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ABSTRACT: In perovskite solar cells, mixed-cation perovskites offer high power
conversion efficiencies due to the diverse A+ cations. In these cells, the perovskite is
sandwiched between electron-transport and hole-transport layers (HTL). This study
presents mono- and mixed-cation perovskites in HTL-free cells: monocation (MAPbI3,
FAPbI3) and mixed cation (MA0.8FA0.2PbI3, FA0.8MA0.2PbI3). Surprisingly, monocation
perovskites performed better than mixed-cation perovskites in HTL-free cells due to
superior hole mobility and p-type behavior, while mixed-cation perovskites work better
in n-i-p and p-i-n cells. These findings highlight the electronic differences for various
types of perovskite, impacting the commercialization of perovskite solar cells.
KEYWORDS: hole conductor, electron conductor, perovskite, hole mobility, charge extraction

■ INTRODUCTION
The power conversion efficiency (PCE) of perovskite solar
cells (PSCs) has increased rapidly in the last ten years to more
than 25%, competing well with other exciting solar cell (SC)
technologies.1−3 Organic−inorganic perovskites have excellent
properties such as broad absorption, long diffusion length, and
a processable solution, making them suitable to function well
as a light harvester in solar cells.4

The general formula for halide perovskites is ABX3, where A
is a monovalent cation ((methylammonium) MA+ (formami-
dinium) FA+, Cs+), B is a divalent cation (Pb2+, Sn2+), and X is
a halide (I−, Br−, and Cl−).
At the beginning of the development of PSCs, the most

common perovskite was MAPbI3.
5 During that time, most of

the research was devoted to exploring the properties of the SC
while keeping the common MAPbI3 perovskite. Thereafter,
many reports presented the use of mixed-halide perovskite
using three main halides: I−, Br−, and Cl−. The halide mostly
influences the band gap (Eg) of the perovskite and its stability.
An additional possibility is to change the A+ site cation, which
also influences the optical properties but mostly the thermal
properties of the perovskite.6 To date, state-of-the-art PSCs
have used perovskites with mixed cations and mixed halides.7,8

There are two main SC structures based on perovskites: the
inverted structure (p-i-n) and the n-i-p structure. In both
structures, the hole-transport layer (HTL) and the electron-
transport layer (ETL) are essential.
In this study, we focused on PSCs without an HTL, where

the perovskite functions as a light harvester and as the HTL
concomitantly. In 2012, we reported for the first time on HTL-
free perovskite solar cells using MAPbI3 as the light harvester
and the HTL.9 Eliminating the HTL results in a simple SC
structure, reduces the cost, and avoids possible HTL

degradation. When designing an HTL-free cell, two main
factors must be considered. First, the energy alignment of the
different layers was done in order to obtain an efficient flow of
charges between the layers. Since the HTL is missing, the
energy difference between the valence band of the perovskite
and the work function of the metal contact is large, which
creates energy loss at this interface. The second parameter that
needs to be considered is the ability of the specific perovskite
composition to function as an HTL and a light harvester.
There are several reports of quasi-HTL-free PSCs having

different SC structures. In 2020, Danladi et al. developed HTL-
free devices based on silver nanoparticles that function as the
HTL, achieving a PCE of 9.05%.10 Another example is the use
of multiwalled carbon nanotubes that function as an HTL,
achieving a PCE of 15.56%. Mesoscopic carbon-based PSCs11

are also assumed to be HTL-free cells; however, the structure
of this solar cell is completely different from the n-i-p or p-i-n
structures and the perovskite is not sandwiched between the
ETL and HTL; therefore, other layers in the solar cell function
as the HTL. Moreover, in this structure, it is hard to study
specifically the functionality of the perovskite as a light
harvester and a hole conductor. There are a couple of reports
on “classic” HTL-free perovskite solar cells having the
following structure: FTO glass/mesoporous TiO2/perov-
skite/metal contact.12,13 Here, the perovskite’s functionality
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as a light harvester and a hole conductor is clear and can be
studied.
Here, we fabricated mesoporous HTL-free PSCs using

mono-, double-, and triple-mixed-cation perovskites. To the
best of our knowledge, there are no reports on HTL-free solar
cells (having the structure above) using a mixed-cation mixed-
halide perovskite. We focused on different chemical
compositions of the perovskite layer in order to study its
function in HTL-free devices. In particular, we investigate the
mixed-cation system and how the perovskite layer behaves in
the absence of the HTL. Our hypothesis is based on the high-
efficiency state-of-the-art PSCs that use mixed-cation and
mixed-halide perovskites. Therefore, it can be assumed that
these perovskite compositions also function efficiently in HTL-
free SCs. More than that, these systems can shed more light on
the perovskite’s properties since we force the perovskite to
work without the HTL in the solar cell.
Four different perovskite compositions, namely, MAPbI3,

