cell;
and 4) The cell is reconnected and the charges which were left
and do not recombine are extracted and measured. This process
is repeated for different delay times, from 0.5 to 15 s. The charges
collected are plotted against delay time to give insight into the
lifetime of the charges after certain delay time. There is a large
difference in the extracted charges in a full SC and an ETL-free
SC, compared with the HTL-free SC. In both cases, the PV
performance was higher than the third case of the HTL-free SC.
The lowest Voc value was observed in the HTL-free cell, which is
associated with the recombination in this SC structure, as supported by the CE measurements. When the HTL is removed,
there is direct contact between MAPbI3 and ITO, which inhibits
the hole injection. This is also in good agreement with the PL
decay results, which show the shortest electron lifetime in the
case of the HTL-free SC.
The current density as a function of light intensity (starting
from 0.027 mW cm2 to 1 sun illumination) for the three architectures is shown in Figure 7a and S7, Supporting Information.
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The slope is similar for the three architectures, with α  1, which
indicates that these SCs do not display a spacecharge effect.[53]
The dark current for these three SC structures (Figure S8,
Supporting Information) shows the smallest leakage current
with the full SC, whereas the highest leakage current is observed
for the HTL-free cell, which is in good agreement with the PV
performance. Figure 7b shows the Voc as a function of light
intensity; the slope of this curve indicates the ideality factor
(nID). If the ideality factor is lower than 1, then the dominant
mechanism is surface recombination, whereas if the ideality
factor is between 1 and 2, the dominant mechanism is
Shockley–Reed–Hall (SRH).[54] In this study, the ETL-free cells
received nID ¼ 0.89; this suggests that surface recombination
is the dominant mechanism mainly due to the direct contact
of the evaporated contact with the perovskite. With the fully
inverted perovskite SC and the HTL-free cell, the ideality factors
are 1.34 and 1.32, respectively. The recombination mechanism in
these cases is mainly related to the bulk and they behave as SRH
recombination.

3. Conclusion
In this work, we studied the effect of ETLs and HTLs on the
performance of inverted perovskite-based SC structures.
The HTL-free cells exhibit the lowest efﬁciencies and PV
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Figure 7. a) Jsc versus light intensity. b) Voc versus light intensity.

parameters compared with the other architectures. Optical characterizations show different electron and hole injection efﬁciencies, which correspond with the PL lifetime between these
architectures. SPV measurements reveal the material type and
the quasi-Fermi-level position. ETLs and HTLs are necessary
to obtain an efﬁcient PV performance; however, their weight
in obtaining efﬁcient PV performance is not equal. It can be concluded that HTL is more critical to obtain high PV performance.
As a result, it can be concluded that MAPbI3 is more efﬁcient as
an electron conductor compared with its functionality as a hole
conductor. This work provides a different view point of the
MAPbI3 perovskite properties, which is beneﬁcial for developing
highly efﬁcient and stable PSCs.