FAPbI3, MA0.8FA0.2PbI3, and FA0.8Cs0.2PbI3, were studied in
the HTL configuration. The A+ cation was changed in these
compositions to determine whether it influences the perov-
skite’s functionality when it operates in HTL-free solar cells.
Currently, the reported high-efficiency perovskite in a regular
mesoporous structure (with the HTL) is based on the
chemical formula Cs0.05(MA0.83FA0.17)0.95PbI2.75Br0.25; there-
fore, this composition was also evaluated in this study.14

■ RESULTS AND DISCUSSION
Figure 1a presents the difference in the PCE for five different
perovskite compositions with (red) and without (blue) the
HTL. As expected, there is a difference in the PCE between
cells fabricated with and without the HTL. Regarding
perovskites with monocations (i.e., MAPbI3 and FAPbI3),
there is a small drop in the PCE compared to perovskites with
double and triple cations for cells with and without the HTL.
With monocation perovskites, the decrease is 28 and 33% for
MAPbI3 and FAPbI3, respectively, whereas with the double-
cation perovskite, the decrease is 88 and 94% for
MA0.8FA0.2PbI3 and FA0.8Cs0.2PbI3, respectively. The triple-
cation perovskite showed a decrease of 89%.

Figure S1a presents the absorbance spectra for the four
perovskite compositions. As expected, FAPbI3 is red-shifted
with an onset at ∼810 nm, whereas MAPbI3 is the most blue-
shifted with an onset at ∼750 nm. Similar behavior is also
observed from the photoluminescence (PL) spectra (Figure
S1b). The difference in the Jsc and Voc values for SCs with and
without the HTL is presented in Figure 1b,1c, respectively.
The monocation-based cells show small differences; however,
for double and triple cations, the differences are much larger.
Since the band gap does not dramatically change between the
various perovskites (Figure S1c), it cannot explain the
difference in the Jsc and Voc values; therefore, it is clear that
once more than one cation is added to the perovskite
composition, its ability to function in HTL-free cells decreases
drastically. Figure S3 presents the MPPT tracking of the mono-
and double cations. It can be seen that for the monocation
compositions (MA and FA), there is a slight drop of the PCE
around 20 min of the MPPT tracking, where after that, the
cells are stable (Figure S3a,b). In the case of the double cations
compositions, the cells are stable during the whole MPPT
tracking (1 h), as shown in Figure S3c,d. It can be concluded
that the direct contact of the evaporated metal with the
perovskite does not harm the MPPT stability. In addition, in
order to have a more general conclusion not related to a
specific solar cell structure, we fabricated inverted perovskite
cel ls with and without the HTL. MAPbI3 and
Cs0.05(MA0.83FA0.17) 0.95I2.75Br0.25 perovskites were chosen due
to their better results in the HTL-free configuration. Figure S2
presents the PV parameters and JV curves for these cells. Also,
in this solar cell architecture, the HTL-free cells were lower in
performance in the case of the triple cation compared to the
HTL-free cells in the case of the monocation.
The dark current measurements of the different composi-

tions can be observed in Figure S4. As expected, the triple-
cation cell (with the HTL) has the smallest leakage current,
whereas the highest leakage current is observed in the double-
cation HTL-free cells. Interestingly, the leakage currents for
HTL-free and HTL cells in the case of monocations are very
similar, whereas this is not the case for double and triple-cation
perovskites.

Figure 1. PV parameters of solar cells with and without the HTL for the five different perovskite compositions. (a) Difference in the power
conversion efficiency (PCE). Inset: the absolute PCE. The difference in the PCE was calculated based on the equation:

= ×PCE(%) 100%The average PCE with HTL The average PCE without HTL
The PCE with HTL

. (b) JSC and (c) VO.
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In order to further support the observation that adding more
than one cation to the perovskite composition affects its ability
to function in HTL-free cells, we performed charge extraction
(CE) measurements. This analysis provides information about
the transport, trapping, and back reaction of the charge carriers
in the device. The charge extraction measurement consists of

several steps: (i) A two s step in which the cell is discharged in
the dark. (ii) The cell is then disconnected and illuminated for
two s (illumination time). (iii) The light is then switched off,
and the system waits a certain time (the delay time). In this
step, a charge recombination occurs inside the device. (iv) The
device is reconnected, and the charges that were left and did

Figure 2. CE measurements for different perovskite compositions. The measurements are performed on a complete solar cell: (a) MAPbI3, (b)
FAPbI3, (c) MA0.8FA0.2PbI3, and (d) FA0.8Cs0.2PbI3.

Figure 3. (a) PL lifetime for the five different perovskite compositions. (b) SPV spectra for the four perovskite compositions.
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not recombine are extracted and measured. This experiment is
repeated for different delay times, ranging from 0.5 to 15 s.
The accumulated charges are plotted against the delay time to
provide insight into the lifetime of the charges inside the solar
cell after a certain delay time. The CE analysis can be observed
in Figure 2. The results show a difference for cells with
monocation perovskites compared to double- or triple-cation
perovskites. When the HTL is removed, there is direct contact
between the perovskite and metal, which inhibits the charge
extraction at this interface. However, the CE results show a
difference regarding the monocation-based perovskite and the
mixed-cation perovskite, even though in both cases, the
perovskite is in direct contact with the metal contact.
Regarding the monocation, the difference between cells with
and without the HTL is small (Figure 2a,2b). While with the
double and triple cations (Figures 2c,2d and S5), the difference
is much larger. The small difference in the monocation
indicates that the interface of MAPbI3/FAPbI3 with the metal
contact does not dramatically inhibit charge extraction.
However, with the mixed cation, eliminating the HTL
indicates that fewer charges are left to be extracted for a
certain delay time, which suggests that the rate of
recombination is much faster in these cells. As discussed
previously, the CE analysis further supports our observation
that the mixed-cation perovskite has difficulty functioning
without the HTL in the SC.
Additionally, the time-resolved PL (TRPL) was measured

for different perovskite compositions (Figure 3a). In all cases, a
biexponential decay curve (y = y0 + A1e−x/τ1+A2e−x/τ2) was used
for the fitting, where τ1 is the short PL lifetime and τ2 is the
long PL lifetime. Based on several reports, it is accepted to
attribute τ1 to nonradiative recombination, which usually
originates from trap states and surface defects, while τ2 is
associated with intrinsic radiative recombination and bulk
properties.15,16 In all the perovskite compositions, the value τ2
is larger than τ1, which indicates that the defects in the bulk are
pronounced, a common phenomenon in hybrid perovskites
(Table S1).17

External quantum efficiency (EQE) measurements can
indicate three parameters: the charge collection efficiency

(ηc), the charge injection efficiency (ηi), and the light-
harvesting efficiency (ηlh). The ηc value is affected mainly by
the width of the depletion region. The depletion region
parameters may vary with the voltage (and doping), which can
reduce the charge collection efficiency, creating a shunting
effect.18 The value ηi is associated with the energy levels of the
complete device and specifically with the ETL and HTL.1 For
example, Jiang et al. reported that for MAPbI3, the electron
injection time is longer than the thermalizing process.19 The
value of ηlh is influenced by the light-harvesting material in the
device; here, it is related to the four compositions of the
perovskite. In this work, all the layers in the SC except the
light-harvesting material were kept the same. Therefore, the
onset of the EQE spectra corresponds to the perovskite
composition (Figure S6). This is in agreement with the
absorbance spectra, as shown in Figure S1a. The main
difference in the EQE for the HTL cells and the HTL-free
cells is apparent in 620−800 nm wavelengths. In this region,
there is a large decrease in the EQE spectra in all cases, which
is related to the elimination of the HTL and associated with
the charge injection efficiency (ηi).4 Additionally, the
integrated Jsc values are in good agreement with the Jsc
measured from the solar simulator (Table S2 and Figure S7).
In order to understand why the A+ cation in the perovskite

structure has such a major influence on its ability to function in
HTL-free SCs, we first investigated the morphology of the
perovskite film. Figure 4 presents scanning electron micros-
copy (SEM) micrographs and histograms of the grain sizes of
the four compositions. All of the perovskite compositions were
deposited on TiO2. It is known that when the grain size is large
and there are fewer pinholes, the layer should function better
in the SC.20 The SEM micrographs present relatively similar
grain sizes for all of the perovskite compositions: the highest
average grain size is 217 nm for the FAC sample, and the
lowest average grain size is 160 nm for the FA sample. In
addition, there is no significant change in the film’s pinholes
between the perovskite compositions. Therefore, it is
reasonable to assume that the perovskite morphology is not
responsible for the difference in the PV performance for cells
with and without the HTL. For example, the triple-cation