4. Experimental Section
Device Fabrication: ITO conductive glass (1215 Ohm) was etched by
the reaction of zinc powder with HCl (37% Sigma). After etching, the glass
was cleaned with 2 mL of Hellmanex III in 100 mL TDW in a sonication
bath for 15 min. Then, it was cleaned with isopropanol for more than
30 min in a sonication bath. This was followed by oxygen plasma treatment
(80% power, Diener). PEDOT: PSS AI 4083 (Ossila) was deposited by spin
coating (7000 rpm for 60 s); then, the substrates were annealed at 140  C
for 20 min. When it cooled down to 100  C, the substrates were inserted to
the glovebox immediately. For perovskite deposition, 50 μL of perovskite
solution was dropped on the middle of the substrate, followed by a spincoating process, with a 5 s delay time, 10 s spin at 1000 rpm, and 45 s spin
at 5000 rpm. 25 s before the end of spin coating, 100 μL of toluene was
added drop wise onto the substrate. The cells were annealed at 100  C for
45 min. Next, the PCBM ﬁlm was deposited: PCBM 99% (Ossila)/
chlorobenzene (sigma) (30 mg/1 mL), 100 μL from the solution was
deposited in the dynamic spin-coated solution at 2000 rpm for 35 s
and annealed at 100  C for 10 min. BCP > 99.5 purity (Ossila)/isopropanol
(sigma) (1 mg/1 mL), 150 μL from the solution was deposited in the spincoated solution at 6000 rpm for 35 s and annealed at 75  C for 5 min.
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Finally, a 100 nm-thick silver electrode was thermally evaporated on the
ﬁlm under a vacuum of 107 Torr.
Preparation of Perovskite Solutions: The perovskite solutions were prepared in a nitrogen-ﬁlled glovebox H2O < 0.1 ppm and O2 < 2.0 ppm.
All of the inorganic precursors were purchased from Sigma Aldrich.
0.2225 g of MAI (Greatcell) and 0.5808 g of PbI2 (Sigma) were dissolved
in 300 μL DMSO (Sigma) and 700 μL of gamma-butyrolactone (GBL)
(Sigma). The solution was stirred and heated at 70  C for 1 h.
Absorbance Measurements: Absorbance measurements were performed
using a Jasco V-670 spectrophotometer.
CL Measurements: The measurements were taken in high-resolution
SEM Sirion XL30 SFEG (ThermoFisher, former FEI), The measurements
conditions were 5 kV, 5 nm spot size, 1000  magniﬁcation, and 2 s
dwell time.
PL Measurements: PL measurements and PL lifetime were measured by
HORIBA FlouroMax 4, using a light source of an ozone-free xenon arc
lamp 150 W. The sample PL was detected by a photon counting detector
(R928P photomultiplier tube) and a reference detector of UV-enhanced
silicon photodiode. The samples were excited at a wavelength of 500 nm,
slit size of 5 nm. PL lifetime was measured by 730 nm laser excitation.
The samples for the PL measurements were prepared separately for
each substrate. First, microscope glass was cleaned in a sonication bath
for 15 min followed by oxygen plasma treatment (80% power, Diener). For
PEDOT:PSS and PCBM, the concentration, preparation, and annealing
were the same like in the devices. For CuCSN layer, 0.024 g of CuCSN
were dissolved in 1000 μL dimethyl sulﬁde, followed by 3000 rpm in a spin
coater for 30 s; annealing was for 10 min at 50  C. For P3HT layer, 0.015 g
of (poly(3-hexylthiophene-2,5-diyl) (P3HT) was dissolved in 1000 μL
toluene and mixed with 7.5 μL of Li solution (0.058 g of Li-TFSI
(bis(triﬂuoromethane)sulfonimide) in 500 μL acetonitrile). Then, 7.5 μL
4-tert-butilpyridine (TBP) was added, followed by 3000 rpm in the spin
coater for 30 s. For C60 layer, 0.0005 g of C60 was dissolved in 1000 μL
dichloromethane, followed by 2000 rpm in the spin coater for 30 s; annealing was for 5 min at 60  C. For m-TiO2 nanoparticles (30-NRD, dyesol)
(1:8 w w1% in ethanol absolute) by spin coating (5000 rpm for 30 s);
the annealing temperature was 325  C for 10 min, 450  C for 10 min,
and 500  C for 30 min. Following the HTL or ETL deposition, the perovskite was deposited as follows: 40 μL of perovskite solution was dropped
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on the middle of the substrate, followed by a spin-coating process, with a
5 s delay time, 10 s spin at 1000 rpm, and 45 s spin at 5000 rpm. 25 s
before the end of the spin coating, 100 μL of toluene was added drop wise
onto the substrate. The substrates were annealed at 100  C for 45 min.
Surface Photovoltage Spectroscopy: SPV and work function were
performed using the SKP5050-SPS040 system. The CPD between the
sample and the vibrating tip was measured by the Kelvin probe technique.
The substrates were measured in a Faraday cage under air environment.
The Fermi level was measured in the dark and the quasi-Fermi level was
measured under a 150 W quartz tungsten halogen lamp. For surface photovoltage spectroscopy (SPS) measurements, the samples were illuminated with a 150 W quartz tungsten halogen lamp. Before the
measurement, samples were stabilized with a tip for about 90 min. The
scan direction was from long-to-short wavelength. The WF was calculated
according to: WFsubstrate ¼ WFgold tip  CPDðtipsubstrateÞ .
Ultrahigh Resolution Scanning Electron Microscopy (UHR-SEM) and
Focused Ion Beam (FIB): The sample was placed inside a FEI Helios
Nano Lab 460F1 and excavated using a focused gallium-ion beam to
expose the layered structure. The layered stack was tilted to 52.0 and
imaged on a separate holder. The images conditions were 2 kV, 0.1 nA,
and the detector was through the lens detector (TLD).
PV Characterization: PV measurements were performed using a
Newport system, composed of an Oriel I–V test station using an Oriel
Sol3A simulator. The solar simulator was class AAA for spectral
performance, uniformity of irradiance, and temporal stability. The solar
simulator was equipped with a 450 W xenon lamp. The output power
was adjusted to match AM1. The spectrally matched classic cations were
IEC60904-92007, JIC C 8912, and ASTM E927-05.
External Quantum Efﬁciency: The EQE system (Newport MKS, USA) was
composed of a quartz tungsten halogen (QTH) light source (250 W), a chopper set to 30 Hz, a ﬁlter wheel with ﬁlters at 320, 570, and 860 nm, a CS260
monochromator, and SR810 lock-in ampliﬁer with a preampliﬁer connected
to the device. The scan was set to a spectrum range of 300950 nm.
Charge Extraction: The measurements were performed using Autolab
Potentiostat-Galvanostat (PGSTAT) with a FRA32M LED driver equipped
with a white light source when the illumination was from the back (glass)
side. The measurements were taken in Nova 1.1 software program to collect and analyze the data. The ﬁrst step was identical to the voltage decay
measurements. In the second step, the light was shut down and the system waited for certain time (delay time) before reconnecting and collecting
the remained charges. The measurement had several cycles wherein each
cycle had a different delay time between 0.5 and 20 s.
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