Figure 4. SEM micrographs for (a) MAPbI3, (b) FAPbI3, (c) MA0.8FA0.2PbI3, and (d) FA0.8Cs0.2PbI3, and the grain size distribution histogram
determined from the SEM images for (e) MAPbI3, (f) FAPbI3, (g) MA0.8FA0.2PbI3, and (h) FA0.8Cs0.2PbI3.
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perovskite delivers 2.4% efficiency (without the HTL) where
its grain size is (217 ± 31 nm), while the MA-based perovskite
demonstrates higher efficiency with a smaller grain size of 207
± 28 nm.
When the SC is fabricated without an HTL, there is direct

contact between the perovskite layer and the metal contact
(Au). Therefore, the roughness of the perovskite plays a role in
SC performance. For example, if the gold contact directly
touches the ETL (TiO2) layer, then we will observe more
channels for recombination. Moreover, since Au is around 70
nm in thickness, if the roughness of the perovskite layer is
higher than that, we should observe some disconductivity in
the Au film. Therefore, we must ensure that the perovskite
layer is pinhole-free and uniform. Cross-section SEM images
show that the perovskite layer is thick and uniform (Figure
S8). In order to determine the roughness of the perovskite
layer, we created an atomic force microscopy (AFM)
topographic image. Similar roughness was observed for all of
the compositions when the smoothest perovskite is
MA0.8FA0.2PbI3 (Rq = 9.5 ± 1.1 nm) and the roughest
perovskite is FA0.8Cs0.2PbI3 ((Rq = 24.6 ± 3.2 nm)) (Figure
S9).
As discussed previously, the morphology and grain size are

not the main reasons for the difference in the PV performance
between mono-, double-, and triple-cation perovskites in HTL-

free cells. Therefore, more physical and electrical measure-
ments were performed.
Surface photovoltage (SPV) measurements can provide

information on the Fermi and quasi-Fermi level positions in
semiconductors. Figure 5a presents the SPV measured under
dark and light conditions for the different perovskite
compositions used in this study. The measurement under
dark conditions provides the Fermi level position, whereas the
measurement under light conditions indicates the quasi-Fermi
level position; therefore, the difference can indicate the
semiconductor type. Based on this and Figure 3b, all of the
perovskites show p-type behavior. However, there is a
difference in the shift of the Fermi level position between
dark and light conditions for the various perovskites. If the shift
between the two levels is big, the composition will be more p-
type semiconductor.21 In our measurement, it was noted that
the largest difference is for the MA and then the FA
monocation-based perovskite. The perovskites that show
more intrinsic behavior (less p-type) are the double-cation
perovskites, i.e., MAFA and CsFA. Figure 5b shows the contact
potential difference (ΔCPD) measured by the SPV of the four
perovskite compositions. The ΔCPD value was extracted from
the SPV measurement, as shown in Figure 3b. Similar to the
observation from the measurement in Figure 5a, as the ΔCPD
value becomes larger, the material behavior becomes more p-

Figure 5. (a) Fermi level and quasi-Fermi level for the four perovskite compositions. (b) ΔCPD values for the four compositions extracted from
SPV measurements (the spectra are shown in Figure 3b). (c) Hall mobility for the four compositions extracted from the space charge limited
current (SCLC) measurements. (d) Hole mobility for the four compositions extracted from the Hall effect measurements.
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type. It can be seen that the largest value of the ΔCPD was
measured for MA-based perovskites (∼450 mV), whereas the
lowest value was measured for the FACs (∼150 mV). These
SPV measurements indicate that the electronic properties of
these perovskites differ. The monocation perovskite shows
distinct p-type behavior, whereas the mixed cation’s
composition results in a more intrinsic behavior. This
observation is one explanation for the different performances
of the HTL-free cells that have perovskites with mono, double,
or triple cations. When the material is characterized by p-type
behavior, its ability to function concomitantly as an HTL and
as a light harvester is more efficient. However, if the material is
characterized as being more intrinsic (“less” p-type), its ability
to function concomitantly as an HTL and a light harvester is
less efficient. Therefore, it appears that the mixed-cation
perovskites are more efficient when they function only as light
harvesters in solar cells.22

A common relevant technique to determine the time-
averaged steady-state mobility of a semiconductor is space
charge limited current (SCLC) measurement. In this method,
two types of symmetric devices are fabricated: electron- and
hole-only devices. In these devices, one must choose the
electrodes wisely, depending on the charge that needs to be
transferred (electrons or holes). Another parameter that
should be taken into account is the maximum current allowed,
which is defined by the buildup of the space charge. This
parameter relies on the permittivity of the semiconductor; it is
a product of the space charge density and charge carrier
mobility. This method is well-known for working with
perovskites in order to determine the trapping sites and the
density of the defects.23,23 The relationship between the
voltage (V) and the carrier density (J) for SCLC is presented
in the following equation J = 9ε0εrμhV2/8L3, while J is the hole
current density calculated by the space charge limited current,
ε0 is the permittivity of free space, εr is the dielectric constant
of the active layer, μh is the hole mobility, V is the voltage
across the device, and L is the active layer thickness. The
device’s structure for the SCLC measurements is presented in
the inset of Figure 5c. By measuring this device’s structure, one
can observe the curves presented in Figure S10. Using these
curves and the above equation, it is possible to extract the hole
mobility, as shown in Figure 5c. The MA-based perovskite
exhibits the highest hole mobility of 2.3 cm2 (V s)−1, whereas
the FACs show the lowest hole mobility of 0.87 cm2 (V s)−1.
Several reports discuss the fact that the SCLC measurements
of organic−inorganic perovskites need to be conducted with
extra care due to scan-rate dependence, temperature depend-
ence, and ion motion;24,25 therefore, we performed additional
complementary measurements (Hall effect) that can provide
more information regarding the mobility of our perovskites. In
this method, four metal contacts are deposited on a square
sample (see the inset of Figure 5d for the device’s structure). A
magnetic field is applied in one direction, while an electric field
is applied in a perpendicular direction, and voltage is built up
across the device (called Hall voltage). Consequently, it is
possible to extract the hole mobility.26 The hole mobility is
directly affected by the semiconductor type. When the Hall
mobility is higher than that of other semiconductors, one can
conclude that the hole conductivity is higher for this material
and that it is relatively more p-type. In p-type materials, most
of the majority carriers are holes. Our results show relatively
the same value for MAPbI3 and FAPbI3 (9.06 and 9.5 cm2/V s,
respectively), whereas the mixed-cation perovskites show much

lower Hall mobility values of 0.88 cm2/V s for MAFA and 1.02
cm2/V s for CsFA (Figure 5d). Both the SCLC and Hall effect
measurements show the same trend regarding the Hall
mobility for different perovskites. These results further support
the SPV measurements, which indicate the behavior of these
perovskites. As long as the perovskite is more p-type, its
functionality without the HTL in the solar cell will be much
more efficient. The small difference in the hole mobility values
(both values are in the same order of magnitude) observed
from the SLSC and Hall effect measurements is mainly due to
the way in which the measurements are carried. In SCLC, the
tracking is by current extraction as a function of bias voltage,
which is applied to the sandwiched perovskite between two
HTLs.27 In the case of high voltage, there is a space charge
limited regime, which is trap-independent and the mobility can
be extracted by the Mott−Gurney law.28 On the other hand,
the Hall effect measurement method is based on an applied
magnetic field perpendicular to an electric field generating a
buildup voltage.29 In this method, we change the magnetic
field, and as a result, a difference between the conducting
electrons and holes is observed. This results in an electrical
resistivity that enables the charge carrier mobility to be
extracted. An additional difference is due to the structure of the
devices required for the measurements.30 The above reasons
are responsible for the deviation in the hole mobility
calculation.

■ CONCLUSION
In this work, we studied how the perovskite composition
affects the performance of mesoporous HTL-free perovskite
solar cells. The mixed-cation perovskites exhibit much lower
PCE in HTL-free cells compared with the monocation
perovskites. SEM and AFM measurements show similar
morphologies for the mono-, double-, and triple-cation
perovskites. On the other hand, SPV characterization reveals
the material’s p-type behavior for all compositions; however,
the monocation perovskites show more p-type behavior
compared with the mixed-cation perovskites. SCLC and Hall
effect measurements provided us with the Hall mobilities for
the different perovskites. It was found that the monocation
perovskites have higher hole mobility than the mixed-cation
perovskites; therefore, their functionality in HTL-free solar
cells is more efficient. The mixed-cation perovskite shows an
intrinsic behavior, which, on the one hand, makes them
efficient as a light harvester in p-i-n or n-i-p solar cells but, on
the other hand, less efficient in HTL-free solar cells.
Additionally, the results were demonstrated on two kinds of
solar cell architectures: the mesoporous and the inverted
structures, which do not limit the conclusion of this work to a
specific solar cell structure. This work discusses the different
behaviors of mono- and mixed-cation perovskites in photo-
voltaic devices. The implication of this work is important for
developing highly efficient perovskite solar cells, and it
provides some future directions for the upscale of these cells.
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